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SUMMARY

The introduction of gquaternary pyridinium derivatives
as brightening agents for the electrodeposition of zinc from
alkaline electrolytes is one of the significant recent advances
in this field. This work describes the brightening effect of
quaternary pyridinium derivatives, with differences in
structure, on the zinc deposits obtained from alkaline cyanide
and cyanide-free electrolytes. In addition chemical changes
were found to be occurring in these solutions, which could be
followel using ultra-violet and nuclear magnetic resonance
spectroscopy. Analysis of the ulira-violet data has enabled
the kinetics of these reactions to be deduced and this together
with relevant information from the literature, has led to the
hypothesis that the new species are bimolecular ethers. A
correlation of the ultra-violet and electroplating results,
suggests that these bimolecular =thers may be the brightening
agents and not the materials originally added.

Since it proved impossible to isolate the
bimolecular ethers, model compounds were employed to explore
their co-ordination chemistry. The zinc complex of
2,2'-oxydibenzoic acid was prepared first, but elemental
analysis and the infra-red spectrum did not give much structural
information. It was thus decided to prepare the cobalt and
copper complexes, in order that the magnetic susceptibilities
(and hence magnetic moments) and diffuse reflectance spectra
could be obtained. Unfortunately, these techniques gave very
little extra structural information, consequently, the iron
complexes were prepared in order that lissbauer spectroscopy
could be employed, but this only succeeded in further
complicating the issue. Finally, the zinc and copper complexes
of 2,2'~thiodibenzoic acid, 3,3'-oxydipropionic acid and
3,3'~thiodipropionic acid were prepared and investigated.
Copper-3,3'-thiodipropionate proved of interest, gsince it
exhibited antiferromagnetic bhehaviour, and a2 plot of 1/X
against temperature almost fitted a theoretical curve,
suggesting that the complex could possibly be a dimer,
althougn higher clusters can not be discounted,

However, the structure of all the complexes 1is
still in doubt and although a great deal is now known aboutd
them, Turther work is necesary before unambiguous
structures can be assigned and this may ultimately depend
on X-ray diffraction studies.

KBY WORDS: %Zine, HElectrodeposition, Pyridinium,
’ - b o ) .
Bimolecular ether, Carboxylate co-ordination.
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NEW ASPECTS OF THE CHEMISTRY OF QUATERNARY ADDITION
REAGENTS FOR THE ELBECTROCRYSTALLISATION OF ZINC.

INTRODUCTION

As copper came of age in its alloy bronze, so iron
came of age in its alloy steel. Of all the metals known to
man, iron and steel are most widely used, since no other
metal can provide such a combination of cost, strength,
ductility and ease of fabrication. They suffer, however,
from one main drawback; except in the case of the stainless
steel alioys, atmospheric corrosion or rusting occurs at a
relatively rapid rate. As long as steel retains its
pre-eminence as a material of construction, the need to
protect it agaiﬁst the ravages of corrosion will not only

continue, but progressively increase.
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A great variety of methods of protection are
available, paints are probably the most widely used, and
impart protection by enveloping the steelwork with a
non-corrodible coating. They are reasdnably cheap and easy
to apply and afford good protection, provided the envelope
remains completely impervious. Once a crack develops
protection is lost locally and attack on the exposed steel
begins immediately. Since the formation of rust is accompanied
by an expansion, the coating in the vicinity of the crack
lifts to expose more steel and so once begun rusting spreads
continuously. A more dependable method of protection is to
apply a coating of zinc, not only is this more durable than
paint and less subject to cracking, but based on its position
in the electrochemical series, zinc behaves anodically
towards the underlying steel and protects it sacrificially.
This means ‘that even though a small degree of damage may
occur to the deposit or it may be slightly porous, rusting
of the bared steel is prevented at the expense of the

surrounding zinc coating.

Some 40% of the worlds output of zinc is used for
the coating of steel, by a large variety of techniques which
include; hot dip galvanising, spraying, the application of
zinc or zinc chromate containing paints and electroplating.
Zinc is electrodeposited on a very large number of components
and fittings, encountered in everday life, which range
through motor cars, office furniture, and electrical
equipment, ta domestic appliances. Zinc coatings are not
applied exclusively to prevent articles from corroding in
service but can play an extremely useful part in preventing
corrosion during handling, transport and storage; ensuring
that the product reaches the user in good condition. An
example of this is the electrogalvanising of wood screws, The
corrosion of such screws is not a serious problem once they
have been installed, but even slightly rusted screws may be
unsaleable, even though they may be quite satisfactory

functionally.
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Although the basic reason for the application of a
zinc coating is to prevent corrosion, necessitating only the
production of a sufficiently thick film. Developments in the
art of bright zinc plating and improvements in the wvarious
post plating treatments, used industrially, has enabled durable
finishes with an attractive appearance to be produced. This has
resulted in zinc plating now being used for decorative
applications, and is replacing the more expensive nickel-

chromium finish, from many of its conventional uses,

Zinc can be plated from alkaline cyanide, alkaline

cyanide free and acid baths,

The alkaline cyanide zinc plating electrolyte has
been known for over fifty years and until the last decade
was the majour producer of zinc plated articles, being known
within the plating industry as "the workhorse of the plating
trade". The robust nature of the electrolyte has resulted in
it suffering much adverse chemical abuse, but still continuing
to produce commercially acceptable bright electrodeposits.

The conventional high metal alkaline cyanide bright
zinc plating bath has an extremely broad composition range
for its basic inorganic constituents. A generally acceptable
composition would fall within the limits:

RACK BARREL,
Zinc as Zn°t 30 - 40 g1~ 30 ~ 40 g1~
Total Cyanide as NaCN 90 - 120 g1~ 75 - 90 g1~
Sodium Hydroxide 75 - 85 gl 80 - 95 g1~
Ratio NaCN to Zn 2.8 = 3.5 ¢ 1 2¢4 = 2.8 : 1
Ratio NaOH to Zn 2.0 - 25 s 1 2ed =~ 2:8 51

Industrially two methods are available for providing
a conductive path for the electric current to irreach the
articles to be electroplated and they are termed "Rack" and

"Barrel" processes.
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These two processes differ in the method by which the current
is supplied to the article to be plated. In the "Rack" or "Vat"
process, the workpiece is usually a large object, for example
a hub cap or bumper bar. This is attached directly to the
cathode bus bar, with copper wire or is wired (or "jigged")

on to racks (or jigs), which are then hooked on to the cathode
bar. Since it would be an expensive and time consuming task to
wire up a large number of small objects, such as screws, nuts
or washers. These articles are plated in a perforated barrel,
which rotates in the electrolyte, hence the term "Barrel"

plating.

Although the high metal - high cyanide alkaline
plating baths have many advantageous characteristics, the
most serious disadvantage is their high toxicity. Although
cyanide can easily be destroyed by using a chlorine or
hypochlorite treatment. The natural concern for the safety
of the workers, the protection of the environment, coupled
with the stricter limits on all effluent discharge set by
Local Authorities. Together with the necessity for conservation
of water and the higher cost of basic chemicals for solution
maintenance and effluent treatment, have resulted in the
development of medium metal - medium cyanide, low metal -
low cyanide and cyanide free alkaline zinc plating solutions.

A typical range of constituents for the medium
metal - medium cyanide and low metal - low cyanide zinc

plating electrolytes are:

LOW METAL - MEDIUM METAL-
LOW CYANIDE MEDIUM CYANIDE
zine as Zn 6 5 101 20 - 25 g1~
total cyanide as NaCN 6 - 12 gl“1 30 - 50 g1-1
sodium hydroxide as NaOH 50 - 90 g1~ 60 - 90 g1~

ratio Zn to NaCN 048 - §.22 9 {45 = 20 % 1
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The low metal-low cyanide bath has three main disadvantages:

1. The high metal-high cyanide zinc plating solution
neceded very little attention, but the very low reservoir
of metal and cyanide ions, in the new process necessitated
much closer analytical control. A daily analysis for both
zinc and cyanide being recommended, thus creating
unfamiliar control problems and suggesting that this
process should only be installed where on—the-sﬁot

laboratory facilities are available,

2. The lower metal content imposes current density
restrictions, making its use in rack installations dubious,

especially at high current densities.

e The low reservoir of ions results in poor cleaning
efficiency compared with the high metal-high cyanide
electrolyte, making necessary, an adequate cleaning line

prior to electroplating.

To overcome these problems, the basic formulation of the
solution was gradually altered, so that a reasonable current
density could be employed in a stable, easily controllable
solution. The zinc, cyanide and sodium hydroxide concentrations
were raised resulting in the medium metal-medium cyanide bath.
A compromise between the high and low cyanide electrolytes.

The elimination of the extremely toxic cyanide ion
and the resultant simplification of effluent disposal, were
the main reasons for the development of the alkaline none-
cyanide zinc plating electrolyte. The constituents of a
typical solution are; zinc metal 5 to 15 gl"1
hydroxide 50 to 200 gl_1, with optimum results being obtained

and sodium

by employing a zinc to sodium hydroxide ratio of 1 : 10,
The first commercial sucess of such a plating solution datés
back only ten years, since electro-deposits obtained by
electrolysing a solution of composition indicated above,

results in dark powdery deposits. It is only the recent
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development of suitable addition agents which has enabled
bright, ductile deposits to be obtained, and so make this

electrolyte commercially viable.

The last type of zinc electroplating solution to be
considered are the, so called, acid zinc plating electrolytes
since they operate around a pH of about 5, and tend to include
the neutral zinc plating electrolytes, which operate about
pH 7, but differ from the acid zinc plating electrolytes, in
that they require the presence of a chelating agent. The acid
zinc plating electrolyte ususlly contains zinc ions and a
conducting salt such as ammonium or chioride ions, and a
complex mixture of organic chemicals needed to produce a
bright and ductile deposit. Since the addition-agent system
is so complex, and is_not relevant to this thesis, being of
a different type to the brightening system used in the
alkaline cyanide and none-cyanide plaiing electrolytes, no

further reference will be made.
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The alkaline cyanide zinc plating bath was first
recorded by R.C. anwdon1 in 1907, who deposited zinc from a
zinc sulphate solution, containing enough potassium cyanide
to redissolve the precipitate obtained, when the solution
was rendered alkaline. It was much later in 1921 when Blum,
Liscomb and Carson2 published what is probably the first
authoritative investigation of cyanide zinc plating baths.
They developed the pertinent fundamental chemistry and gave
definite recommendations with respect to bath composition and
operating conditions, but unfortunately their bath, while
aseful from the stand-point of operating characteristics was

not readily amenable to the production of bright deposits.

The first bright alkaline cyanide zinc plating baths
were introduced to the plating industry in 19353 and came into
widespread use shertly after. The history of the development
of +this process, being then, the search for new addition
agents, which have changed it from a bath producing dull,
stained deposits with limited coverage into one which gives
brilliant blue bright, readily marketable, low cost finishes
with excellent coverage in low current density recesses.,

Numerous patents have been issued claiming novel
addition agents, but a detailed 1list would only confuse the
issue, because of the vague nature of many of the claims and
the lack of any standards for the comparison of results
obtained. Many of the compounds which are described as
producing bright deposits in some patents, give only semi-
bright deposits when compared to deposits obtained using one
of the acknowledged "brightening" agents. The most adventageous
brightening systems used commercially contain a mixture of
chemical compounds. In many cases the mixtures act synergist-
-ically, that is, the correct combination of addition agents
produce better results than those expected, based on the
results achieved when they are used alone. The most profitéble
approach to this topic, which will be employed in this thesis,
involves an appraisal of the main chemical types of addition

agents, which more or less parallels the history of their
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development,

Initial efforts involved the addition of inorganic
compounds of such elements asj; nickel, molybdenum, tungsten,
manganese, cobalt, mercury, chromium, aluminium, selenium and
tellurium, used at concentrations ranging from trace amounts
to concentrations of one or two grams per litre. Not all of
these are equally effective, some being much more active
than others. The oxidation state of the element is also
important, for example chromium (VI) compounds have disasterous
effects on the deposit, causing dullness and lack of plate,
while chromium (III) compounds have a beneficial effect.
Nickel(II) and molybdenum(VI) compounds are the addition
agents most widely used, but these are usually used in
conjunction with other types of addition agents. Nickel (1%)

at about ten parts per million, improve the brightness of
an already bright plate. This type of addition agent is not
extensively used, since the small quantities employed are
difficult to control and an excess can cause the deposit to
be brittle and also pfoduce black stains, when the plated
article is given a subsequent immersion in a "passivating

solution".

Another class of addition agents which have been
known for some time, are the naturally occuring organic
polymers; mainly animal proteins used in the form of glue or.
gelatine., These are used at concentrations of one or two
grams per litre and are extremely effective at producing
bright zinc plate at low current densities, but since they
are easily hydrolysed in the highly caustic electrolyte,
must be replaced frequently, and the breakdown products of
the hydrolysis reaction can cause problems. They are not
particularly effective when used alone and so are usually
used in conjunction with other addition agents, since they
will brighten low current density areas, which tend to be

dull with certain other addition agents.



=D

Other types of polymer known for some time are the
polyvinyl alcohols, which are available in a variety of
molecular weights and degrees of hydrolysis. These polymers
have a definite brightening =2ction when used by themselves,
but are usually used in combination with other addition
agents, because the deposits produced alone have a distinct
yellow tinge. This discolouration can be removed by a
subsequent dipping operation, but would not yield such
clear and bright deposits, as those produced, when used in
the correct combination with other addition agents. The most
suitable molecular weight and degree of hydrolysis of the
polyvinyl alcohol, depends on the other addition agents
employed. The effect of a change in the molecular weight or
degree of hydrolysis, is nol very large, all grades produce
a bright plate, but some are more succeasfully employed at

removing minor faults.

One of the milestones in the development of bright
zinec deposits from an alkaline zinc electrolyte has been the
use of Aromatic Aldehydes as addition agents, the most
effective being; anisaldehyde, vanillin, piperonal and

veratraldehyde.
CHO
CHO
OH
O'CH3
0:CH, o-vanillin

p-anisaldehyde

Ho CHO
R
~
O'CH3 0
iy O~ &
y A
veratraldehyde

piperonal
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With the introduction of these addition agents, for the first
time very bright zinc deposits could be obtained. These
chemicals co-operate efficiently with the addition agents
described previously, the most effective combination being
with polyvinyl alcohols. The Aromatic Aldehydes are used in
concentrations of 0.5 to 1.0 grams per litre, an excess not
being detrimental, in fact improvement can be obtained by
using higher concentrations. The limiting factor being the
cost, since these materials tend to be rather expensive, and
the material used commercially is usually chosen not because
it is the best, but usually the cheapest. Some correlation
between the brightness of the deposit and the structure of the
aromatic aldehyde used have been observed, but no quantitative
data is available, the results being mainly subjective.
Veratraldehyde and piperonal produce the brightest deposits,
while benzaldehyde has little or no effect. Anisaldehyde

is probably the most widely used materials, since it produces
acceptably bright deposits and is relatively cheap, Small
amounts of the more expensive aromatic aldehydes are sometimes
incorporated in commercial mixes, in order to boost the
brightness, without making the cost prohibative.

The aromatic aldehydes are usually added in the form
of their bisulphite addition complex, since the are usually
water insoluble. This complex is readily destroyed by the
highly alkaline electrolyte, consequently these compounds
probably exist eventually, in solution, as the cyanide

addition complex.

Aromatic ketones and aliphatic aldehydes have
some effect when used in alkaline zinc plating electrolytes,
but the brightness of the deposits, are nowhere as beneficial
as those obtained when using the aromatic aldehydes.
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The publication of British patent 1,049,132 granted
to the Udylite Corporation in 1966 and British patent 1,170,058
granted to E.I. DuPont de Nemours and Company in 1969, which
introduced a new and valuable family of addition agents, these

being quaternary pyridine derivatives.

The main claim of British patent 1,049,132 comprises
an aqueous alkaline cyanide zinc bath, for the electrodeposition
of lustrous zinc in which is dissolved at least one quaternary
nitrocgen compound, containing at least one carboxylic ester,
carboxamide, substituted carboxamide, carboxy or nitrile

group.

The preferred pyridine compounds quoted are methyl,
ethyl or propyl nicotinate (claims 4,5 and 6) and the
nreferred quaternising agents being methyl, ethyl, propyl
or allyl chloroacetate or chloropropionate and alpha
chloroacetamide or beta chloropropionitrile (claim 7).

The quaternary pyridine compounds mentioned in the
claims being:

(i) N-allyl-3-ethylcarboxylate pyridinium bromide (claim 8)

(ii) N-methylcarboxymethyl-3-ethylcarboxylate pyridinium
chloride (claim 9)

(iii) bis~-1,4-xylylene-3,3'~ethylcarboxylate pyridinium
chloride (claim 11)

(iv) N-methylcarboxymethyl-3-carboxamide pyridinium
chloride (claim 13%)
and

(v) N-benzyl-3-ethylcarboxylate pyridinium chloride
(claimed twice 10 and 12)

@fir'cooﬁn”s CONH,
CO0+C, H E;B/
(e ot 9

ol

o by i e |
CH (,u_ L H
Br” CH, (&) é:z ) ?_1 (iv)
i | rl. §
CH, 0'CHy

O'CH-&
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The specified quaternary nitrogen compounds make
possible the electrodeposition of mirror bright zinc deposits
from alkaline cyanide zinc baths over a wide current density
range. They co-operate to an unexpected degree with other
known addition agents, for example aromatic aldehydes,
polyvinyl alcohol and modified polyvinyl alcohol (such as
oxidised or ethoxylated),peptones and very specifically with
very small concentrations of the inorganic salts of manganese,
molybdenum, trivalent chromium and iron, and with combinations
of these materials, to give even brighter and more uniform

deposits than those achieved alone.

The other British patent 1,170,058 for which an
application was made 21 months after British patent 1,049,132 ,
claims the addition of an aromatic betaine, which has a
quaternary nitrogen atom directly bonded to 3 or 4 carbon atoms
(at least one of which is a member of an aromatic nucleus),
and a carboxylic or sulphonic acid group attached to the
quaternary nitrogen atom through a carbon linkage, containing
from one to six carbon atoms. The heterocyclic ring systems,
which can provide the quaternary nitrogen atom include pyrrole,
indole, quinoline and isoquinoline, as well as pyridine.

The only compound quoted in the claims is 1-benzyl pyridinium-
3-carboxylate (claim 17), although examples of other hetero-
cyclic betaines are illustrated in the body of the patent.
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1-benzyl pyridinium-3-carboxylate is also covered, in the
first claim of British patent 1,049,132 and is the compound
nost widely used commercially. Although other members of this
family can produce brighter deposits than 1-benzyl pyridinium
-3-carboxylate, it has the advantage that not only does it
produce adequately bright deposits, but it can easily be
prepared from cheap, readily available materials, namely

nicotinic acid and benzyl chloride.

The aromatic betaines can be used alone, but are
preferably used in combination with an organic polymer that
is soluble in the bath. The presence of the polymer being
particularly desirable when the bath leg used above room
temperature, since plating baths at 5000., are not unknown
in summer. Examples of suitable polymrers, include synthetic
polymers such as polyvinyl alcohol (or modified polyvinyl
alcohols) or polyethylene imines, and natural polymers such
as gelatine, glue, peptone, gums and agar-agar, as well as
protein substances such as egg albumin and milk protein
hydrolysate. The polyvinyl alcohols, prepared by the partial
hydrolysis of polyvinyl acetate, having molecular weights in
the range 5,000 to 20,000 and a degree of hydrolysis of 87 =
89 %, are quoted as providing particularly stable plating
baths and co-operate most efficiently with the aromatic
betaines. Table 1 (from British patent 1,170,058), illustrates
this co-operative effect in the results obtained, on varying
the concentration of a partially hydroylsed (87 - 89 %)
polyvinyl alcohol, having a molecular weight of about 16,800;
with zero and 0.8 grams per litre of 1-benzyl-3-carboxy

pyridinium chloride.



Amount of Amount of
Betaine PVA Product Quality
Added Added
0 0.13% gl"q Dull on all surfaces
-1 Very desirable product, bright on all
0.8 gl 0 surfaces :
=7 = Brightness about the same as (b)
0.8 gl 0.004 gl increase in shininess of plate i
0.8 gl—/I 0.04 gl'4 Product about same as (c)
-1 -1 Plate very bright and shiny, improvement
0.8 gl 0.08 gl over (c) "
Plate has an extremely bright and liquid
-1 -1
0.8 gl

0.13% gl

appearance even in low current density
areas, overall mirror like quality

L JIdVL
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The following mainly historical coverage of addition
agents used in alkaline cyanide zinc plating electrolytes, is
almost complete, lacking only one recent development, which
will be described later. A slight digression, into the field
of none cyanide zinc plating addition agents, is in order,
because the first commercial plating baths began to appear

at this time.

The alkaline none-cyanide zinc plating bath without
the benefit of addition agents, produces a deep black powdery
deposit over almost the entire acceptable range of operating
current densities. Early attempts to develop a substitute for
cyanide, in this system, centred about other complexing or
chelating agents, such as, sodium gluconate, ethylenediamine
tetraacetic acid (edta) and triethanolamine. These compounds
were used in large amounts, up to 30 grams per litre, together
with conventional cyanide brighteners, which mainly consisted
of aromatic aldehydes, polyvinyl alcohols, gelatine and
metallic ions. Baths of this type gave a reasonable zinc
deposit, but decidedly'inferior in brightness and uniformity
of plate when compared to the traditional cyanide containing
processes. The processes were tolerated however, because they
no longer contained cyanide, thus removing the toxic hazard
of this material, and simplifying effluent disposal since there
was no longer any cyanide to destroy. One big disadvantage
was that the concentration of iron in the bath quickly built
up, since it was effectively complexed by the addition agents,
resulting in the deposition of a zinc-=iron alioy. This alloy
in the range of approximately 100-150 p.p.m. of iron, became
blue-black and ultimately dark grey-black upon subsequent
bright dipping, making the process totally unacceptable.
Another, even more insidious problem which involved the waste
disposal system, began to appear in the complexed type of
alkaline none-cyanide zinc plating installations, after one or
two months of operation. When, as is almost often the case, a
plating company had other plating processes in operation,
especially copper, the complexing agents from the drag out of

the none-cyanide zinc system, when mixed with the general
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effluent, tied up any copper or nickel, so tightly that it
could not be precipitated (and so removed), by conventional
waste treatment methods. Thus, while the alkaline none-

cyanide process was originally conceived to solve a waste
treatment problem, it created a monster of its own, obliterating

the original reason for its development,

The most notable advance in this field came with
the publication of British patent 1,219,932 granted to
Lea-Ronal Inc., in 1971. This invention concerns the addition;
to an alkaline zincate electrolyte, of the water soluble
reaction product of an alkylene polyamine, (containing one
or more tertiary, or qﬁaternary amine groups), with an
epihalohydrin., The two materials used to illustrate the
invention, in the examples in the body of the patent, being
1,3-dimethylaminopropylamine and epichlorhydrin (1=chloro-
2,3-epoxypropane). These polymers have a molecular weight
above 250 and should preferrably be in the range 4,000 to
5,000, This material is a weak complexant and so poses no
problems of effluent disposal, but when used at concentrations
of approximately one gram per litre, produces a bright and
very commercially desirable finish., The brightness of the
deposit can be improved by combination of the polymer with
aromatic aldehydes or pyridinium betaines, smaller
concentrations being used to produce the same or better
results than those obtained from cyanide containing

electrolytes.

Since this development several patents4, have
been granted, which describe other similar nitrogen
containing polymers, for use in alkaline none-cyanide

zinc plating baths,

The latest and probably the most noteworthy
advance in the development of alkaline cyanide, none—cyani&e
and acid zinc plating processes, has been the publication,
in patent form, of some japanese work. This describes a

series of quaternary heterocyclic polymers, the most active
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addition agent being the polymer obtained from the reaction

between imidazole and epichlorhydrin.

Brightness

Despite the vast array of addition agents used to
obtain a bright deposit from alkaline cyanide and none-
cyanide zinc plating electrolytes, very little work has
been published concerning the mechanism of the brightening
action. A historical difficulty in dealing with this problen,
was the lack of a clear definition of "brightness", in terms

of physical magnitudes.

Three possibilities exist with respect to the
reflection of light at a surface. Firsily, when the light ig
reflected diffusely, the surface has a matt appearance.
Secondly, when the light is reflectea directionally, the
surface has a mirror appearance. Thirdly (a mixed effect),
when there is mostly directionally reflected light and only
a small proportion of the light is reflected diffusely, then
the surface appears bright.

lMost of the early work has centred around a vague
definition of brightness, in terms of visual appearance, but
more recently the reflecting power, as measured by the amount
of light specularly reflected off a Surface*, i.e. at an
angle equal and opposite to that of incidence with respect to
the normal to the geometrical surface, has been used.
(* or more precisely, the illumination of the monitoring
detector at constant illumination of the reflecting surface)
The results obtained are inadequate for characterising
unequivocally the property perceived by the human eye as
brightness, since a stronger impression of brightness does
not necessarily correspond to a higher intensity of mirror
reflected light. A more precise definition, not involving
the actual reflectivity of the surface, would be in terms of
the ratio between specularly and diffusely reflected light.
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A surface which is termed smooth, in common
usage, generally appears rough when studied under the
microscope, and it is this micro-roughness which is responsible
for diffuse reflectance. When the nature of the surface is
studied under the optical or electron microscope, only a
small part of the surface is viewed at any one time, while

the human eye evaluates the entire surface.

The question arises as to what scale of surface
roughness is responéible for the introduction of scattering
in the reflected light. On intuitive grounds the surface will
be effectively smooth, from the point of view of reflectivity,
when the order of magnitude of the irregularities becomes
less than the wavelength of the radiation being used.

Weil and PaquinG, found a linear relationship
between the logarithm of the amount of light specularly
reflected by a surface (under well standardised conditions),
and the fraction of the surface which contains no irregularities

larger than 0.15 nm.(1500 L.

The ratio7 of diffuse reflection to total reflection
is often given by ( 4mwo/\ )2 where o is the root mean square
roughness and X\ is the wavelength of the light (0.4 to 0.8 nm.,)
or other electromagrnetic radiation. This implies that the
surface is somewhat brighter in light of longer wavelength.

Work with metals other than zinc, mainly copper,
nickel and chromium, has led to the proposal of two major
theories to explain the brightness of electrodeposits.

One theory advanced by a number of workersa, states that
electrodeposits are bright if their microstructure consists
of crystallites smallexr than the wavelength of visible light,

that is, smaller than 0.4 nm.

The alternative theory, with its own share of supportersg,

suggests that there is a high degree of preferred orientation
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so that the crystal faces presented to the surface are
essentially parallel, so that even large grained deposits
will be bright.

It has been demonstrated in recent years10, that bright metal
deposits can be relatively coarsely crystalline, so that the
occurance of a fine structure is not an essential precondition
for brightness. It has also been shown11, that metal coatings
crystallising without any grain orientation can be bright, so
that a particular orientation of the crystallites cannot be
considered to be the cause of brightness.

Little information has been published regarding
the microstructure and metallurgical properties of zinc
electroplate. Fischer12.concluded that the macroscopic
structure of zinc electrodeposited from a cyanide electrolyte,
is of the so-called "field orientated texture type", basing
his classification on optical microscopy which showed the
fibrous appearance and X-ray diffraction which showed (1011)

texture.

Hasko 13 verified the fibrous appearance but
reported (1120) texture for deposits from a range of cyanide

electrolytes.

Tod'l:14 analysed the carbon content of zinc deposits,
finding about 0.1 per cent for three commercial alkaline
baths and 1.0 per cent for an acid bath.

Recent workers15 have examined thin zinc foils
‘deposited from alkaline cyanide electrolytes (covering a
wide range of compositions), an alkaline none-cyanide
electrolyte and an acid electrolyte, by transmission electron
microscopy. They have shown the grain structure of the deposits
to be columnar and to have grain.diameters of 0.1 to 0.4)Lm
for deposits from the cyanide electrolytes and 0.04 to 0.1/um
from the none-cyanide electrolyte. The dominating crystallo

-graphic orientation parallel to the plating surface was (1120),

and the carbon content 0 to 0.5 per cent.
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=20~

PART ONE

INVESTIGATION OF THE ACTION OF QUATERNARY PYRIDINIUM
DERIVATIVES IN PLATING ELECTROLYTES

The following pyridine derivatives were bought or
prepared, for testing in alkaline cyanide and alkaline

none-cyanide zinc plating electrolytes.

Nicotinic acid (B.D.H.)
Homarine hydrochloride (Aldrich Chemical Co. Ltd.)

Prepared

{-Benzyl-3-carboxypyridinium chloride
1-Benzyl-4-carboxypyridinium chloride
1-Propyl-3-carboxypyridinium bromide

Attempts were made to prepare a sample of
{-benzyl-2-carboxypyridinium chloride (and bromide) but only

2—carboxypyridinium hydrochloride (and hydrobromide) were

isolated.



~P] -

{.Benzyl-3=carboxypyridinium chloride

This material was first reported by Gautier and Renault1
who obtained it by acid hydrolysis of 1~-benzyl-3-carbamoyl
pyridinium chloride, but unfortunately no further preparative
details are given in the publication. Other preparative
methods have been detailed by Anderson and Berkelhammer
Kolyer18, but a modified method was used as described below.

17 and

30,8 grams (0.25 mole) of nicotinic acid was suspended in

100 om? of distilled water and about 50 cm’ of 20% sodium
hydroxide solution was slowly added with vigorous stirring,
to dissolve the nicotinic acid and give a solution with a
resultant pH of 7. The solution was transferred to a 250 cn
round bottomed flask, with stirrer and reflux condenser, 30 cm
(0.26 mole) of benzyl chloride was added and the suspension,
stirred vigorously for 10 hours at 80-~-90 °¢. After cooling,

the solution was acidified with dilute hydrochloric acid and
the resultant white precipitate, filtered off and
recrystallised twice from boiling water, yielding 51.8 grams .

(83?“;) L]

5
3

The crystals had a faint plnk tinge and melted at
181.5-182.5°C., (dec), agreeing with Kolyer (180 181.5°. ,dec)
and also Anderson and Berkelhammer L4 (183=184.5 C.,dec) but
raising some doubt regarding the results obtained by Gaqtler

and Renault'°® (196-197°C.,dec.)

The elemental composition and the infra-red spectrum
were obtained and the compound was titrated with standardised
0.1 molar sodium hydroxide solution, to a phenolphthalein

end point.

This compound (and others described later) was dried

in a vacuum desiccator, over P4010 for at least two days.
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1-Propyl-3-carboxypyridinium bromide

This material was first reported by Gautier and Renault16

obtained by the acid hydrolysis of 1-propyl-3-~carbamoyl
pyridinium bromide, but an alternative procedure was adopted,

as described below.

30.8 grams (0.25 mole) of nicotinic acid was suspended in
100 cm’ of distilled water and about 50 cm’ of 203 sodium
hydroxide solution,,was slowly added with vigorous stirring,
to dissolve the nicotinic acid and give a solution with a
pH of 7. The solution was then transferred to a 250 cm3
bottomed flask, equipped with a stirrer and a reflux condenser.
25 cm? (0,275 mole) of 1-bromopropane was then added and the
suspension, stirred for 16 hours at 80-90°C. After cooling
50 cm3 of approx., 47% hydrobromic acid (approx. 0.58 mole),
was added, but no precipitate obtained. The solution was
evaporated down to 40 cm3 and allowed to cool. The crystals
produced on cooling were filtered off and recrystallised
from a methancl-ethyl acetate mixture, yielding 21.8 grams
(36%), with a melting point of 158-160°C., (li'!:.16 11150 . )

round

The elemental compositon and the infra-—red spectrum
were obtained and the material titrated with standardised
0.1 molar sodium hydroxide solution to a phenolphthalein

end point.

1-Benzyl-4-carboxypyridinium chloride

No mention of this compound was found in the literature,

it was prepared as follows.

30.8 grams (0.25 mole) of isonicotinic acid (pyridine-4-
carboxylic acid) was suspended in 100 cm3 of distilled water
and about 50 cm3 of 20% sodium hydroxide solution was added
slowly, with vigorous stirring, to dissolve the isonicotinic
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acid and then to adjust the pH to 7. 30.0 cm3 (0.26 mole) of
benzyl chloride was added and the resultant suspension
stirred for 10 hours at 80~90°C. After cooling the solution
was acidified with concentrated hydrochloric acid and the
white precipitate produced, filtered off and recrystallised
twicw from a propan-2-ol/ethyl acetate mixture, yielding
53.7 grams (76%) of white crystals melting point 135-137°C.

The elemental compositon and the infra-red spectrum
were obtained and the compound titrated with standardised
0.1 molar sodium hydroxide solution to a phenolphthalein

end pointe.

{=-Benzyl-2-carboxypyridinium chloride (and bromide)

No reference could be found in the literature regarding
this compound and so an analogous method to that used for
the preparation of 1=-benzyl-3-carboxypyridinium chloride

was employed.

30,8 grams (0.25 mole) of picolinic acid (pyridine-2-
carboxylic acid) was dissolved in 50 cm’ of distilled water
and the pH adjusted to 7, with approximately 50 cm3 of 20%
sodium hydroxide solution. The solution was then transferred
to a 250 cm3 round bottomed flask, equipped with a stirrer
and a reflux condenser. 30.C cm3 (0.26 mole) of benzyl chloride
was added and the suspension stirred for 10 hours at 80-9000.
After cooling the solution was acidified with 40 cm3 of
concentrated hydrochloric acid, but since no precipitate
was obtained, the solution was evaporated down to about 40 cm3.

The above procedure was repeated using 31.0 cm3 (0.26 mole)

of benzyl bromide and 50 cm’ of 47% hydrobromic acid.

The material obtained from these procedures, was filtered
off, recrystallised twice from a propan-2-ol / ethyl acetate
mixture, then dried in a vacuum desiccator over P4010 for 2 days.
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A melting point and infra-red spectrum was obtained, and each
compound was titrated with standardised O.1 molar sodium

hydroxide solution.

A further attempt to prepare 1-benzyl-2-carboxypyridinium
chloride (and bromide) was made using the free acid.

30.8 grams (0.25 mole) of picolinic acid was dissolved
S5 E0 en® of iiinbiiled water and trensferred tola 250 on°
round bottomed flask equipped with a stirrer and reflux
condenser. 50 cm3
(0.26 mole) of benzyl chloride or 31.0 cm (0.26 mole) of
benzyl bromide and the mixture stirred for ten hours at
80—9000. After cooling the solution was acidified with 40 cm
concentrated hydrochloric acid (or 50 em® of 47% hydrobromic
acid) and evaporated down to about 40 cma. The precipitate

obtained in each case was filtered off, recrystallised twice

3

of propan-2-0l was measured in, then 30.0 cm

3

from propan-2-o0l / ethyl acetate mixture and dried in a

vacuum desiccator over P4010.
The melting points and infra-red spectra were obtained an

and the materials titrated with standardised 0.1 molar sodium
hydroxide solution to a phenolphthalein end point.

Pyridine-2-carboxylic acid, hydrochloride (& hydrobromide )

These two compounds were prepared by dissolvine 12.3 grams

(0.1 mole) picolinic acid in 15 em’ distilled water, then
adding an excess of the appropriate acid (20 cm3 CONCe.,
hydrochloric acid and 35 em” 47% hydrobromic acid) and

then stirring at 4000., for one hour. The solids which
precipitated on cooling, were filtered off and the filtrates
evaporated to 10 cm3 and the further crops of crystals

filtered off. The two crops of crystals were combined,
recrystallised from propan-2-ol / ethyl acetate and dried in

a vacuun desiccator over P4 010 , for at least two days.
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The melting points and infra-red spectra were obtained and

the materials titrated with standardised O.1 molar sodium

hydroxide solution.

Preparation of Standard Electrolytes

5 litres of a high metal -~ high cyanide 2zinc plating
electrolyte, was prepared using zinc oxide, sodium hydroxide
and sodium cyanide, the composition being adjusted until it
gave the following analysis; zinc as metal 80 grams per litre,
sodium hydroxide as NaOH 155 grams per litre and sodium
cyanide as NaCN 230 grams per litre., This solution is twice
the concentration of a normal electrolyte and needs to be
diluted 50:50 before use.

About 0.5 grams per litre of sodium polysulphide solution
was added, with continuous mixing to minimise the local
precipitation of zinc sulphide, and the solution was
electrolysed for eight hours at a current density of about
2 to 5 amperes ner square footf These two operations being
necessary to remove any metallic contamination, mainly lead
and cadmium, which would cause dullness and other faults.

* These are the units used within the plating industry, the
S.I. unit is the ampere per square decimetre which is

equivalent to 9.29 amperes per square foot.

5 litres of a none-cyanide zincate electrolyte was
prepared from zinc oxide and sodium hydroxide, the composition
being adjusted until analysis gave 20 grams per litre of
zinc as zinc metal and 220 grams per litre of sodium hydroxide
as NaOH. The solution was electrolysed for ten hours at 2 to

5 amperes per square foot, to remove any metallic contamination.

Plating tests using the above electrolytes were carried
out in a Hull cell19, a device used to show the variation
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in appearance of the electrodeposit at varying current
densities, this being achieved by virtue of the placement of
the cathode at a fixed angle with respect to the anode. This
results in a plating cell with a trapezoidal plan,the dimension

of which are illustrated in the diagram below.

1l
f L
3 Pure N Fis
2" [ e M0
.‘ ANODE STE.EL.
: CATHODE
6 0

THe HuerL CELL.

A supply of current (a steady one ampere), is necessary
between the Anode and the Cathode.

It can be seen from the diagram, that the equipotehtial
lines are not parallel, with the result that the current
density is higher at C than at D. The current distribution
for this arrangement has been determined and standard charts
are available, so that the cathode panel can be compared with
a chart in order to relate the éppearance of the deposit to
a particular current density.

The genefal method for testing the quaternary pyridinium

compounds in a Hull cell was as follows:

125 cm30f electrolyte solution was poured into a 250 cm3
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measuring cylinder, the desired amount of addition agent
(usually as an aqueous solution) introduced, and the resultant

3 mark with distilled water. This
3

mixture diluted to the 250 cm
solution was then transferred to a 400 cm” wide mouthed beaker,
stirred thoroughly with a glass rod and the temperature

adjusted to 2500.

A mild steel panel 3" by 4" by 0.01" (the cathode), on
which the zinc is electroplated, was then cleaned using the

following sequence;

1. degrease with acetone

2. water swill

3. anodic cleaner - such as Activax

4, water swill

5. dilute hydrochloric acid dip (approx. 50% by volume)
6. water swill :

7. second stage anodic clean -~ such as 10-55 Cleaner*

8. water swill * Trademark for further details
_ : see Canning Handbook on
9. water swill Electroplating

The electrolyte was then poured into the Hull cell, the
cleaned mild steel panel inserted, and a current{ of one
ampere passed for 15 minutes, the voltage being regulated
(manually or electronically) so that the current remained

constant.

After 15 minutes the current was switched off and the
panel removed from the Hull cell. After swilling thoroughly
in cold running water, the panel was partially immersed in
a 1% nitric acid solution for 10 seconds, so that about half
of the zinc plated area was immersed. The panel was then
swilled in cold running water and dried in a stream of hot
air.

The reason for only dipping half the panel was in order
that a comparison could be made between the dipped and
undipped zinc electrodeposit. The dilute nitric acid dip,

removes any surface films and leaves a brighter finish.
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Proprietry dips contain other additives, which increase the

brightness even more.

In the cyanide electrolyte, the pyridine derivatives were
tested alone at 0.5 and 1.0 gl“i, then at 1.0 gl-1 with
1.0 gl—1 of polyvinylalcohol. Fresh base being used for each
test and the Hull cell and anode being cleaned thoroughly,

before the introduction of a new compound.

A different approach was adopted wifh the alkaline none-
cyanide electrolyte, because of the poor deposits obtained
without any addition agents, and the fact that by themselves
the pyridine derivatives have very little effect. Consequently,
all the tests were made with the addition of 4.0 gl—1 of
Polymin G35 (a polyethyleneimine obtained from B.A.S.F.),
which.when used at this concentration alone, gives a electro-
deposit comparable to that obtained from the alkaline

cyanide electrolyte.

The pyridine derivatives were tested at concentrations
of 0.5 and 1.0 gl-1, the solution containing 1.0 gl—1 being
retained for 100 hours, then a fresh panel being plated at

(o)
25°C,
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Ultra-violet experiments

The following experiments were performed using a Pye-

Unicam SP 500 spectrophotometer in 1 cm silica cells.

2 1

* and 200 g1~

50 em? of a solution containing 20 gl—1 Zn
)

NaOH (in distilled water) was pipetted into a 100 cm
standard flask. 10 cm3 of a 5% solution of 1-benzyl-3-carboxy
pyridinium chloride (pH 6.5) was then added, the mixture
diluted to the mark with distilled water, and shaken
vigorously to mix thoroughly. The optical density was then
recorded at wavelengths of 230 to 400 nm in steps of 5 nm.

The optical density was again recorded at the same
wavelengths, after the solution had been allowed to stand

for 25 hours.

The above procedure was repeated, without the Zn2+ ions.

Action of hydroxide ions on i1-benzyl-3-carboxypyridinium chloride

50 cm’ of 20% sodium hydroxide solution and 10 cm® of
0.5% 1-benzyl-3-carboxypyridinium chloride solution (pH 6.5),
were diluted to 100 cm3 with distilled water. The optical
density was then recorded at 330 to 400 nm at intervals of
10 nm., this being assumed to be zero time. The optical
density at these wavelengths was again recorded after 1,2,3,
5,6, 7+ and 30 hours.

Effects of Temperature

A different procedure was adopted for the following
experiments, since it was found that the heat of dilution
produced by using the procedure described above, caused the

initial results to be anomalous.
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0.2 grams of 1-benzyl-3-carboxypyridinium chloride was
weighed out accurately and dissolved in 100 cm3 of 10% sodium

5 beaker, The sodium hydroxide

hydroxide solution, in a 150 cm
solution and the beaker having been kept in a water bath at
2000., prior to this operation for about one hour. After
vigorously stirring the solution for about one minute to
ensure that the pyridine derivative had completely dissolved,
it was transferred to the SP 500 spectrophotometer and
thermostated at 2000., throughout the experiment. The optical
density at 360 nm., was then recorded every minute on the

minute for 15 minutes.

The experiment was then repeated at 25, 30 and 3500.

Effects of Varyving the Concentration of Sodium Hydroxide

0.2 grams of 1-benzyl-3-carboxypyridinium chloride was
weighed accurately and dissolved in 100 cm3 of 10% sodium
hydroxide solution. The sodium hydroxide solution had been
equilibrated at 2000., for one hour prior to ccmmencement of
the experiment and the cell holders were maintained at 2000.,
throughout the experiment. The optical density was measured
at 360 nm., every five minutes for 35 minutes, the readings
rising above 1.0 after this time.

The experiment was then repeated using 70 cm3 (7 grams
of NaOH), 50 cm’ (5 grams of NaOH) and 10 cm’ (1 gram of
NaOH), of 10% sodium hydroxide solution diluted to 100 cm
in a graduated flask. The solutions produced above being
equilibrated at 2000., for one hour prior to commencement of
the experiment. The optical density being then measured

every five minutes for 50 minutes, or until the optical

3

density went above 1.0,
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Effect of Varyingz the Concentration of 1-benzyl-3-carboxy

pyridinium chloride

The experimental procedure described above was repeated
using 100 cm3 of 10% sodium hydroxide solution, but using
0.5, 0.1 and 0.05 grams of 1-benzyl-3-carboxypyridinium
chloride. The optical density being measured at 360 nm,
every five minutes for 60 minutes, or until the optical

density became greater than 2.0 .

Effect of 2n°t on the Production of the Maximum at 360 nm

The experimental procedure described above was repeated
with 2.1 grams of zinc chloride (10 gl"1 Zn2+) and 0.2 grams
of 1-benzyl-3-carboxypyridinium chloride, being added to
100 cm3 of 10% sodium hydroxide solution, thermostated at
20°C. The optical density being measured at 360 nm., every

five minutes for 35 minutes.

Effect of Other Pyridine Derivatives

0.4 grams of 1-Propyl-3-carboxypyridinium bromide was
weighed out accurately and dissolved in 100 cm3 of 10%
sodium hydroxide solution. The optical density was then
measured from 320 to 400 nm., in steps of 10 nm., 1mmed1ate1y
and then after 1%, 2, 4, 6, 22, 25, 30 and 48 hours.

The experiment was then repeated withj;

(5) 0.5 grams of 1-Benzyl-4-carboxypyridinium chloride
and
(ii) 0.5 grams of Nicotinic acid

3

in 100 cm” of 10% sodium hydroxide solution.



The experiment was repeated with 0.5 grams of 1-benzyl
=3-carboxy pyridinium chloride dissolved in 100 cm3 of 10%
sodium hydroxide solution. The optical density being measured
at 400 to 600 nm., in steps of 10 nm., initially and then
after 1, 3, 5, 6, 7 and 25 hours.

'Combined Plating and U.V. Experiments

5 litres of a none-cyanide zincate eléctrolyte was
prepared, containing 20 gl"1 of zinc metal and 200 gl-1 of
sodium hydroxide, and purified by electrolysis. 4 grams of
Polymin G35 (a polyethyleneimine available from B.A.S.F.)
and 0.05 grams of 1-benzyl-3-carboxypyridinium chloride, was
dissolved in 500 cm3 of the above electrolyte, and the mixture
diluted to one litre with distilled water. 250 cm3 of the
resultant solution was poured into a Hull cell and a cleaned
steel panel plated for 15 minutes using a current of one
ampere. Simultaneously with this plating test, a sample of
the remaining solution was used to determine the optical
density at a wavelength of 360 nm,

The above procedure was then repeated using unplated solution

after 24 and 170 hours.,

The above experiment was repeated using 0.5 grams of
1-propyl-3-carboxypyridinium bromide and then again using
1.0 grams of nicotinic acid. In both sets of experiments

4 grams of Polymin G35 was also present.

Comparison of the Rate of Production of the Maximum at_ 360 nm

for 1-Benzyl and 1=Propyl, 3-car50xynyridinium compounds

0.1 grams of 1-benzyl-3-carboxypyridinium chloride was
dissolved in 100 cm” of 10% sodium hydroxide solution and
the optical density at 360 nm., measured every five minutes

for one hour.

The experiment was then repeated using 0.4 and 1.0 grams

of 1-propyl-3-carboxypyridinium bromide.
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Nuclear Magnetic Resonance Experiments

To a suspension of 1.0 grams of 1-benzyl-3-carboxy

3

pyridinium chloride in 3.0 cm’ of deuterium oxide (D,0),

was added 0.2 cm’ of 52% NaOD in D,0 and the mixture agitated
for about one minute. A further 0.2 cmj of 52% NaOD in D20

wags added and the mixture agitated until all solid material

had dissolved.

The nuclear magnetic resonance spectrum was then obtained
using a Varian HA 100D spectrometer, using Trimethylsilane
(TMS) in a sealed capillary tube as an external standard.

The solution was stored for nine days in a dark cupboard

and the spectrum again determined.,

The above preparative procedure was then repeated and the
spectrum recorded. 1.6 cm3 of 52% NaOD in D20 was then added
and the solution agitated. The spectrum was recorded after
2 and 9 days. then finally at the end of one month,
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RESULTS

The results of the elémental analysis and the equivalent
weight determinations, for the pyridine derivatives, are given
in Table 2. The only unexpected result being those obtained
for 1-benzyl-3-carboxypyridinium chloride. The equivalent
weight for this compound was found to be 479-480, almest double
the expected value. This result in conjunction with the
elemental analysis, suggested that the structure must be a
dimer as illustrated in Table 2.

{-benzyl-2~-carboxypyridinium chloride (or bromide) could
not be prepared by the methods described. The only material
that could be isolated, was the hydrochloride (or hydrcbromide)
of pyridine-2-carboxylic acid, which was readily identified
by its equivalent weight and infra-red spectrum.

Results of the U.V. Experiments

The optical density measurements obtained at wavelengths
of 230 to 400 nm. (in steps of 10 nm,), for 0.5 gl"1 of
1~benzyl-3-carboxypyridinium chloride dissolved in a standard
none~cyanide zincate electrolyte, can be seen in Appendix (i),
Immediately after make up, only the expected maximum at 263 nm.,
was observed, although it was necessary to dilute the solution
ten times in order to obtain measurable optical densities.
After 25 hours, the optical density at 260 nm;, had increased
from 0,97 to 1.57, but more interestingly a new maximum had

appeared at about 360 nn,

Almost identical results were obtained when the above

procedure was repeated in the absence of zinc ions, as can

be seen in Appendix_(i).
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Action of Hydroxide Ions on

{-Benzyl-3-carboxypyridinium chloride

The results of this experimeﬁt are illustrated in graph 1,
the experimental details being found in the Appendix. The
graph depicts the growth of a maximum at about 360 nm,.

Effect on Maximum of Variation in

PTemperature, Concentration of Hydroxide Ions and
Concentration of 1-Benzyl-3-carboxypyridinium chloride

The results of these experiments are illustrated in
graphs 2, 3 and 4, the actual experimental values being
recorded in the Appendix. An increase in any of these
guantities produces an increase in the rate of production of
the maximum at 360 nm, The initial portion of the graphs
being linear but curvature becoming noticeable as the reaction

proceeds.

Using a method described by Eisenthal and Katritzkyzo'

it was possible to determine the reaction order with respect
to hydroxide ion and i~benzyl-3-carboxypyridinium chloride

concentration,
. o ~1n +| m
Let; rate = kobs [OHJ [-Py
where, Py+ ‘= concentration of 1-benzyl-3-carboxypyridinium

chloride

- +
hence, log rate = log kobs + nlog [OH] + mlog [Py J

Thus, by constructing log-log plots of the initial rate (in
optical density units per second, calculated from the slope
of the initial linear portions of the appropriate curves)
against different concentrations of hydroxide ion and

1-benzyl~3-carboxypyridinium chloride. It is possible to
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=
determine n and m the orders of reaction for hydroxide ion

and 1-benzyl-3-carboxypyridinium chloride, respectively.

The results obltained are illustrated in graphs 5 and 6.

Results of the Plating Experiments

In the Cvanide Electrolyvte

1 1=-benzyl=3~carboxypyridinium chloride gave a

At 0.5 gl~
bright uniform zinc deposit, which had a yellowish tinge,
before immersion in a 1% nitric acid solution. Increasing the
concentration to 1.0 gl“i gave an increase in brightness.

At 0.5 g1
bright uniform zinc deposit, which had a yellowish tinge,
before dipping. Increasing the concentration to 1.0 gl-1
produced an improvement in brightness, but inferior to that

obtained from 0.5 g.'l."1 t-benzyl-3-~carboxypyridiniun chloride.

1=propyl-3=-carboxypyridinium bromide gave a

Both nicotinic acid and 1-benzyl-4-carboxypyridinium
chloride at 0.5 gl-i, gave deposits identical to that achieved
from the electrolyte alone. Increasing the concentration to

1.0 gl-1 produced no improvement.

In the None-cyanide Electrolyte

At 0.5 gl_1 1-benzyl-3-carboxypyridinium chloride gave
a very bright uniform zinc deposit, but increasing the
concentration to 1.0 gl-1 produced very little improvement.
At 0,2 gl"1 the deposit was still very bright and uniform,
being superior to that produced by 0.5 glm1 in the cyanide

electrolyte.

At 0.5 gl_1 1~propyl=3-carboxypyridinium bromide and
homarine hydrochloride (2-carboxy-1-methylpyridinium chloride),
gave a deposit slightly better to that obtained from the-
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electrolyte, without them. At 1.0 g1_1 an improvement was
noticed, but the deposit produced was inferior to that

1

obtained using 0.2 gl = of 1-benzyl-3-carboxypyridinium chloride.

Nicotinic acid and 1-benzyl-4-carboxypyridinium chloride
at 0.5 and 1.0 gl_1, gave Hull cell panels similar to those

obtained from the electrolyte, without them.

Effect of Hydroxide Ion on other Pyridine Derivatives

: of 1=propyl=3-carboxypyridinium bromide dissolved

4.0 gl~
in 100 g1~
360 nm.,(but centred at 355 not 365 nm.) the intensity of

which increased with time, as illustrated in graph 7.

of sodium hydroxide, exhibited a maximum at about

The rate of production of this maximum appeared to be
much slower than from 1-benzyl-3-carboxypyridinium chloride.
This was confirmed by comparison of the rate of produvction of
the maximum at %60 nm., obtained from 1.0 gl_1 of 1-benzyl-3-
carboxypyridinium chloride with the results obtained from .
10.0 and 4.0 gl—1 of 1-propyl=3-carboxypyridinium bromide, as

shown in graph 8.

1 of

1-benzyl-4-carboxypyridinium chloride dissolved in 100 gl—1 of
sodium hydroxide solution. 5.0 gl—1 of nicotinic acid also

exhibits identical behaviour, with no pessibility of a

Graph 9, illustrates the inert behaviour of 5.0 gl

maximum at about 360 nm,

Extra Experiments with 1=-Benzyl-3-carboxypyridinium Chloride

Graph 10, illustrates the growth of a maximum at about

575 nm., produed when 5.0 gl_1
chloride was dissolved in 100 gl

of 1-benzyl-3-carboxypyridinium

1 of sodium hvdroxide.

The growth of the maximum at about 360 nm., obtained with
0.2 gl-1 of 1-=benzyl-3-carboxypyridinium chloride and 100 gl—1
sodium hydroxide, is the same in the absence or presence of

10 glhi of zn°t ions, as can be seen from Appendix (xii).
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Results of the Combined Plating and U.V. Experiments

Pable 3, shows the optical density measurements obtained
at a wavelength of 360 nm,, initially and then after 24 and
170 hours, for 0.05 gl"1 of 1=-benzyl-3-carboxypyridiniun

chloride, 0.5 gl-1
1

of 1=propyl-3-carboxypyridinium bromide

and 1.0 g1~ of nicotinic acid.
Table 3
-1 a1
0.05 gl 0.5 gl 3
Pime 1=-benzyl 1=propyl 1.0 gl
(hours) 3-carboxy 3=carboxy nicotinic
pyridinium pyridinium acid
chloride bromide
Zero 0,022 0.018 0.015
24 0.063 0.051 0.015
170 0.098 0.086 0.016

The most obvious point of interest are the very low optical
density values obtained. This is a direct result of the
concentrations of pyridine derivative used. The more normal
concentration of 0.5 gl"1 of 1=-benzyl-3-carboxypyridinium
chloride, would have prcduced optical density readings of
above 2.0,.the brightness of the plated deposit being s0
intense that any improvement would be very difficult to

detect,

The plated Hull cell panels, initially showed only a
slight improvement over that obtained from the base, containing
4 gl"1 of Polymin G35. The results of the nicotinic acid
being identical to that from the base, with the two
quaternary pyridinium compounds showing a slight improvement,

but still possessing a hazy appearance.

After 24 hours the nicotinic acid gave a Hull cell
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panel, with no improvement on that obtained initially. The
two quaternary compounds showed a definite improvement in
brightness, the 1-propyl-3-carboxypyridinium bromide
producing the best plate. In both cases the hazy appearance
was beginning to disappear, particularly in the low current
density (right hand side) areas of the Hull cell panels.

After 170 hours, the nicotinic acid still gave no
signs of improvement, over the results obtained initially.
The Hull cell panels from the electrolyte containing the two
quaternary pyridinium compounds, showed further increase in
brightness. The 1-benzyl-3-carboxypyridinium chloride
producing a Hull cell panel with the brightest high current
density (left hand side) area. In both cases the haze had
almost been eliminated.
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Results of the Nuclear Magnetic Resonance Experiments

Spectrum (I), recorded initially, is consistent with
that expected for the betaine of 1-benzyl-3-carboxypyridinium

chloride, the structure of which is drawn below,

The spectrum (with structural
assignments) was as follows:

singlet 9.59 (H2)

doublet 9.39 and 9.35 (H6)
doublet 9.22 and 9.12 (H4)
complex 8.53%, 8.47 and 8.43 (H5)
H 1 singlet (with structure) 7.72

H (benzene ring)
singlet 6.19 (methylene linkage)

The integration agreed with the number of protons postulated.

The above assignments were made on the basis of the work
of Dubb et al21, on 1-methyl-3—carbamoylpyridinium iodide
and Caughley and Schellenbergzz, on 1-benzyl-3-carbamoyl
pyridinium ckloride,

The only area of dcubt is the assignment of resonances
to H6 and E4, but both sets of workers favour the above

assignments.

After nine days the Spectrum 2, had altered and now
exhibited;

singlet 9.57 (H2)

doublet 9.20 and 9.12 (H4) J
doublet 8.48 and 8.40 (I5) J = 8 cycles per second
complex T+T79, T+75, Te72, T.68, 7.64 and T.61 (benzene ring)
singlet 6.17 (methylene linkage)

8 cycles per second

The resonances formerly assigned to H6 (at 9.39 and 9.33)
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had vanished, indicating the removal of this proton. The
separation of the resonances at 9.20 and 9.12, and between
those at 8.48 and 8.40, was the same (8 cycles per second).
It is plausible to presume that the protons responsible are
undergoing coupling interactions of a strong nature, and

s0 are probably adjacent to each other.

The coupling (J) of 8 cycles per second, can also be
observed in the initial spectrum (1), but the picture is
complicated by further coupling with the proton at position
6, which is split by an interaction of 6 cycles per second.
This is presumably due to an interaction with the proton at
the 5 position, which can now be identified as a doublet of

doublets.

No evidence is available for the existance of any ring
opened products, since these would have resonances between
the HDO resonance (5.18) and the TMS resonance (zero).

1.0 grams (0.00208 nole) of 1-benzyl-3-carboxypyridinium
chloride, gives 0.886 grams (0.004 mole) of the betaine.
In the first experiment 0.4 cm3 of 52% NQOD solution gives
0.208 grams (0.005 mole) of NaOD. In the second experiment
2,0 cm’ of 52% NaOD solution, gives 1.04 grams (0.025 mole)
of NaOD,

The second N.M.R. experiment gave an initial spectrum
identical to that obtained previously.

"After the extra NaOD was added and the mixture left for

two days, the Spectrum 3 was as follows;
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singlet 9.46 (H2)

doublet 9.10 and 9,02 (H4) separation = 8 cycles per second
doublet 8.38 and 8,30 (H5) separation = 8 cycles per second
complex 7.62, T.57 and 7.52 (benzene ring)

singlet 6,06 (methylene linkage)

All the resonances occur at similar relative positions to
those in Spectrum 2, but at a value of 0,1 lower.

The separation of the doublets is the same value as in
Spectrum 2, indicating the same interactions are present,

suggesting the protons are again adjacent.

The integration suggests that the proton at the 2-position,

has been partially deuterated, since its intensity is only

one third of the expected intensity. If the doublets are
assumed to arise from only one proton each, the complex
presumed due to the benzene ring, approximates to five protons .
as expected. However, the resonance due to the methylene

group, integrates to only one proton, suggesting partial
deuteration.

After nine days the Spectrum 4, exhibited;

doublet 8.78 and 8.70 separation = 8 cycles per second

triplet 8.06, 8.02 and 7.98 separation = 8 cycles per second
of outter two resonances

complex T.41, 736, T34, T.28. T.26 and T.22

Assuming the resonances correspond to those in Spectrum 3,
they are all low by a value of 0.32 .
The resonances due to the 2-position proton and the methylene

linkage have disappeared.

After one month the Spectrum 5, exhibited only one feature,
a complex pyrimidal shaped resonance at 7.45, presumably due

to the presence of a benzene ring.



DISCUSSION

The complex nature of the discussion, could lead to
confusion, and so the following summary is intended to act

as a guide.

The discussion begins with a brief review of the results,
particularly those concerned with the production of the
maximum at approximately 360 nm. Reference is then made to the
literature, and other workers ideas on pseudo base formation
and the position of hydroxide ion attack described. Work on
the ring opening of pyridine compounds is then outlined, and
the possibility of this being an explaination for the
maximum observed at approximately 575 nm., postulated.

The calculated corders of reaction for hydroxide ion and
{-benzyl-3-carboxypyridinium chloride concentration are then
outlined, and the formation of a bimolecular ether as a .
logical explaination advanced. The literature evidence for
the existance of bimolecular ethers is then reviewed and
this leads to the introduction of betaines. This leads in
turn to the hypothesis, that this type of compound can
explain the nuclear magnetic resonanece results is then
detailed.

Finally, support for the arguments presented is given by

a review of a relevant patent.
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Discussion

Alkaline cyanide and none~cyanide electrolytes containing
{-benzyl-3-carboxypyridinium chloride, acquire a pronounced
yellow tinge after working for some time. This observation is
explained by the growth of a maximum at about 360 nm., which
is produced in the presence of hydroxide ions, and does not
seem to be influenced in any way by the zinc ions present.

The growth of a maximum at about 360 nm.,, is also observed for
1-propyl=3-carboxypyridinium bromide in the presence of
hydroxide ions, but the rate of production of the maximum
appears to be slower, under identical conditions, than for
1=~benzyl-5-carboxypyridinium chloride. 1-benzyl-~4-carboxy
pyridinium chloride, nicotinic acid and homarine hydrocloride,
do not give a similar maximum with hydroxide ions.

The production of the maximum at about 360nm., appears
to have a correlation with the brightening ability of the
pyridine derivatives. 1-benzyl-3-carboxypyridinium chloride
in alkaline cyanide electrolytes gives zinc deposits with
better brightness, than those obtained using 1-propyl=3~carboxy
pyridinium bromide, while 1-benzyl-4-carboxypyridinium chloride,
nicotinic acid and homarine hydrochloride have no brightening
action at all. The same observations are true for the alkaline
none-cyanide zincate electrolyte, except for homarine
hydrochloride, which appears to have some brightening action
in this electrolyte.

In commercial plating, it is a commonly observed fact that
plating baths, produce their best results after an initial
"working in" period. The improvement in the brightness of
electrodeposited zinc plate, correlated with an increase in
the optical density at 360 nm., for bhoth 1-benzyl-3-carboxy
pyridinium chloride and 1-propyl=3-carboxypyridinium bromide
separately, gives further substance to this obervation.
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A plausible explaination of the results, is that the
maxima at about 360 nm., are due to new chemical species
which are the brightening agents, and not to the compounds
originally added to the plating electrolytes. The best
results are not obtained initially, but the new species

appear to build up to an optimum concentration, with time.

The structure and mechanism of formation of the new
species, is consequently of great importance, before any
further conclusions can be reached, about the mechanism of

brightening action.

It is known from the literature that treatment of
1=gubstituted pyridinium salts and related compounds, with
hydroxide ions yield, easily dissociated pseudo-bases,
in which the hydroxide ion has become bound covalently to
‘one of the carbon atoms of the heterocyclic ring23. The
action of hydroxide ions on pyridinium salts, have been

knowvn for some time, being first reported in 188124.

Psevdo-~-bases have been studied in other heterocyclic
ring systems, such as quinoline, isoquinoline 2and acridine,
particularly the latter, the pseudo-~bases of which can readily
be isolated in a pure form.25 The reason being, that because
pseudo-base formation results in a loss of aromatic character,
the effect on stability is not so pronounced in multi-ring
systems, which still retain the stabilising eficcts of the
unreacted ringse.

The pseudo base obtained by treating an agueous solution
of N-phenylacridinium iodide with sodium hydroxide, when
crystallised from ethanol or even treated with cold ethanol,
forms the O-ethyl ether (i).. '

H < OEt
2
| ik ()
.
N N
| ou® |
Ph 4 Pk
quaternary ammonium pseudo base pseudo base (i)

hyvdroxide ethyl ether
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Recently26 a pyridinium pseudo-bése (ii) has been
isolated, from the reaction of hydroxide ions and
1-methyl-2,3,4-tricyanopyridine.

CN CN
N
N = oH" NC X CN
l ' | og  (ii)
@
Me Me

The classical work on the nature of the pseudo-bases
formed from pyridine derivatives, has been deduced from
indirect evidence, a brief review of which now follows.

The electrical conductivity of a solution containing
{-methylpyridinium and hydroxide ions, shows 1-methylpyridinium
hydroxide to be a strong completely dissociated base., The
conductivity does not decrease with time and so it follows
that the equilibrium between the quaternary hydroxide and
the pseudo-base must lie overwhelmingly towards the former.
The addition of potassium hexacyanoferrate(III), results in
the oxidation of the pseudo-base and 1-methylpyrid-2-one may
be isolated.2® The formation of 1-methylpyrid-2-one is
attributed to the continuous removal of the pseudo-base,

which is assumed to be present in a very small concentration,

o= 50
@ _O4°, @H [EZ(en)], :
|}l '}’ OH N~ O
M

27

29

¢ Me Me
1-methylpyridinium pseudo {-methylpyrid-2-one
hydroxide base

Bradlow and VanderWerfBo, have used this, the Decker
reaction (the oxidation of 1-substvituted pyridinium derivatives
with alkaline hexacyanoferrate(III)), to show that
1-methyl-3-carbamoylpyridinium i1odide was converted to

{-methylpyrid-2-one-3-carboxamide, while 1-methyl-3-carboxy
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pyridinium sulphate was converted to 1-methylpyrid-2-one-5-
carboxylic acid. Thus, implying {-methyl-3-carbamoylpyridinium
ions undergo attack at the 2-position, while 1-methyl-3-carboxy
pyridinium ions are attacked at the 6-position.

O O

n " -
C~nH, o é“NHz
& e OH ) e
N OH = N [Fe lcu){_l; N 2
Me Me Me
1-methyl-2-pyridone
-3-carboxamide
° g o
Ho
7] o i =)
' OH— . />N Rl ] o2y
Me Me ,;&

1-methyl-2-pyridone
-5—-carboxylic acid

A consideration of @he above reacticn mechanism suggests
that the orientation of the pseudo-base, could be the factor
which determines the position at which oxidation occurs.

Another possible reason for attack at the 6-position, of
1-methyl-3-carboxypyridinium ions, is because electrostatic
interaction is possible between the oxygen atoms of the
carboxylate ion (formed in basic solution) and the hydrcgen
atom of the hydroxide group in the 2-position, but not of
course with that at the 6-position. A further factor could
be the possibility that the ionic charge of the carboxylate
group would tend to block pseudo base formation at the
2-position, because of its electrostatic repulsion on the

approaching hydroxide ion.
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{-benzyl-3-carboxypyridinium chloride when oxidised with
alkaline hexacyanoferrate(III), gives 1-benzyl-5-carboxy-.

2-pyridone.31
2 2
C~0H C~oH
@ ‘ o
tH, oy el ity

An ethanolic solution of 1-benzyl-5-carboxy-2-pyridone, showed

absorption maxima at 260 nm., (€ 15,700) and 299-308 nm, (& 4,799).

Anderson and Berkelhammer32, qualitatively investigated
the effect of base on the ultra-violet spectrums of solutions
of a number of quaternary pyridinium halides in ethanol.

TABLE 4
Ccmpound P\max(nm) in )\m(m) £ai
ethanol basic ethanol
L;EEE?iiEi‘EiiEi?&ﬁl 266 359, 318
S ihsn nomife. 266 259, 315
sk e o pda 264 258, 316
e 265 265, 314
o e S e 264 271, 323
i oy 25 25
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‘One drop (about 0.04 cmj), of 3 molar aqueous sodium hydroxide
solution was added to the ethanolic solution of the pyridinium
compound in a 1 cm Cary cell. The results are shown in Table 4,
the spectra of all the compounds with a carbonyl-containing
substituent in the 3-position, underwent similar changes in
basic solution. The original spectrum was reproduced in all
cases upon acidification. 1-benzylpyridinium chloride, alone
among the compounds investigated, displayed essentially
identical spectra in neutral, basic and acidic ethanol.

A reasonable explaination of the spectiral changes in
basic solution is that some basic species, undoubtedly etuoxide
ion, has added to the pyridinium ring to form a compound
characterised by the absorption at 314-325 nm. The shorter
wavelength absorption present in basic solution is probably
thé slightly displaced pyridinium absorption. Thus, an
equilibrium of the following type is suggested;

As the solution was made more basic the ratio of the long
wavelength absorption intensity to that of the short wavelength
absorption increased, representing a shift of the equilibrium
to the right. Similar spectral changes were found for
i-benzyl-3-carbamoylpyridinium chloride and 1-benzyl-3-acetyl
pyridinium chloride in water, although the solutions had to

be considerably more basic in order to give a ratio of
intensities comparable in magnitude to those obtained in
ethanol; that is, the higher dielectric constant of water
results in a displacement of the equilibrium in favour of the .
ions (substituted pyridinium and hydroxide) at the expense of
the covalently bonded pseudo base.
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Addition at the 6-position was favoured, since the
chromaphore which would be formed following addition at the
2-position, would contain a nitrogen atom conjugated through
two double bonds to a carbonyl group and so would be expected
to absorb at a considerably higher wavelengths.33

The observation that the spectrum of 1-benzylpyridinium
chloride was unchanged in basic ethanol, is in agreement with
the conductivity studies of Hantzsch and Ka1b23, who found
no evidence of pseudo base formation by the quaternary salts
of pyridine. Apparently the presence of a substituent capable
of imparting resonance stabilisation to the pseudo-base by
conjugation with the ring nitrogen, through one of the double
bonds, causes a significant increase in the stability of the
pseudo-base relative to the quaternary salt,
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34

Recently, Gadamer's” ' views have been widely accepted.

He postulated for these compounds a tautomeric system of
three components, in which the quaternary ammonium hydroxide,
the pseudo-base (or carbinolamine)BS, and the open chain
36

amino aldehyde” , all exist in a mobile equilibrium,

o n {'?‘1
~C ~0H C~0H ~0OH
@ OH N Ho
N e N
€L SR, . CH,
CHL e CH,_ AE—— |

However, a critical examination of the enormous amount
of experimental material, that has accumulated over more than
80 years, leads to the conclusion that the three tautomeric
forms postulated by Gadamer, have not been proven in one case.

37

The so called evidence is based on chemical reactions” ', which

are non-compelling, or on physical constants that have been

38 For the simultaneous

interpreted in a biased manner.
existance of both forms of the ring-chain prototropic system,
i.e., the carbinolamine and aminc aldehyde, evidence is

available only for one single case.39

40 oxists to suggest that the

Corciderable evidence
pyridinium ring can be opened by 2alkali. Zinke41 found
1-(2,4-dinitrophenyl)pyridinium chloride, reacts with
aromatic amines and with alkali to give deep red products.
The reaction proceeds by way of the amino-aldehyde postulated
by Gadamer, and in the case of a2lkali results in the ultimate

production of glutaconic aldehyde and 2,4-dinitroaniline.

@ - ” lC HO l CH-0H NH,_
N OH NH N 6\@ 3 No,
—_} -
NO, NO, 9, & 500
NO, NO,

(oo s A
©I NC,
NO,
NO; GLUTACOMNIC

ALDEHYDE
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These ring opening reactions could explain the reason
for the transient maximum observed at about 575 nm., which was
produced when 5 gl"'1 of 1-benzyl-3-carboxypyridinium chloride

was dissolved in 100 g1"1 of sodium hydroxide solution.

Apart from the work of Zinke, .described above, no
relevant reference could be found in the literature.

The position of the absorption maximum at 575 nm.(approx.),
suggests that the species responsible, must possess extensive
conjugation, with the transient nature reflecting the reactive
nature, giving credibility to the relevance of the following

reaction scheme,
I 1

C00® C00® C00®
S gH . CHO
|
CH

N apecaiie s N
| : |
1 * ?Ht : E’Hl

S / &

Coo®
benzylamiae
# CH—oH
e

resin

“- O

No atiempt was made to isolate the final products of
hydroxide attack on 1-benzyl-3-carboxypyridinium chloride,
but after standing for three months, no 1-benzyl-3-carboxy

pyridinium chloride could be recovered.

a-o-2
NI

Kolyer18 found that 1-benzyl-3-carbamoylpyridinium

chloride, when refluxed with sodium hydroxide for one hour,
yielded ammonia (54%), carbon dioxide (12%) and benzylamine (14%)
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The results of the log-log plots of initial rate against
concentration for sodium hydroxide and 1-benzyl-3-carboxy.
pyridinium chloride, indicate that the reaction appears to be
second order, with respect to both species. The rate equation

may be expressed in the formj;

Rate = k[0H™]2 [1-benzyl-3-carboxypyridinium chloride]?
where k is a constant

2
In other heterocyclic systems‘+ pseudo bases are known to

form bimolecular pseudo-base ethers.

In an analogous manner, to the pyrazinium system studied
by &ston43, the system under investigation could be forming
a bimolecular ether, and conform to one of the following
schemes, which both obey the observed rate law.

)
Step 1 oo 00°
commmon ) pseudo-base
to both oH® H formation
schemes l\|] it / OH
C{':. C\H;.
& =1
RR A T s
Step 2 N“Son  + 9 osar 0 N0 '
‘ i CH,
scheme A Ct ?ﬁ _ X CEL
#? & 2 2

) S
Step 3 o oH® @; 5 /@

I
h |
scheme A er kr, CH, EH,
& # Y A
&
coo® .
Co0® e
Step 2 2 m“ﬂ [@/\ w0 o
scheme B I SRS & : 0o N
P CH, EH,
¢ \ \
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Both schemes involve the reaction of two hydroxide ions
and two 1-=benzyl-3-carboxypyridinium chloride ions, so

conforming to the observed rate law,

Scheme B, is the most simple involving the condensation
of two pseudo-base molecules, with the formation of the
bimolecular ether and a molecule of water., Some doubt is cast
upon the validity of this mechanism, by the literature
references outlined earlier in this discussion which suggests
that the pseudo-~base is only present in small concentration,
so making the chance of collision and reaction remote.

Consequently, the reaction of the pseudo-base with the
pyridinium quaternary and subsequent reaction with hydroxide
to produce the bimolecular ether and a water molecule, is a

more plausible scheme (A).

The mixing of concentrated solutions (20 - 50% by weight)
of sodium hydroxide and 1=benzyl-3~-carboxypyridinium chloride,
results in a yellow oily precipitate, but this could not be
isolated since it quickly dissolved. The precipitate was
assumed to be the bimolecular ether, but no evidence is

available to confirm this hypothesis.
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Andermon17 and Berkelhsmmer achieved the first isolation
of a bimolecular pseudo-base ether in the pyridine series, by
the reaction of 1-benzyl-3-carboxypyridinium chloride with
aqueous sodium hydroxide. A lemon yellow solid was obtained
which darkened at room temperature, but was stable in the
refrigerator. All efforts at recrystallisation failed, usually
resulting in the recovery of an oil. When a solution of the
yellow solid was treated with hydrochloric acid, a quantitative

yield of 1-benzyl-3-acetylpyridinium chloride was realised.

The method of formation of the yellow solid and its
behaviour in acid, suggested the possibility of it being a
pseudo~base. Elemental analysis of the dried crude product
eliminated this possibility, pointing instead to a bimolecular

ether of a pseudo~base, such as:

R o
a &

The ether oxygen is represented as joining the 2-positions
of the two rings in the bimolecular ether, solely on the basis
of a similarity of the ultra-violet spectrum (}‘max 278, 351

nm in dioxane) with that of a compound reported by Stein and
Stiassnyzz, to be either a 1,2- or a 1,6-dihydro model compound.
If the ethoxide addition, with its shorter wavelength maxima,
takes place at the 6~position, as postulated earlier, this
leaves the 2-position for the oxygen bridge in the bimolecular
ether. Another possibility is that the oxyger joins the
4-positions of the rings, which would account for the 351 nm
maximum, and that the ether is in equilibrium with the
pyridinium alcoholate, (iii) which would be expected to show

pyridinium adsorption in the vicinity of 265 nm.
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alcoholate

(iii) le ol
_,,/“‘ 0 :

CH “‘C

‘ - ""‘CH
pyridinium /@

The actual position of the short wavelength absorption, at

278 nm,, would seem to be rather high for a pyridinium ion,
however; and the low dielectric constant of dioxane would

not be expected to favour such ionisation. When the ultra-violet
spectrum of the bimolecular ether was recorded using ethanol

as solvent, the initial spectrum, )hax 270, 362 nm,, was

replaced within two minutes of preparing the solution by the
spectrum of the ethoxide addition compound, hmax 270, 323 nm,
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The only other reported isolation of a bimolecular
pseudo-base ether in the pyridine series was by Dittmer and
Kolyer44, who obtained from the action of agueous sodium
hydroxide on 1-benzyl-3-carbamoylpyridinium chloride, a

product formulated as:

CONH,

/ : 7 .
5 -l

(iv) CONH,

Similarly the bimolecular ethers of 3-carbamoyl-1-(2,6-
dichlorobenzylpyridinium bromide, 3-carbamoyl-i-(p-fluorobenzyl)
pyridinium chloride and 3—carbamoyl=1~(p-nitrobenzyl)pyridinium

chloride, were also reported.

The bimolecular ether is formulated as possessing a
1,4~dihydro structure, on the basis of it exhibiting only one
ultra-violet maximun at 330 - 335 nm., in none polar solvents
(benzene, ether). A 1,6-igomer would be expected to have tvo
maxima, because of cross conjugation in the exited states, and

a 1,2-isomer would be expected to have a maximum at a longer

wavelength.45

When the bimolecular ether (iv) illustrated above, is

dissolved in ethanol a white solid precipitates, which has
oNH, ' been characterised to be
a cyclic trimer
C,Hs N —~‘H (013 H,, N, 0)3, with
H i CHs the structure opposite
(iv), on the basis of
H Y infra-red, ultra-violet
4/ and nuclear magnetic

HJ\!C 0 v\
resonance results,.

C(‘n\n-{’_
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A possible explaination for the formation of the cyclic
trimer, is initial production of the betaine (v), which then
forms the trimer.

H
CONH, CONH,

© CH , H_é_R
|

Similar betaines are known and the betaine illustrated

below (vi) has been prepared by Krohnke46, but was rather
unstable.
@ _ coo®
for sy, LT
(vi) CHe® - e CH (vii)

NO,
The betaine (vii)from 1-=benzyl-3-carboxypyridinium
chloride, thus appears feasible and could be another possible

explaination for the transient maximum at 575 nm., observed

L of 1-benzyl-%-carboxypyridinium chloride was
1

when 5 gl~
dissolved in 100 gl~ of sodium hydroxide solution.

The results of the nuclear magnetic resonance experiments
suggest that a betaine of this type could exist, since the
spectrum after nine days appears to indicate the presence of
only one methylene proton, and a second experiment with more
deutoxide ions showed that after nine days, no evidence of

methylene proton resonances.
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The ring prdtons also appear to be easily removed, the
resonance due to the proton in the 6-position disappearing
entirely after nine days, and the resonance due to the proton
in the 2-position exhibited only one third the area expected.
After nine days with extra sodium deutroxide, the spectrum

revealed the complete exchange of the 2-position proton.
The betaine produced probably undergoes exchange with

deuterium oxide (D2O)’ yielding the appropriate deuterio

compounds, in accordance with the following scheme:
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The tetaine (viii), can react further, as follows;

(<]
coo ﬂ:jQ::j/ccoe
\
CD,

Coo®

S
N“
S
CH

————-———+

Nuclear magnetic resonance spectrum 4, shows that after

nine days, the compound present is probably;

H
H c00®
D N{ D
I
D-C-D
H H
H H

The betaines shown above could possibly give rise TO the
transient maximum at about 575 nm., observed when 5 gl_1 1=benzyl-
3—carboxypyridinium chloride was dissolved in 100 gl“i of
sodium hydroxide solution

The difference in concentrations of the solutions used
for the nuclear magnetic resonance and ultra-violet experiments,
makes any correlation of results between these two techniques

dubious.
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CONCLUS ION

The quaternary pyridinium derivatives which have a
brightening action on electroplated zinc, give rise to a
maximum at about 360 nm., in the presence of hydroxide ions.
The rate of growth of this maximum appears to correlate with

increasing brightening action.

Evidence regarding the nature of the species producing the
maximum, for the reaction between 1-benzyl-3-carboxylpyridinium
and hydroxide ions, was obtained from the order of reaction,
calculated from log-log plots of initial rates against varying
concentrations of the above ions. Since, the reaction was
found to be second order with respect to both hydroxide and
1=-benzyl-3-carbcxypyridinivm ions, the most likely species
was a bimolecular ether formed from an intermediate pseudo=base,

Since, pyridinium derivatives with carboxylate groups in
the 2~ and 4-positions of the pyridine ring possess no
brightening ability, it may be tentitively postulated that
substitution in the 3-pesition of the pyridine ring is a
necessary prerequisite for a compound to be a brighteﬁer. The
nature of the quaternising group is also important, because
propyl quaternised pyridine-~3-~carboxylate has inferior
brightening ability compared to the benzyl quaternised
pyridine~J~carboxylate.

No useful information about the structure of the bimolecular
ether, could be cbtained from the nuclear'magnetic resonance
spectra, but this technique did give some interesting results
regarding the labile nature of the protons attached to the

pyridine ring.

The results have been further emphasised by the recent
publication of three United States patents 3 755 097,
3 781 296 and 3 928 365. These patents disclose the preparative
details for a complex mixture of di(1-benzyl-3-carboxy-1,2-

dihydropyridyl-2) ethers, for use as brightening addition
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agents in alkaline cyanide zinc electroplating baths and also

as sequestrants and stabilizers for plastics and rubbers.

The first example of United States patent 3 755 097,
illustrates the preparation of a composition containing the
godium salt of di(1-benzyl-3-carboxy-1,2-dihydropyridyl-~2) ether,
with the structure shown below, and which may also contain the

: o - corresponding isomers, where the
Co e ether linkage is attached to the
dihydropyridine ring, at the

w’/' < 4-position forming a 1,4-dihydro
CH

pyridyl-~4-ether and at the

L
6-position forming a 1,6-dihydro

pyridyl~6-ether,

J2 The preparative instructions given
are as follows; into a one litre

three necked flask equipped with a dropping funnel, stirrer

and thermometer, there was added 20 grams (0.08 mole) of

1-benzyl~-3=-carboxypyridinium chloride in 400 cm3 of water. The

resultant solution was heated to 4500., in order to dissolve

the pyridinium salt. After cooling to 3000., 6 grams (0.16 mole)

of sodium hydroxide dissolved in 114 cm3 of water was added o

the reaction mixture, over a 30 minute period. After additvion

of the sodium hydroxide, the reaction mixture was agitated at

room temperature for one hour, whereupon the solution changed

from colourless to orange-red, indicating the completion of

the reaction. The solution contains 15.6% by weight, of the

desired ether derivatives.

A small portion of the solid reaction product was then
isolated by distillation of the aqueous layer, followed by
extraction with methanol. When subjected to infra-red, nuclear
magnetic resonance and elemental analysis, the above structure
was confirmed for at least one component of the solid. The
only evidence offered however, wag that nitrogen found was

5.3% and nitrogen calculated was 5.7%.
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PART TWO

INTRODUCTION

We were unsuccessful with attempts made to isoldte the
product of hydroxide ion attack on 1-benzyl-3~carboxypyridinium
chloride, which we postulate as the bimolecular ether illustrated
below, which is believed to be the active brightening agent in

alkaline zinc plating electrolytes.

It was, therefore, decided to investigate the co-ordination
chemistry of such a specieg by using model compounds, in the
hope that any information gaired from this approach could then
be applied to elucidate the wechanism of the brightening

action of the actual system under investigation.
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The model compounds chosen were as follows;
2

3,3'-0xydipropionic acid HOOC .CH .CH2.0.CH2.CH2.COOH

3,3'=Thiodipropionic acid HOOC.CHa.CHZ.S.CH2.CH2.COOH

. COOH COOH
- Y O
2,2'-0Oxydibenzoic acid
COOH COOoH

'S
242'=Thiodibenzoic acid Eiii:]]

An attempt was also made to prepare a mecdel compound

with the structure;

f”b CHx
|
CH,—N— CH,—O— CH, —N— CH, - /

but the attempted preparative procedure proved uncuccessful,
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Co-~ordination Complexes of Carboxylic Acids

Compounds of carboxylic acid derivatives can be

structurally divided into four main groups.

0, -0 0, M-0,
Je-r | Mt JC-R u. JC-R Sc-R
0 0 0 M-0

(1) (11) (1I1) e (av)

Type (IV) can exhibit three structures depending on the
bond formed between the metal and the oxygen of the carboxylate

anion.
7’
I,, /M ,M
e S perell
/CuR /C—R /C—R
M-0C ~-m40\ y M-0,
N M \‘\
syn-syn anti-anti syn-anti
(Iva) - (Ivp) (Ive)

An example of type (I) co-ordination is shown by
sodinm formate [Né%HCOO)ﬂ, the ionic nature of which is

readily confirmed by X-ray analysis.47

The equivalence of the two C-0 bonds (1.27 A) in sodium
formate, contrasts markedly with the situation in lithium
acetate dihydrate [Li(OOCCH3)2.2H20], which exhibits
type (II) co-ordination. In this compound the acetate functions
as a unidentate ligand, the bond length in the C~0-M univ is
1.33 R, while that of the free carbonyl portion is 1.22 A.

Another example of type (II) co-ordination is given by
cobalt(JII) diacetate tetrahydrate [Co(OOCCH3)2.4H20].49
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Type (II) bonding is best described as monodentrate
co-ordination, where each carboxylate group uses only one
of the two available oxygen atoms.- to form a bond to the metal.

50

Lowry and French”~ were the first to postulate that the
acetate group could function as a bidentate chelate and form
a four membered ring, as illustrated above for type (III)

co-ordination. There are, however, few confirmed examples of
the acetate ion chelating to a metal atom. In the case of the

zinc complex51, Zn (00CCH .2H20 and the uranyl complexsz,

3)2
Na[ﬁOQ(OOCCH3)£], this has been confirmed by X-ray
crystallography. This mode of attachment to a metal is the
least favoured and although there are examples scattered
around inorganic chemistry, chelate formation is more the
exception than the rule.

The intricate chemistry of copper (II) formate complexes
provides examples of carboxylate systems of the (IVb) and
(IVc) types, which have the syn-anti and anti-anti structures
respectively and so exclude any possibility of metal to
metal bond formation,

In the royal blue, anhydrous copper (II) format953
Cu(OOCH)E, the anti-syn configuration of the llgand results
in a closest approach of copper atoms of %.44 A The
tetragonal-pyrimidal co-ordirnation around each copper atom
requires a "sharing" of one of the oxygen atoms and this is
reflected in the bond lengths, as illustrated below.

o \/
\%E“’y__ww iy

&

/\

lzs‘i 1-99&0
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In the case of the tetrahydrated copper (II) formate?4
cu(OOCH)2.4H20, which has the anti-anti configuration, the
closest approach of the metal atoms is 5.80 A.

There are a large number of complexes, particularly
within the transition series, which have a bridged acetate
cage structures, and it has been observed that such structures
appear to be favoured by metals which have, in octahedral o

stereochemistry, one unpaired electron in the eg orbitals.

These complexes have a type (IVa) structure, with a syn-syn
configuration and so the possibility exists for the postulation
of metal to metal interactions or even metal to metal bonding
in some cases.56

The reason that this distinction between direct bonding
and loose coupling of spins is needed, is that acetic acid
exists as a hydrogen bonded dimer. Consequently, these dimeric
complexes may be regarded as simple metal replacement of the
hydrogen atoms and in many instances, e.g. copper (II) acetate
Ecu(OOCCH3)2.H2Q]2, the fact that the metal atoms are "adjacent"
is simply a condition demanded by the bridged acetate ligand.
When, however, the metal to metal distance is short enough to
cause a distortion from the hydrogen-bonded dimer dimensions,
then obviously metal to metal bonding has to be considered.

Another example of type (IVa) co-ordination, is given by

the dimer of chromium (II) acetate, [(Cr(00CCH;),.H,0], °7
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Interpretation of the infra-red Spectra of Carboxylate Complexes

The best approach %o this topic is a consideration of the
wdrk of Curtisss, who assumed that the acetate ion is able to
co-ordinate in a variety of ways, as a unidentate ligand, as
a chelate (symmetrical or asymmetrical) and as a bridging
group in polymeric species. From a comparison of the infra-
red spectra of the acetate ion in compounds of known structure,
Curtis has declared it possible to distinguish between the
various types of acetate co-ordination on the basis of their

infra-red spectra.

Infra-red Spectrum of the Acetate Ion

The acetate ion has two strong bands in the infra-red,
associated with the stretching of the carboxy-group. For
sodium acetate these bands occur at 1578 and 1414 cmm1
(with a separation of 164 cm-1)59, while for acetate esters
the bands correspond to V(C=0) at 1740 cm-l and Y(C-0) at
1240 cn”! G

In aqueous solutions the sodium acetate carboxy-band values

are 1556 and 1413 cm"t,59 indicating that hydrogen -bonding

(with a separation of 500 cm

to the acetate ion causes a decrease in the asymmetrical
stretching frequency of the carbonyl group.

Unidentate Co-ordination

For unidentate co=ordination of the acetate ion to a
bivalent metal ion, values close to those of ionic &acetate,
but-shifted slightly towards the covalent ester waluess, would
be expected.

Nickel acetate tetrahydrate has a structure with the
nick2l in pseudo-octahedral co-~ordination to one oxygen of ea
each of the acetate ions and the oxygen atoms of the four
water molecules.49 The carboxy-bands are at 1520 and 1413 cm—1

(a separation of 107 cm—l), the asymmetrical stretching

frequency of the carbonyl group has shifted compared to that
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obtained for sodium acetate. This is considered to be a
consequence of hydrogen-bonding by the acetate ion, the
structure having strong intramolecular hydrogen-bonding
between the none co-ordinated carbbxy-oxygen atoms and a
water molecule (2.59 A), as well as intermolecular hydrogen-
bonding between each of the carboxy-oxygen atoms and water

molecules co-ordinated to other nickel ions.

Symmetrical Bidentate Co-ordination

Bisacetobisaquozinc (I1), [zinc acetate dihydrate ,
zn(H,0),(00CCH), ], is known to have a pseudo-octahedral
structure with two co-ordinated water molecules and both

acetate ions acting as symmetrical chelates.51 The observed

1

carboxy stretching frequencies are 1550 and 1430 em - { a

separation of 120 en™ ).

Asvmmetrical Bidentate Co=-ordination

Bisacetatobisthioureazinc (II), Zn(tu)z(OOCCH3)2, has a

structure with the thiourea ligands co-ordinated by the sulphur
atoms, and with the acetate ions co~ordinated with one long

and one short bond.61 The carboxy stretching frequencies are
1577 and 1425 cm™' (a separation of 152 cm™'), intermediate
between the symmetrical bidentate value and the expected value
for unidentate co-ordination (similar to those for nickel(II)
probably with slightly decreased carboxy stretching frequencies

separation

Bridging Acetato-groups

A number of compounds have structures with acetate ions
functioning as bridging groups. The reported spectra of
3 . o 62 - it 6%
dimeric Cu(OOLCHS)z(H2O)2 and tetrameric Zn4O(OOCCH3)6
with symmetrical bridging acetate groups have asymmetrical

stretching carbonyl frequencies above 1600 cm_1, higher than
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64

compounds with other types of acetate ion co-ordination.

In CaCu(OOCCH3)4
asymmetric chelate to the copper atom, with the more distant
65 y

, and this

.6H20 each acetate ion is acting as an

oxygen atom also bridging to the calcium atom
compound has carboxy-stretching frequencies higher than

Zn(tu)z(OOCCHB)z, which is an asymmetrical chelate but has
no bridging. It has previously been suggested that a sharp
well defined carbonyl asymmetrical stretching frequency at

1595 to 1600 cm"i, is indicative of bridging carboxy groups.66
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Co-ordination of Ethers and Thioethers-

EBthers can form complexes with a wide variety of elements,
illustrating the co-ordinating ability of the ether linkages.
Probably the best known of the ether co-ordination complexes
'are those formed with magnesium, the Grignard reagent.

The donor properties of sulphur are quite different from
those of oxygen. In general, they are somewhat more restricted
as regards the nature of the acceptor atom, but in some types
of compound, the bonds are exceptibnally strong. The thioethers
form much more stable compounds than the corresponding oxy
oxyethers. Pfeiffer67 has pointed out that the thioethers,
show a strong tendency to unite, with salts of such metals
as nickel, copper and zinc, but more especially with those of

platinum and palladium,

Co-ordinating ability decreases in the series water,
alcohol and ether, but increases in the series hydrogen
sulphide, mercaptans and thioethers.

Interest has recently been aroused concerning the
co-ordinating ability of the ether linkage by the discovery
of numerous and often very stable crystalline solvates of
the alkali metals and alkaline earth metals (Groups I & II)
and in particular Na, K, Li, Rb and Cs, with a wide variety
of macrocyclic polyethers, Ethers with from 3 to 20 oxygen
atoms have been synthesised, and an example is 2,5,8,15,18,
21-hexaoxatricyclo 20.4.0.0 hexacosane, usually abbreviated

to cyclohexyl-18-crown-6, the structure of which is shown

below.

e Y : i : In distilled water

o O © : the equilibrium constants
of the complexes formed
are in the order;

\_/ N K> Rb+>Cs+, Nat> Li+.



The polyether complexes have been used as models for
naturally occurring compounds, that are involved in the
transport of alkali and alkaline earth metal ions across

membrane and for the very high selectivities towards Na® and

-}

K or Ca ¥ and Mg2 shown by natural systems.

A search of the literature revealed, that of the four
model compounds, for only one 3,3t-=thiodipropionic acid
had any attempt been made to study the co-ordinating ability.68
Thls work mainly concerns the use of potentlometrlc
tltratlons and has indicated 9, that 1:1 chelates are formed.
(comprising 6 membered rings) with the stability order
Cu>Pb>Cd > Zn=> Ni=Co.

Rossotti et 5110 pave found that copper (II) ions

in the presence of 3, 3'-thiodipzopionate ions, produce small
amounts of the protonated complex BHAY in equilibrium with
the mononuclear species Bh (2n-2)- , where n<=2, No attempt
was made to isolate and 1dent1fy any solid complexes but this
possibility existed, and caa be illustrated by the following
extract.71 nGood results were obtained for the thiodi-
propionate system, in spite of limitations imposed by the

lbw solubility of the copper complex.”

The zinc complexes of 3,3'-thiodipropionic acid are.
mentioned in United States patent 3 697 488, where they are
used as superior catalysts for the production of high
molecular weight episulphide poiymers, wﬁich can be

vulcanised into rubbder.

The monomeric zinc complex of 3,3'=thiodipropionic acid
is given, in the above patent, the structure;
S
CH, ~ tH : . .
" AL x No method is given for the
CH, CH;
|
0=C o

\

C

\ /Zn\ /
6] O

preparation of this compound

and no information other

than the structure opposite.



Ty o

The polymeric form of the zinc complex of 3,3'-thiodi-
propionic acid, can be prepared according to the patent, by
the dropwise addition of a solution of 3,3'-thiodipropionic
acid to a dialkyl zinc compound (such as diethyl zinc) in an
inert liquid medium under reflux, followed by digestion at a
temperature of 25 to 7500.,-f0r about 1 to 3 hours. The above
procedure is said to produce a mixture comprising 20% monomeric
and 80% of a linear polymeric form which may be represented
by the formulaj;

-

2 ? o .
?Hz—c“.‘i -0 /n —0—C - CH- CHa—S_CHz." CH,— &_ 0 Zn-—c__CHL_,(I:HZ
s x CH,
|
15 e CH:._ CH,_" ﬁ" OH HO _l('; ...CHZ_CHL_,S

o) (@)

where x has values of 1 to 20.
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Magnetic Susceptibility

The idealised form of behaviour for the magnetic
susceptibility of a paramagnetic material with temperature
is the Curie law; X = C/T, with C the Curie constant. The
ma jority of paramagnetic substances, however, obey a simple
modification of the Curie law, the Curie - Weiss law;

)C = C/T + &, where & is an empirical quantity and is a
measure of the deviation from the ideal. These equations
assume that the individual paramagnetic ions in a compound
act independently of each other. When the paramagnetic
centres in a substance are allowed to influence each other,
effects of two associated types arise, namely ferromagnetism
and antiferromagnetism. A plot of magnetic susceptibility (?()
‘against temperature (7), produce a characteristic curve, as

can be seen below,.

It can be seen that for a
compound exhibiting

Ferromagnelic

ferromagnetism, there is
a discontinuity at some

Normaol
percmagnelic

X—

Curie point : temperature, Tc’ called

the Curie temperature.

/<(/11:;;\~C:::::=== Above the Curie temperature
Aatiferremagnetic the substance exhibits

G, : simple paramagnetism, while

below T, the susceptibility

varies in a different way with temperature, (and is also
field dependent).

Antiferromagnetic materials also have a characteristic

temperature, Tn’ called the Néel temperature. Above T11 the
substance exhibits simple paramagnetism, but below Tn the

susceptibility drops with decreasing temperature.
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The peculiar  behaviour of ferromagnetic and antiferro-
magnetic substances below their Curie or Néel points, arise
due to interionic interactions, which have magnitudes
comparable to the thermal energies at the Curie or Néel
temperature and so become progressively greater than the
thermal energies as the temperature is further lowered. The
effect that neighbouring magnetic dipoles have upon each
other is that they tend to align their neighbours to point -
either in the same direction or in an opposite direction to
that in which they themselves_point.

In the case of antiferromagnetism, the moments of the
ions in the lattice tend to align themselves so as to cancel
one another out. Thus, above the Néel temperature thermal
agitation prevents very effective alignment, and the inter-
actions are manifest only in the form of a Weiss constant.
However, below the Néel temperature, this antiparallel
alignment becomes effective and the susceptibility is
diminished.

i 2 the orbital angular momentum is neglected and the
spin angular momenta of two neighbouring ions are taken to be
Eﬂ and'gé. Then the interaction between the two gi;ghbogi?ng
ions give rise to two energy levels one in which 81 and 82
are in the same direction and the other with them in opposing
directions. This interaction is described formally as spin-
spin coupling betwveen the ions of the form AE = J.g};gé
where J is known as the exchange coupling constant or the
exchange integral., If J is positive, the level corresponding
to aligned spins, lies lowest, and if J is negative that

with anti-aligned spins.,

An interaction with J positive gives rise to the
phenomenon of ferromagnetism, but since the conditions are
very stringent, ferromagnetism only occurs for a limited

range of substances.
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The condition that J be negative is met much more
frequently and results in antiferromagnetic behaviour. From
now on attention will be restricted to antiferromagnetic
behaviour. Two types may be distiﬁguished; intermolecular
where the interactions extend throughout the crystal, and

intramolecular where the interactions are confined within

the molecule.

Intermolecular Antiferromagnetism

In most co-ordination compounds the shell of ligands
surrounding the metal ion is sufficient to ensure that the
iggividual paramagnetic ions in a compound act independently
of each other. However, in some substances the magnetic
dilution may well not be adequate and each paramagnetic ion
now interacts with several neighbours and each of these again
with its set of neighbours and so on throughout the crystal.
For suchk sets of interactions to be possible, in simple salts,
it is usually necessary for crystals to be of cubic symmetry,
or nearly so. Body-centred and face-centred, cubic and spinel
arrangements are suitable and the metal oxides, simple halides
and some complex halides form the compounds of greatest
importance, showing intermolecular antiferromagnetism. Here,

a metal ion is commonly surrounded by an octahedron or
tetrahedron of halogen or oxygen ions, which share corners,
edges or faces. Since the direct spin-spin coupling by overlap
of metal orbitals falls off very rapidly as the distance
between the metal ions exceeds the combined radii of the ions,
it is not surprising to find that the coupling takes place by
bridging through an intervening oxygen or halogen aton,
forming structures such as M-0-M, rather than by direct

exchange.

This circumstance gives rise to the rather surprising
fact that coupling is often stirongest between next-nearest
neighbours rather than nearest ones. This phenomenon is

referred to as "superexchange".



o T

Intramolecular Antiferromagnetism

In this type of antiferromagnetism the interaction takes
place within a single molecule. The simplest system that can
be formulated is that where two ions of spin + interact with
each other, but with no other paramagnetic centres in the
substance. The lowest level is then that with total spin O
(ie€o ¥ = %), a singlet and at a distance J higher lies a
triplet level, with total spin 1 (i.e. + + +).

An example of such a simple system is found in copper (II)
acetate monohydrate, which consists of a binuclear molecule
Cu2(0H3000)4.2H20, in which copper (II) ions are bridged in
pairs by four acetate groups, with two water molecules
occupying the terminal positionst, as can be seen in the

diagram below.

The copper (II) ion is

E 0.22 i, out of the plane
l of the four oxygen atoms.
OH, One interesting feature of
| 5 this sixfold co-ordinated
0“--...., / -
pc——c/ //C?“xo\b—~CH3 copper complex is the )
> }p : d{ close approach of 2.64 A.,
R :
3 \b’/GM\D/' between the two copper (II)
\ ions, which is only slightly
/ Ok &

Y greater than 2,56 i., the
interatomic distance in

S metallic copper.

The magnetic susceptibility of this compound passes through

a maximum at about 270 K., and decrease rapidly as the

temperature is lowered, not obeying the Curie-Weiss 1aw.72

Figgis and Martin73 made exact measurement of the
temperature variation of the susceptibility and deduce an

expression which partially explained this behaviour.
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An expression for the molar susceptibility can be readily
obtained from Van Vleck's74 basic formula:

FERC S
X A NZm E’; - 2E§£) exp(-Er(lo)/kT) 7

oG exp(l‘Er(l(J ) /e

Where E(O) denotes the energy levels under no applied field
and Eé;) and Eég) denote coefficients of the first and second

order Zeeman displacements of levels, defined by the relation;

L

B = 89 EI(uL)H + Er(ni) H° I

The magnetic field removes the spin degeneracy of 8y of
level n and these sublevels are specified by the magnetic
guantum nomber m. Terms in H2 do not change the separation of
the four orbital levels but introduce a temperature independent
term N« into the susceptibility which is not affected by the
relative distribution of Cu2+ ions between the singlet and
triplet state.

To the first order of magnetic field;

S
X = 2g Nﬁ . . 4+ N e D
n 3KT 1 + %exp(J/kT)

Where g is the magnetic field splitting factor which is 2, if
the magnetic moment arises from spin only, but since it is not
possible to neglect entirely the influence of orbital
contributions to the moment of the cupric ion, and this is
allowed for in the case ofcopper (II) acetate, by employing
the factor g = 2.2.

In the case of copper (II) acetate, J is about 300 cm—1,
so at room temperature (kT == 200 cm"1), the upper state is
appreciably occupied and results in a room temperature moment
of 1.4 B.M./Cu atom. At low temperatures, only the singlet
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staté is occupied and the moment drops to zero, apart from
the N« contribution (which is the temperature independent
.paramagnetism of one mole of copper (II) ions).

The diagram opposite
shows a plot of the

magnetic susceptibilities

; and magnetic moments
o0
A P 0@0“‘0\ of copper (II) acetate
S & 01,6 _
800 fo : -o,..c]D..g monohydrate, at various
o : &
] Ugﬂaﬁr S temperatures.
800r o /dd B oo Mo B S, KN indicates the
' = .
© 5 dP g theoretrical curve obtainec
_;%400_ i 9" -083 obtained by using equation
éd' s 3, and the symbol o being
000l ,'65' 2 oeh : _ _04-'?-5 experimental values
'? : obtained for: curve A,
--ﬂ?’ g ' the magnetic
0 I00° 200° 3C0° 400 susceptibilities and
Temp.(K)

curve B, the magnetic
moments.,

It follows from equation 3, that >(m = N« when T = O,
and rises to a maximum value at Tn_ﬁ'5/8 J (J in °k, or
5/8 J/k when J is in cm—1), so that the exchange energy can
be derived directly from the temperature at the maximum, or
Néel point; i.e. J =5/8 k/T_ (J in cm™').

At temperatures well above J it can be shown that the
effect of the interaction on this system of two interacting
spins of % is to cause the susceptibility to obey a Curie-
Weiss law, with © = #J (J in °K), and I = 5/28& =5/8 J.

In the case of copper (II) acetate, Tn is 270°K and © is 108°x.

The general form of intramolecular antiferromagnetism
follows in broad outline that of the copper (II) acetate
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example ‘of two interacting spins of %. There is always a
maximum in the susceptibility versus temperature curve, and
the behaviour at temperatures much greater than J is of the
Curie-Weiss form. However, as the number of ions in the group
and the spin on each of them increases, so the Neel point
becomes ill defined and it is necessary to go to temperatures
very large indeed compared to J to find Curie-VWeliss law
behaviour. T  and @ are given by different functions of J to
those given above, for the various spin systems which may be

encountered.



PREPARATION OF THE MODEL COMPOUNDS

AND THE COMPLEXES OBTAINED FROM THEM.
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Preparation of 2,2'-Oxydibenzoic Acid )

This material was prepared by a minor modification of the
method published by Anschutz and Clasen’” in 1922, which
involves the initial preparation of o-tolylsalicylic acid
Hooc.06H4.o.[2]c6H4[_'1]cn3 and its subsequent oxidation with
potassium permanganate. The modifications made, involved
jnereasing the scale by a factor of ten and the use of a new

76

purification procedure for the crude product.

Ha COOH
Preparation of o-Tolylsalicylic Acid o

50g (0.26 mole) of the potassium
salt of o-chlorobenzoic acid was added
with stirring to a solution containing 67 cm (708 , 0.65 mole)
o-8resol and 15g (0.29 mole) of sodium methoxide and 1g of
copper bronze. The mixture was then heated, with stirring.
Reaction became apparent at about 15000., and the source of
heat was removed, the heat of reaction taking the temperature
finally to about 230°C., with the production of a deep violet
colour. After cooling the reaction mixture was dissolved in
500 em’ of distilled water and all the insoluble material
filtered off. The filtrate was then extracted with five 30 cm3
portions of diethyl ether. The aqueous layer was then treated
with activated charcoal to remove the faint pink colour which
persisted and the white solid precipitated on addition of
conc., hydrochloric acid was filtered off. This material was
recrystallised twice from boiling water giving 54g (93%) of
o-tolylsalicylic acid, which was identified by the determination
of its melting point and equivalent weight, the latter being
obtained from a titration with 0.1N sodium hydroxide solution

to a phenolphthalein end point.

Conversion of o—Tolyisalicylic Acid to 2,2'-0Oxydibenzoic Acid

45.6g (0.2 mole) of o-tolylsalicylic acid was dissolved

in a solution containing 11.2g (0.2 mole) of potassium hydroxide
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3

dissolved in 400 cm” of distilled water. A.solution containing
71.1g (0.45 mole) of potassium permanganate dissolved in one
litre of distilled water was then added dropwise over a period
of 8 hours, with continuous stirring. The temperature was then
raised to 5000., for two hours, with stirring. After cooling
sodium bisulphite was slowly added until the permanganate
colour had been removed. The precipitate was then filtered off
and washed twice with 100 cm3 of hot distilled water. The
ﬁashings and filtrate were then combined and acidified with
concentrated hydrochloric acid. The white precipitate was
recrystallised twice from boiling distilled water and dried

over P4010 in vacuo.

The yield was 44.3g (86%) of 2,2'-oxydibenzoic acid with
m.pt., 229-230°C. (23009.75 , identified by infra-red and
nuclear magnetic resonance spectra and equivalent weight,
the latter being determined by titration with O.1N sodium

hydroxide solution to a phenolphthalein end point.

Preparation-of 2,2'-Thiodibenzoic Acid

This material was first prepared by Meyer77 in 1910, who
reacted the potassium salts of thiosalicylic acid and
o-chlorobenzoic acid in aqueous media at 135—14000., using an
autoclave. The method used comprised of an increase in scale

and the use of ar inert solvent.

30.8g¢ (0.2 mole) of thiosalicylic acid (o-mercaptobenzoic
acid) and 31.3g (0.2 mole) of 2-chlorobenzoic acid (o-chloro :
benzoic acid), were suspended in 150 cm3 of ethyl eellosolve
and 55.3g (0.4 mole) of potassium carbonate was slowly added
with vigorous stirring. 1g of copper bronze was then added
and the mixture refluxed for 10 hours. After cooling the
solution was diluted to one litre with distilled water and
then filtered. The filtrate was treated with charcoal and
after this had been removed, acidified with concentrated

hydrochloric acid. The white precipitate was recrystallised
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twice from acetic acid. A yield of 42.8g (78%) of.
2,2'-thiodibenzoic acid with melting point 229-230%. (229-
230%. "7

resonance spectra were obtained,énd also the equivalent

), was obtained, The infra-red and nuclear magnetic

weight by titration with 0.1N sodium hydroxide solution to
a phenolphthalein end point.

Preparation of 3,3'-Oxydipropionic Acid

This material was prepared by a modification of the
138 in 1948, and
involved the acid hydrolysis of di(2-cyanoethyl)ether

general method proposed by Christian and Hixo

(also called 2,2'-dicyanodiethylether and {g&—oxydipyopionitrile]

31.0g (0.2 mole) of di(2-cyanoethyl)ether and 100 em?
(1.0 mole approx.) of concentrated hydrochloric acid were

3 round bottomed flask equipped with a reflux

mixed in a 250 cnm
condenser, and heated at 70—8000., for four hours and then at
100°c., for 30 minutes, The mixture was then evaporated to
dryness in vacuo and extracted with warm acetone. Evaporation
of the acetone solution under reduced pressure gave a sSyrup
which could not be induced to crystallise. The syrup was then
distilled under reduced pressure, the main component boiling

at 190-195°C. (approx., 1-2mm Hg). The material was
recrystallised from an ethyl acetate-petroleum ether (100 -
120°C.,) mixture, and yielded 22.0g (54%) of 3,3l—odeipropionic
acid, with melting point 60-61°C. (1it., 60-61°C.74),

identified by infra-red and nuclear magnetic resonance spectra,
and the equivalent weight was obtained by titrating against

O.1N sodium hydroxide solution to a phenolphthalein end point.
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Attempted Preparation o 1,1'=Dibenzyl—-1,1'-dimethyl-2-oxa

ethandiamine Bis(1-benzylmethylaminomethylene)ether

s s
CHz—~N—CH— O —CH;—N—CH;

This material was intended to be prepared in the form
of the dihydrochloride by the following procedure:

70.5g (0.58 mole) of 1-benzylmethylamine was dropped
slowly into 25 cm3 (0.29 mole) of bis(chloromethyl)ether
dissolved in 200 cm3 of dry methanol, contained in a 500 cm
round bottomed flask equipped with a reflux condenser and
magnetic stirring. After the addition of the amine was complete
(about 2 hours), the mixture was refluxed for 2 hours. On
cooling a white precipitate was formed, which was filtered off.
One litre of freshly distilled acetone, was then added and
more of the precipitate obtained. The two precipitates were
combined, after infra-red spectroscdpy had confirmed them
to be the same material, and recrystallised twice from acetone.

3

Since bis(chloromethyl)ether is a human carcinogen,
utmost care was taken when handling this material and
throughout the above procedure, all waste being refluxed for
5 hours with 20% sodium hydroxide solution before disposal.

Due to the failure to prepare the desired material and
the dangers involved, no further attempts were made to
prepare this compound, and all further investigation of this

type of model compound abandoned.
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Prevaration of the Zinc, Cobalt, Covper and Iron Complexes

of 2,2'-Oxyvdibenzoic acid

36.15¢ (0.14 mole) of 2,21—oiydibenzoic acid, was

3 of distilled water, containing 15.7g

dissolved in 300 cm
(0.28 mole) of potassium hydroxide and the pH adjusted to 7.0
with 1% potassium hydroxide solution. Finally the solution

was diluted accurately to 350 cm3 with distilled water.

i) Zinc Cemplex

To a 50 cm3 aliquot of the ligand stock solution was
added, with vigorous stirring, 7.4g (0.02 mole) of zinc
p%?chlorate hexahydrate, dissolved in 50 cm3 of distilled
water. A white precipitate formed immediately and this was
filtered off, washed with distilled water, methanol and
diethyl ether, then dried in vacuo over P4010.

ii) Cobalt Complex

To a 50 cm3 aliquot of the ligand stock solution was °
added, with vigorous stirring, 5.8g (0.02 mole) of cobalt CIT)
nitrate hexahydrate, dissolved in 50 cm’ of distilled water.
No precipitate was formed initially, but after 24 hours
large violet crystals had formed. These were filtered off,
washed with methanol and diethyl ether, and divided into
tﬁo equal portions. One portion was placed in a desiccator,
over sodium hydroxide, and after one week still retained their
original colour. The second portion was dried over P4O1O in
vacuo, and after two days had changed to a blue colour, but

retained their original crystalline form.

iii) Copper Complex

To a 50 cm3 aliquot of the ligand stock solution was
added with vigorous stirring, 7.4g (0.02 mole) of copper(II)
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perchlorate hexahydrate dissolved in 50 cm’ of distilled
water. A pale blue precipitate formed immediately and was
filtered, washed with distilled water, methanol and diethyl
ether, then divided into two portions. One portion was

dried in a desiccator over NaOH, and after one week retained
its original colour. The second portion was dried in vacuo

over P4010, and after two days had changed to a green colour.

iv) Iron (II) and (III) Complexes

Iron (III) Complex

To two separate 50 cm3 aliquots of the ligand stock

solution was added with vigorous stirring;

a) 9.6g (0.02 mole) of ammonium iron (III) sulphate,

(NH4)2SO4FeSO4.6H20,

and
b) 9.28 (0.02 mole) of iron (III) perchlorate hexahydrate,

both dissolved in 50 cm’ of distilled water. The material
from both iron (III) sources was identical, an immediately
formed mustard precipitate. This was filtered, washed with
distilled water, methanol and diethyl ether and dried over

P4O1O in vacuo.

Iron (II) Complexes

A 50 cm3 aliquot of the ligand stock solution, was
transferred to a 250 cm3 round bottomed flask equipped with
a reflux condenser and a nitrogen bubbler. 50 cm3 of
distilled water was introduced and the solution heated to
boiling, while bubbling through a continuous stream of
nitrogen. The solution was allowed to cool slowly, with a
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stream of nitrogen being passed continuously. A solution
containing 7.8g (0.02 mole) of ammonium iron (II) sulphate,
(NH4) S0 FeSO4.oH 0, in 50 cm30f distilled water, was prepared
in a 250 cm” round bottomed flask equipped with a reflux
condenser and a nitrogen bubbler. The solution was heated

to boiling and then cooled, while continuously bubbling a
strem of nitrogen, to remove all dissolved air. The nitrogen
bubblers and condensers of both preparations were removed,
the solutions mixed and the flask stoppered. The green
solution was left for two days, at the end of which green
crystals had been formed. These crystals were filtered,
washed with methanol and diethyl ether and divided into

two equal portions.

a) The first nortion was dried over NaOH, and after one
week still retained their original green colour, although

there was some very slight "yellowing".

' b) The second portion was dried in vacuo over concentrated
sulphuric acid, and after two days had changed to a dark
brown cclour with a metallic golden sheen on one face.

c) The third portion was placed in an oven and dried at
10500., for 5 hours. This portion also changed to the dark
brown form with the golden sheen, and proved on later
examinaticn to be identical with that obtained by procedure
(b) above.
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Prepara%ion of the Zinc and Copper Complexes of

2,2'-Thiodibenzoic Acid

10.96g (0.04 mole) of 2,2'-thiodibenzoic acid was
dissolved and adjusted to pH 7, with about 3.2g of "Aristar"
sodium hydroxide, in 100 cm3 of distilled water.

i) Zinc Complex

5 aliquot of the ligand stock solution, was

To - a 50 cm
added with vigorous stirring, 7.45g (0.02 mole) of zinc
perchlorate hexahydrate, dissolved in 20 cm3 of distilled

water. A white precipitate was slowly formed.

ii) Copper Complex

5 aliquot of the ligand stock solution, was

To a 50 cm
added slowly with vigorous stirring, 7.4g (0.02 mole) of
copper (II) perchlorate hexahydrate, dissolved in 20 cm3 of
distilled water. A pale green precipitate formed immediately
but changed in a short time on standing, to a darker blue-

green colour.

The precipitates were filtered, washed with distilled
water, methanol and diethyl ether and dried in vacuo over

P4010.
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Preparation of the Zinc and Copper Complexes of

3,3'=-0Oxydipropionic Acid

6.48z (0.04 mole) of 3,3'-oxydipropionic acid was
dissolved in 10 cm3 of distilled water and the pH adjusted to
7 with about 3.2g (0.08 mole) of "Aristar" sodium hydroxide
dissolved in 10 cm3 of distilled water.

i) Zinc €omplex

7.45g (0.02 mole) of zinc perchlorate hexahydrate,
was dissolved in 10 cm3 of distilled water, and mixed with

1q cm3 of the ligand stock solution.

ii) Copper complex

T.4g (0.02 mole) of 00p§er (II) perchlorate hexahydrate,
was dissolved in 10 cm3 of distilled water, and then mixed

with 10 cm’ of the ligand stock solution.

No precititates formed initially, but on standing in
sealed containers’precipitates appeared in both solutions.
After two weeks these precipitates were filtered, washed with

diethyl ether and dried in vacuo over P4010.
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Preparation of the Zinc and Copper Complexes'of

3,3'=Thiodipropionic Acid

17.82 (0.1 mole) of 3,3'-thiodipropionic acid was
dissolved in 100 cm3 of distilled water with the aid of about
8.0g (0.2 mole) of "Aristar" sodium hydroxide, and the ]
solution adjusted to pH 7.

i) Zinc-Complex

To a 50 cm3 aliquot of the ligand stock solution, was
added with vigorous stirring, 18.6g (0.05 mole) of zinc
perchlorate hexahydrate dissolved in 50 cm3 of distilled water.

A white precipitate was formed immediately.

ii) Coprer Complex

To a 50 cm3 aliguot of the ligand stock solution, was
added with vigorous stirring, 18.5g (0.05 mole) of copper (II)
perchlorate hexahydrate dissclved in 50 cm3 of distilled
water. A green precipitate formed immediately.

The precipitates were filtered, washed with distilled
water, methanol and diethyl ether and dried in wvacuo over

P4010.
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Equipment Information

The elemental analysis for carbon, hydrogen and nitrogen

were obtained using a Hewlett-Packard 185 C,H & N analyser.

The nuclear magnetic resonance gpectra, were obtained
using a Perkin-Elmer R14, with deuterated dimethylsulphoxide

as solvent and tetramethylsilane as internal standard.

The infra-red spectra were obtained using a Pye-Unicam SP
1000 (3,800 to 625 cm'-1 with g separation at 2,000 cm_1),
or a Perkin-Elmer 457 (4,000 to 250 cm™').

The diffuse i1eflectance spectra were obtained using a
Pye-Unicam SP 800, fitted with the standard acdessory.

The metal analysis was mainly determined using a Pye-
Unicam SP 90 or Perkin-Elmer 322, Atomic Absorption
Spectrophotometers. The copper content of the appropriate
complexes was also determined from a titration of the iodine
liberated from potassium iodide, in acid conditions, with

19

standardised sodium thiosulphate solution. The complex
being destroyed by fuming down to dryness with concentrated

nitric acid, as described in the reference.

The magnetic susceptibility measurements at different
field strengths, were determined on a standard Gouy balance,
at different magnet currents. Although the current does not
appear to be directly proportional to the field strength,
especially at high currents, the procedure was adequate for
the information obtained. If ferromagretic behaviour had
been encountered, then more accurate data could have beem
obtained by determining the magnetic field strength produced

by a given current using a Hall probe.

The magnetic susceptibility measurements at different
temperatures, were obtained using a Gouy balance (Newport

Instruments), the sample cavity of which could be cooled to
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liquid nitrogen temperatures.

'

The Mossbauer data was obtained by P. Gillespie using

equipment described in the Ph.D.,.thesis of M. Fernandopulle.so

Problems Encountered During Sulphur Analysis

An attempt was made to determine the sulphur content of
the metal complexes prepared from 2,2'-thiodibenzoic acid and
3,3'-thiodipropionic acid, using the oxygen flack method.a1
This involves the oxidation of sulphur to sulphate ions,
using gaseous oxygen, and subsequent titration of the sulphate
produced with 0.02 molar barium perbhlorate solution, using

*
Thorin as indicator.

* 2-(2-hydroxy-3,6-disulpho-1-naphthylazo)phenyl arsonic
acid, sodium salt.

Satisfactory results were obtained for 2,2'-thiodibenzoic
acid and 3,3'-thiodipropionic acid, but no results could be
obtained for the copper (II) complexes and only low results

for the zinc complexes.

When no sulphur could be found in the copper (II) -
2,2'-thiodibenzoic acid complex, it was thought initially
that the sulphur may have been eliminated during the
preparation of the complex, some change having occurred
because of the colour change, from pale apple green to

blue-green, observed during preparation.

Consequently, the complex was destroyed using a solution
containing sodium hydroxide ard ethylenediaminetetraacetic
acid. A white solid was precipitated with concentrated
hydrochloric acid, isolated by filtration, recrystallised
Trom water and dried in vacuo over P401O' for several days.
The melting point, infra-red spectrum and elemental

analysis (which gave the correct sulphur determination),
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confirmed the material to be 2,2'-thiodibenzoic acid.

: The conclusion inferred from these results was that the
oxygen flask method for the determination of sulphur, does no
not work in the presence of copper (II) ions and is inhibited

to a lesser extent by zinc ions.

Recourse to the literatureaz, confirms that other

workers have indicated that this procedure is sensitive to
cationic interference. The use of an ion exchange resin to

remove interfering cations, could rectify this difficulty.
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Problem Encountered During the Measurement of the Magnetic

Susceptibilities of Complexes at Low Temperatures

During the measurement of the magnetic susceptibilities
with temperature, an interesting problem was encountered.
As the temperature was lowered, the weight of the Gouy tube

plus sample decreased, i.e., it suffered a weight loss.

At first it was thought that this effect was due to the
stream of nitrogen, used continuously to flush the sample
cavity. Experiments using different nitrogen flow rates, still
gave the same'weight losses and so this possible cause was

eliminated.

A plausible explanation can be provided by considering
the increase in the density of the nitrogen as the temperature
is lowered. From the ideal gas equation PV = nRT, and faci
that the density of nitrogen at OOC., at standard atmospheric
pressure is 1.2507 grams per litre. It can be calculated that

1 em’ of nitrogen at T°K., will weigh; 1.2507 X 273.15 granms.
1000 X T

The Avagadro hypothesis states that the upthrust produced
is equal to the volume of gas displaced, consequently, as the
density of the gas increases so must the resultant upthrust.

This approach applied fo the results obtained is
illustrated in Table 5, the best fit being obtained when

the volume displaced is assumed to be 2.6 cm3, which appears
to be a good approximation for the tubes external volume.
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TABLE 5, WEIGHT LOSS DURING LOWERING OF TEMPERATURE
: WEIGHT OF WEIGHT UPTHRUST UPTHRUST | WE\GHTOF
TEMPERATURE | GowY Tul | LOSS Cebiye ] pERaCHE | =
N oK (+sAmPLe) OF NITROGEN RS
. N GRAMS = G%ES LGRS IN GRAMS IN GRAMS
0 ) (xlO“') L2 >y
(x (x10*) (x 10°)
2155 15457 1-2507
26315 | T-5456 | 10 -2 0475 | 1.29%
24355 | 7-545!5 5.5 L O 151 |-£:05
22315 | 7-5u484 8:5 743 2.%0 1531
20515 | T-5449 12-0 -2 43l LLED
19315 7-5440 \7-0 1+ 0 b:15 1" 3bb
16315 75435, | 2I'5 2119 Q- Ly 2-095
14213 7-54:28 29-0 29-b 1§37 2-588
12515 7-5ulbgs | 405 39.7 15:-29 2:77b
103-15 | 7:5402¢ |. S4S 551 20-64 | 3-315
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NUCLEAR MAGNETIC RESONANCE SPECTRA
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343'-0XYDIPROPIONIC ACID



=115~

RESULTS AND DISCUSSION

The zinc and copper complexes of 3,3'-thiodipropionic
acid were the most accessible, due to the availability of the
ligand. However, because the main objective of this work was
to model the behaviour of the bimolecular ether, postulated
in part one, which entails essentially a study of the
co-ordinating ability of the ether linkage in carboxylate
complexes, to evaluate the possibility that the
bimolecular ether could be acting as a terdentate ligand,
little attention was given initially to the zinc and copper
complexes of 3,3'-thiodipropionic acid.

Initially, interest centred on 3,3i—oxydipropionic acid
and 2,2'-oxydibenzoic acid, but despite both having appeared
in the literature, information regarding their preparation,
particularly the former, was vague. The preparation of
2,2'-oxydibenzoic acid proved easiest, great difficulty being
encountered in the isolation of 345 '=0oxydipropionic acid,
due to the formation, presumably by hydrolysis, of large
amounts of hydroxypropionic acid.



RESUITS OF ELEMENTAL ANALYSIS FOR ZINC COMPLEX OF 2,2'-OXYDIBENZOATE

TABIE 6,
: PERCENTAGE CALCULATED
ELEMENT PERCENTAGE
PRESENT FounD i i g ML M'L. M-L M-L M- M'o'l—
M-L [MOL| o THO | “H0 | «I5HO | 2H0 | HooH | +H,0

ZINC | @b, 194 | 2033 | 19.37 19-31 1 19:78 | 19:25 | 1875 | 1828 | 1833 | 19-39
CARBON 4345, 4831 | 5229 | 1,93 | 4966 | 50-86 4951 | 4823 | 4702 LIS | 4729
HYDROGEN 300, 312 2-51 2:39 2:68 2Tl 2-97 3518 558 3l 2:93

=O¥i e
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INFRA-RED SPECTRA

]
i
Ll

e

! W .'.|‘|"[

i i

Wbl b
Hug

ZINC COMPLEX OF 2,2'-OXYDIBENZOATE
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Complexes of 2,2'-0Oxydibenzoic Acid

Zinc Complex of 2,2'-Oxydibenzoic Acid

The elemental analysis of this complex was consistent
with a zinc to ligand ratio of one to one, and also one and
a half water molecules, i.e. Zn.L.1%H2O. Table 6, shows
that other formulas are also possible, involving hydroxyl
and oxa bridges, but it is doubtful that even if more
accurate analytical data was available it would be possible
to give an unequivocal assignment, because of the

small variation in the composition of these complexes.

The infra-red spectrum of the zinc complex (page 117),
gives more information regarding the composition, but it still
does not resolve the problem.

The broad, medium intensity absorption at 3,000 - 3,500 cm_1,
suggests the presence of an hydroxyl group, but weak
interaction of some kind must be postulated, to account for

the displacement from the usual position at 3,500 = 3,650 cm-1.

The sharp, strong well resolved doublet at 1595 - 1610 cm"1,

could possibly be due to the asymmetric carbonyl stretching
frequency of the carboxylate, but is more probably arises
from the ligand, since a similar feature is observed in the
spectrum of the free ligand. The broad, strong absorption
(possibly a poorly resolved doublet) at 1560 em™? (with
_shoulder at 1545 cm_1), is a better candidate for the
asymmetric carbonyl stretching frequency, which is assigned
to the strong, poorly resolved doublet at 1680 and 1710 cm71,

in the spectrum of the free ligand.

If the sharp, strong absvorption at 1400 cm-1, can be assigned

to the symmetric carbonyl stretching frequency (assumed to be
the sharp, strong absoption at 1315 cm-1, in the free ligand),
this would give a separation of 160 cm"1, between the

- asymmetrical and symmetrical carbonyl stretching frequencies.
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This separation is too large for unidentate (about
100 Cm_1) or symmetrical bidentate (about 120 cm-1) behaviour,
but fits the separation postulated for asymmetrical bidentate
co-ordination (about 150 cm"1). The possibility of the
carboxylate group bridging between two metal atoms may be
neglected, since the asymmetric carbonyl stretching frequency
is rather low, because for bridging it should be at 1600 cm—1

or above.

The sharp, strong absorption at 1425 cm‘} is most probably

due to the ligand but the possibility also exists that it

may be due to a symmetrical carbonyl stretching frequency
with would give a separation of 135 cm-1(when coupled with the
absorption at 1560 cm—1) or 120 em™ (when coupled with the
shoulder of this absorption at 1545 cm_1).

The prominent absorption (strong, sharp), at 1225 cm_1,
possibly related to the strong, broader absorpiion at 1245 cm™
in the free acid, may be due to the C-0 stretching vibration
of the ether linkage, but is more probably C-0 stretching
vibrations or OH deformation vibrations of a water molecule

1

or hydroxyl group.

One noticeable absence in the spectrum of the zinc complex,
when it is compared with the spectrum obtained for the free
ligand, is the broad, medium intensity absorption at 955 cm-1,
which is most probably caused by hydroxyl out of plane

deformations.

The region 625 - 900 cm_1, is very different when comparing
the spectrum of the free ligand with that of the zinc complex.
The dominant feature of the free ligand, namely a sharp,
strong absorption at 755 cm_1, in the zinc complex, hasg
either been reduced in intensity or split into the doublet

at 755 and 770 cm-t.



TABLE 7, RESULTS OF ELEMENTAL ANALXéIS FOR BILUE COBALT COMPLEX OF 2,2'-OXYDIBENZOATE
: PERCENTAGE CALCULATED
ELEMENT | PeRCENTAGE
PRESENT FOUN D ML EMoi MG ,M'L ML l:'1-l_ M- L M-L. | MO-L
* OH «zH,0 +H,0 +13HO | +zHO ‘HO'0H (- *H,0
COBALT | 17:4, 183 18:70 1780 | 177 | 1818 | 1769 17-22 | 1678 16-85- | 16 88
CARBON | 4861, 5164 | 53-3b | 5018 | 50.63 | 5188 S047 | L4914 | LT-%8% | 4802 | LBIb
HYOROGEN | 2:45, 2:96 2:56 244 2:73 2-80 503 524 Dbty N7 2:89

-0cl-



RESULTS' OF ELEMENTAL ANALYSIS FOR GREEN COPPER COMPLEX OF 2,2

-OXYDIBENZOATE

TABLE 8,
' PERCENTAGE CALCULATED
ELEMENT PERCENTAGE .
PRESENT FOUN D , s M-L ol Lo ML | ML | ML |MoO.L
M-L | Mo-L “OH HO | +H0 | .5HO '2HO | ‘HOOH { +H,0

COPPER - 182,189 19- 87 18:93 | 1287 | 19:33 | 18-8) 18-32 | 17-86 1796 | 1796
CARBON | 49-23,49.73 | 52:59 | 50.08 | 49-93 | 5I-15 L9738 | 4849 | 4726 | 4753 L7-5%
HYDROGEN | 2:98, 2-91 2:52 2:4.0 2:69 2:76 298 320 340" 3.3 2.85

=1cli~
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Cobalt and Copper Complexes of 2,2'-0Oxydibenzoic Acid

The cobalt and copper complexes of 2,2'-oxydibenzoic acid
were then prepared, in the hope that the diffuse reflectance
spectra, together with magnetic susceptibility measurements,
elemental analysis and infra-red spectra, would be of

assistance in establishing the structure of these complexes.

The cobalt complex crystallised from solution in the form

of purple prisms, which on drying over P in vacuo,

0
410
retained their original form but changed colour to blue.

The copper complex (like the zinc complex), precipitated
immediately as a blue powder, which turned green on drying
over P4010 in vacuo.

Elemental analysis of the cobalt complex, indicates a
metal to ligand ratio of one to one, with the presence of one

molecule of water.

Elemental analysis of the copper complex, gave a metal
-to ligand ratio of one to one, with the presence of one
molecule of water.

The complexes may thus be written, M.L.H20 , Where
M = cobalt or copper and L = 2,2'-oxydibenzoate.

Eleméntal analysis of the purple cobalt complex and
the blue copper complex, indicated about two molecules of
wvater to be present, but the results depended on the

method of desiccation.
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The infra-red spectra of the cobalt and copper complexes
are very similar, but differ in many respects from the
‘infra-red spectrum obtained for the zinc complex. The overall
impression being that the spectrum obtained from the zinc
complex, contains more absorptions and these absorptions are

sharper.

The region 2,000 - 3,800 cm_1 is identical in the spectra
of the cobalt and copper complexes, but is different to that
observed in the spectrum of the zinc complex. The dominant
feature is a strong, broad absorption in the cetntre of this
region, with two sharper absorptions superimposed upon ié,
the absorption at 3,100 cm-1 is most probably due to the
aromatic C-H stretch of the ligand, while the broader absorption

at about 3,400 en” ! is probably a 0-H stretching frequency.

Assuming the doublet at 1590 and 1610 en”! in the spectra
of the cobalt and copper complexes to be due to the ligand,
as pdstulated earlier for the zinc complex. The asymmetrical
carbonyl stretching frequency is most probably the sharp,
strong absorption (with shoulder) at 1565 cm_1 in the spectrum
of the cobalt complex and the broad, strong absorption
(probably a porly resolved doublet) at 1545 and 1560 cm"1 in

the spectrum of the copper complex.

" The symmetrical carbonyl stretching frequency is mest
probably represented by the strong, broad absorption
found in both spectra. Thus, the separation is 155 cm™
(or 135 om~? for shoulder) for the cobalt complex and
135 & 150 cm_1 for the copper complex, indicating that the
carboxylate groups are most probably involved in bidentate
asymmetric co-ordination.

A broad, fairly intense absorption occurs at 1235 em™?
in the specrum of the copper complex, while a less intense
absorption at 1220 = 1240 em™? is found in the spectrum of

the cobalt complex. This is almost the same value as a similar
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absorption found in the spectrum of the zinc complex at

1225 em™!
stretching of the ether linkage but is more probably C-0

, and as postulated earlier may arise from the C-0
stretching of the carboxylate group or O-H deformation.

The absorption at 955 cm-1 observed in the spectrum of
the free acid is again absent in both spectrum, but both
exhibit a single absorption at 755 em™! which is only slightly
less intense than the abcorption in the free acid. The
spectrum in the region 625 - 900 c:m—1L is very similar to that
obtained for the free acid.
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Diffuse Reflectance Spectra of the Cobalt and Copner Complexes

Cobalt Complex

The colour change, from purple to blue, observed when
the cobalt complex was dried over P4010 in vacuo, could be
of importance. In many cobalt compounds, the octahedral
complexes are typically pale red or purple, while the

tetrahedral complexes are usuvally an intense blve colour,

The dominant feature of the visible region of the
diffuse reflectance sprctrum of the cobalt complex, is a
broad absorption at about 625 nm (16,000 cm_1). This is more
typical of tetrahedral co-ordination (about 650 nm in the
case of [00014]2_) than octahedral co-ordination (about 525 nm
in the case of [CO(H20)6]2+). This. absorption is not symmetric
and the possibility of another absorption at about 460 nm is
indicated, and the presence of a shouvlder on the long
wavelength side of the 625 nm absorption, indicates the
possibility of a further absorption at about 610 nm. The
transitions in the visible spectra for both the octahedral
and tetradehral cases, especially the tetrahedral case,
generally have complex envelopes because a number of
transitions to doublet exited states occur in the same region
and these aquire some intensity by means of spin-orbit

coupling.

The absorption at about 225 nm, the plateau from 250 to
300 nm (presumably derived from absorptions at about 260 and
300 nm) and the shoulder (due to an absorption at about
350 nm) are most logically assigned to ligand transitions.
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DIFFUSE REFLECTANCE SPECTRA
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Copyper Complex

In the visible region, the diffuse reflectance spectra
of the copper complexes exhibit two absorptions of low
intensity at about 575 - 580 (17,390 = 17,240 cm"1) and
650 nm (15,385 cm_1), in both the btlue and green forms. The
latter absorption is more intense in the spectrum of the

blue form and may be at 670 nm.

The spectrum obtained for copper (II) acetate monohydrate
is illustrated below, and it can be seen that it exhibits an
absorption 700 nm,

Virtually all complexes
of copper (II) are

Wave jength, mp.
830700 600 500 400 e £29 blue or green, the

exception being
generally caused by
strong ultra-violet
bands (charge transfer),
tailing off into the
blue end of the visible

1 .0

: 1 1 1 i
10,000 20000 30,000 40000 spectrum and thus
; - - -
e : causing the substances
Absorption spectra of copper(1i) acetate menohydrate
- in the crystzlline state (left sccle, ): |i absorption with to appear red or

the light polarized in the complex plane, L absorption wi_t.h. tl}ﬂ
light polarized along copper—copper linkuge. Absorption in brown. The blue or

o ks TR > green colours arise .
from absorption bands
in the 600 to 900 nm., region of the spectrum. The envelopes
of these bands are generally unsymmetrical, seeming to
encompass several overlapping transitions, but definitive
resolution into the vproper number of sub-bands with correct

locations is difficult.



Table 9, Results for the Purplé Ccbalt (II) Complex of 2,2'-Oxydibenzoate
X MAGNETIC SUSCEPTIBILITY AT CURRE;IT (W AMPERES) ' : '
D 5% 6 Fo"i. A Nk 8 £ 19 9% 10 |AveERAGE X"‘ 7\-« /J‘
X 3512 | +i1bly | T=2925°K
2588 | 2571 | 25-91 | 2579 | 25:72| 25-Tb | 2589 | 2579 | 2570 | 25.30 | 2570 2579 9056 Q217 I -6b
26:08 | 26:06 | 2621 | 2601 | 25:9 | 25.93 | 25:97| 2599 | 259 | 25-9,. | 299 | 26-00 9129 | 9290 | 468

~-0%1-




Table 10,

Results for the Blue Cobalt (II) Complex of 2,2'-_;Oxydi'benzoate

MAGNETIC SUSCEPTIBILITY AT CURRENT (v AMPERES) ' [
5 5% 6 bi 7 11 3 Q% ®) 9-'5 10 |average | ™ Xu\ /u'
| x 3352 | + 1484 |T=29245°
29-95] 2998 | 29:79 | 29-95| 2922 | 29:93| 2963 | 29:67 | 29-55 | 29-84 2999 | 29:83 0938 | 10,099 | - PRRY
3049 | 30:33 | 3069 | 30-53 | 50-36| 30-42 | 30:50 | 30-49 | 0-29 | 30-45 | 30-37 | H0-U5 | 10,15 | 10,506 | 1,93
30-20 [ 30110 | 30-18 | 30:1b | 30.15 | 30:16 | 50-20 | 3008 | 50-04 | 3043 | 29-92 | 3012 | /5,036 | 10,197 | .90 !
29-15 2887 | 29:05 | 29:35 | 28-86 2‘6197 2%:90 | 2880 2879 | 28-92| 2813 | 2%-90 9629 9790 490

i 121



Table 11, Results for the Blue (top) and Green (bottom) Copper (II) Complexes of 2,2'-Oxydibenzoate

MAGNETIC SUSCEPTIBILITY AT  CURRENT (N AMPERES) X 7{\|
5 |58 | 6 || 7 |75 |8 1819 | 98 | 10 |rewer| 4 B
| o
Ko BTE | A 1wt
298 | 228 |'2:30 | 232 | @30 | 229V 222l T2l 0 0e L an | 250 | T 925 | "1-43
K. 3978 | K. F1ud b
226 | 224 | 220 | 222 | 226 | 226 | 228 | 2:2b | 228 | 2:28 | 2.30 | 22 | 74,3 N2 | 147
. K.335:8 |y 4 1ol ,
282 | 2281 | 278 [ 275 [ 26 | 272 | 295 | 275 | 275 | 2T | 2- 4 276 482 3 bl !
K. | L Ably |
2.96 | 287 | 285 | 2.3 | 2.9 2-'90’ 2:8% | 286 | 2.87 | 297 | 2-8% | 2:%8 025 | 1eb |- b7

-2&1~
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Magnetic Susceptibility Measuements

It can be seen from Table 9, that the magnetic
susceptibility measurements for the purple cobalt (II)
complex with 2,2'-oxydibenzoate, at different magnetic field
strengths, are relatively constant. The effective magnetic
moment, calculated from these two sets of results, was 4.67

Bohr magnetons on average.

The magnetic susceptibility measurements at different
magnetic field strengths for fhe blue cobalt (II) complex
with 2,2'-oxydibenzoate, were also constant. The effective
magnetic moments calculated from these results being 4.88,
4.9%, 4.90, 4.80 Bohr magnetons, giving an average value of
4 .88 Bohr magnetons.

Fof cobalt (II) complexes, containing three unpaired
electrons in the spin-free situation, the experimental
magnetic moment are usually in the range 4.30 - 5.0 Bohr
magnetons (3.88 Bohr magnetons in theory). While for the
one unpaired. electron of the spin-paired situation, the
experimental magnetic moments are around 1.8 Bohr magnetons
"(1.73 Bohr magnetons in theory).

The effective magnetic moments for both the purple and
blue complexes, are in the range usually associated with three
unpaired electrons, with no spin pairing. The effective magnetic
magnetic moment for the purple complex is slightly lower
than for the blue complex, indicating a different environment
for the cobalt atoms. .

From Table 11, it can be seen that the magnetic
susceptibility measurements of the blue and green copper (II)
complexes of 2,2'-oxydibénzoate, are independent of the .
magnetic field used.

The effective magnetic moments calculated from this data,

give average values of 1.475 Bohr magnetons for the blue
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complex, and 1.655 Bohr magnetons for the green complex.

The expected magnetic moment, for a single electron,
would be in the range 1.70 - 2.0 Bohr magnetons, and so both
results are lower than would be expected, with the green
complex only differing by a slight .extent.

The magnetic susceptibility of the green complex, was
measured at 10°C., intervals down to -180°C. A plot of the
reciprocal of the diamagnetic corrected, molar susceptibility
against temperature was constructed (see graph 11). This gave
a straight line which intersected the temperature axis at
about -20°K., at zero susceptibiiity. This behaviour obeys
the Curie-Weiss law, i.e. ‘y?m i C

T +&
giving a @ value of 20°K. The © value being a measure of
the deviation from ideal behaviour, on which the Curie law
is based. From the small value & , it is evident that this
deviation is not very large. The magnetic moments calculated
from the measured susceptibilities are not constant, but
(as can seen from graph 12) fall from about 1.58 Bohr magnetons
at room temperature to about 1.5C Bohr magnetons at 90°K.
This indicates that some spin-spin coupling is occuring and
it is of the antiferromagnetic type, since the magnetic
susceptibilities are field independent and the falling
magnetic moments indicate that the spins are aligning
antiparallel and so tending to cancel one another out.

The magnetic susceptibility measurements and diffuse
reflectance spectra, far from elucidating the situation,
have complicated it still further. The iron (II) and iron (III)
complexes were prepared, in the hope that lMdssbauer data
could give more information and so determine the structure of

these compounds.



Table 12,

Results of the Elemental Anslysis for the Iron (III) Complex of 2,2

-Oxydibenzoate
PERCENTAGE CALCULATED
ELEMENT | PERCENTAGE
et FOUN D . e M-l ML ML M-L M-L M-L | MO.L
.M el * OH +ZH,0 «H,0 «I3HO | +2HO ‘HO'OH | +H,0
IRON -k, 16-9 1 7-90 17-02 697 17-39 6-92 1647 6.0 lb-09 . o 14
CARBON 50-68, 5054 | 5389 | B1:26 | 5110 85257 9094 | 4959 4:3-31 | 4345 | 4859
HYORGGEN | 2:73, 26 2:38 246 2:76 2:83 3.05 5:27 548 319 2:9

=Lal=



n sheen) Iron Complex

Table 13, . Results of the Elemental Analysis for the Brown (with Golde
obtained on drying the Green Iron (II) Complex of 2,2'-0Oxydibenzoate
: PERCENTAGE CALCULATED
ELEMENT | PeRCENTAGE :
FOUN D M-L M-L ML M-L M-L M- | MO-L
PRESENT : o 13 -
- ST R o L ko | i | woon | 'Ho
IRON 159 , 157 | 17.90 | 17.02 1697 | 17-39 | 16-92 | 16-47 lo-0l- 109 | - 14
CARBON LB45,43-77 | 53-89 51-26 51-10 92:37 | 50-94 | 49-59 | 4831 | 4845 48-59
HYOROGEN | 2-78, 2:80 2:58 246 2-76 2:83 35:05 927 | 3-4% 3-19 2-9]

-8¢ 1=
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Iron Complexes of 2,2'-Oxydibenzoic Acid

The iron (III) complex (like the zinc and copper),
precipitated immediately, and gave a mustard coloured powder

on drying over P4010 in vacuo.

The iron (II) complex slowly deposited as green crystals,
which changed to a dark brown colour with a golden sheen on
one facet, on drying over P401O in vacuo. The metallic sheen
seemed to indicate the presence of metal-metal interaction,
either direct or more probably by means of a bridging atom

or molecule,

Elemental analysis of the iron (III) complex (see Table 12),
confirmed a metal to ligand ratio of one to one, with the
probability of an hydroxyl or oxa linkage present. The
presence of an hydroxyl molecule or an oxa linkage, being

necessary to maintain electrical neutrality.

Elemental analysis of the brown crystals with the golden
sheen obtained from the green iron (II) complex, confirmed a
metal to ligand ratio of one to one and the presence of
either a water molecule, an hydroxyl mclecule or an oxa

linkage, as can be seen from Table 13.

Infra-red Spectra

The infra-red spectrum of the iron (III) complex is less
complex than either of the iron (II) spectra.

Iron (III) Complex

The broad, medium intensity absorption from 3100 to
3500 cm'1, probably arises from the superimposition of two
or more absorptions, the region around 3100 cm"1most probably

arising from the C-H stretching of the ligand and the region

around 3500 cm_1 suggests the presence of an hydroxyl group,
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but weak interactions, typical of hydrogen bonding, must be
postulated to account for the displacement from the usual

position at 3500 - 3650 cm™ .

The broad, weak absorption at 1720 - 1680 cm—1, is most
probably due to O-H deformations, but it is also possible that
it could arise from the C=0 vibrations of an unco-ordinated
carboxylate group. This feature is not present in the zinc,
cobalt or copper, complex spectra, but does correspond to a

similar absorption in the spectrum of the free ligand.

The strong, sharp absorption at 1615 c:m"1 (with shoulder
at 1595 cm-1),is most probably due to the asymmetric C=0
stretching frequency of the co-ordinated carboxylate ‘group(s).
The strong, sharp absorption at 1420 cm"1, is the most likely
candidate to have arisen from the symmetric C=0 stretching
frequency of the co-ordinated carboxylate group(s). The ‘
separation of 195 cm_1; is greater than for the previous
complexes. The position of the asymmetric C=0 stretching
frequency at 1615 cm"1, could indicate bridging by the
carboxylaté group, but the large separation of symmetric
and asymmetric C=0 stretching frequencies would best fit

the assignment of asymmetric bidentate co-ordination.

The absorptions at 1245 and 960 cm—1, also appear in
the spectra obtained from the other complexes, and can
presumably be given the same interpretation. The slight
displacement of the absorption at 1245 cm-1 and its intensity
compared with the values obtained for the zinc (1220 cm_1),
the cobalt (1220, broad) and the copper (1235 cm-1) complexes
is worthy of note.

Iron (II) Complexes

The infra-red specfra of the green and the brown (with
golden sheen) complexes, from the iron (II) preparations,

are very different.
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The infra-red spectrum of the green complex has a strong,
broad absorption centred around 3300 cm_1, while the brown
complex has only a weak, brcad absorption around 3450 cm_1.
These absorptions most probably arise from O-H stretching
vivrations. The weak, sharp absorption at 3100 cm_1, in the
spectrum of the brown complex, probably arises from the

aromatic C-H stretching vibrations of the ligand.

The spectrum of the green complex exhibits a sharp,

1, with a bulky complex series

strong absorption at 1600 cm
of shoulders extending from about 1750 cm_1, culminating in
an almost resolved maximum at 1620 cm™'. It is either this

feature or the strong, sharp absorption at 1565 cm-1, which

can be assigned as the asymmetric C=0 stretching frequency.

The asymmetric C=0 stretching frequency of the brown
complex is most probably the strong, broad absorption at
1540 =1560 cm-1, although this could also be assigned to the
doublet at 1590 and 1610 cm-1, although this doublet is more
probably derived from ligand vibrations.

The symmetric C=0 stretching frequency of the brown
complex is easily assigned to the strong, sharp absorption
at 1415 cm™' (with the shoulder at 1400 em™'). This
assignment is more difficult in the case of the green complex,
since the spectrum has two strong, sharp doublets at 1360 and
1405 cm—1, although two different environments for the

carboxylate anions, could resolve this problem.

The separation between the asymmetric and symmetric
C=0 stretching frequencies, seems to be about 125 = 145 cm-1
for the brown complex, but could be anywhere in the range

165 - 240 cm™' for the green complex.

The weak, broad absorption observed in the spectrum of
the brown complex at 1730 cm_1, could be present in the
spectrum of the green complex, but be hidden by the shoulder
of the absorption at 1600 cm™'. This feature is most probably
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the result of a 0-H deformation frequency of an hydroxyl

or a water molecule.

The green complex has a strong, sharp absorption at
1220 cm"'1 and the same feature is present in the spectrum of
the brown complex at about 1240 cm-1, which is slightly less
intense than in the spectrum of the green complex, and also
possibly a poorly resolved doublet. This absorpticn could
have arisen from the C-0 stretching frequency o1 the ether
linkage -but C-0 or C-H deformation modes are also feasible.

Both compléxes exhibit a strong, sharp absorption at

about 855 om™! .

Diffuse Reflectance Snectra

The spectra obtained for the green iron (II) complex and
the iron (III) complex are different and characteristic, but

give no structural information.

The brown complex with the golden metallic sheen,
obtained by drying the green iron (II) complex over P4O10 in
vacuo, gives a diffuse reflectance spectrum, similar to that
obtained for the iron (III) complex, indicating that the

oxidation state is probably +3.



TABLE 14, MOSSBAUER RESULTS
OBSERVED MAXIMA CENTRE OF MAXIMA CONVERSION
FACTORS CHEM\CAL ISOMER QUADRUPOLE
LUFes | chomnel SHIFT (§) Sp (A)
. POSITION WD TH COMPLEX | STANDARD f‘:‘ m:]:::‘ LITTING |
Sopt | et | St SRS R
GREEN 185 |y B ki 125  channels
TRON (T 2455 1385 0-2/4 Shatts
1 " .
_) 3508 12, [-22 m_'{._,,u_ 2-675 ,m{“_;.
BROWN WITH
GOL;fﬂ;HEEN ,%5 375 chanatls 68 channels
0 219 181.5 0-010967
GREEN 25% R 0-T45 mm | sec.
Tron (T0) L Lo '
— 190 L0 DY channels 92 channtls
IRON (i) 216 122 0- 0B
242 ) 04O mm|sec. 0-bll mm ] sec.

A
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57Fe Mossbauer Spectra

The results of the M8ssbauer experiments are summerised

in Table 14 (page 145).

The green iron (II) complex gave a chemical isomer shift
of 1.22 mm/second and a quadrupole splitting of 2.675 mm/second.
While the iron (III) complex gave a chemical isomer shift of
0.40 mm/second and a quadrupole splitting of 0.616 mm/second.
The chemical shifts are related to a stainless steel standard

and the results are typical for iron (II) and iron (III).

The brown complex with a golden sheen, obtained by
drying the green iron (II) complex over P4O10 in vacuo, gave
a chemical shift of 0.41 mm/second and a quadrupole splitting
of 0.745 mm/second. Thus, indicating that this complex contains

iron in the +3 oxidation state.



Table 15, Results for the Brown (with Golden Sheen) Iron Complex of 2,2'-Oxydibenzoate
' |

CURRENT (N AMPERES)
o R

AVERAGE

AT

MAGNETIC SUSCEPTIBILITY
T=29215%

T 1.8 8 9 9% | 10
X ] ?(-3“"5

X+ 156

s

=Lyi=

5 5% 6 bi W)
329

12:40 11250 | 331 L4887

12:95 | 12:53 [ 12:44| 1247

Reble | 1231 | 262 | 1248 | 1243 | 121k
1305 | 522 | 4b7% | 332

13:08 | 1313 | 1309,

(305 | 12°94 | 1311 {127 | 1205 |12:99 | 13:05 | 1319
1267 [ 1260 | y2@7 | 454D | 3:27

12:60 | 12-68¢| 1298

12.62 | 12:56 | 12:55 | 1261
B2

12:bb | 1\2:63 | 12-7b
12-50 [ 1,262 Ly

12:25 | 12:39 | 12-30

1227 | \2-5i

2:29 | 12:3g

123 | 12:32

12-28 | 12:27




Table 16, Results for the Iron (III) Complex of 2,2'-Oxydibenzoate

0 51 6 bt | 7 I I g8z | O 9z | 10 |wemnee ,‘x'“' 7K--. i
| K| %3285 | Yot 120 |T-z0eisex
10-20 1 1020 | 1036 | 10-36 [ 10:37¢ [ 10:37 | 1039 | 0.4 | 1028 1037 | 1037 | 10:34 | 3397. | 3527 | - 2-8%
10:435 | 1042 | |0-55 | 1036 | 1044 | 10:38 | 104l | 10:39 | 10:35 | 1039 1039 | 1041 | 320 | 3550 2.99
T2 T WT9 ] 70 | weThe | 1T | T2 | TS el | T T, | 1Tl | 1674 | 3857 | 3987 | 3:0b
12:3b | 12:07 | 1210 | 12.0% II-Cj‘)5 l|.’gc) 102 | 1198 | 11196 | 1197 | 12:02 | 12-05 | 3958 | Lo%’8 5.10

i = 4 B
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Magnetic Susceptibility Measurements

Measurement of the magnetic susceptibility of the brown
iron (II) complex at different field strengths, showed no
significant variation, indicating that ferromagnetic

interactions are most probably absent.

The magnetic susceptibility measurements for the brown
complex with the golden sheen, averaged out to give 4487,
4678, 4543 and 4418 X 1076 o (7Cm) per gram-atom of
iron, with the appropriate diamagnetic correction having
been made, as can be seen from Table 15. The effective

magnetic moments, calculated from f*eff = 2.84 )(m.T

wvere 3,25, 3.32, 3.27 and 3,23 Bohr magnetons. These values
are too large, for the brown complex to be spin-paired, with
one unpaired electron, since complexes of this type usually
have experimental moments of 2.0 to 2.5 Bohr magnetons

(1.73 Bohr magnetons in theory). The spin-free complexes,
having 5 unpaired electrons, usually have magnetic moments in
the range 5.7 to 6.0 Bohr magnetons (5.92 Bohr magnetons in
theory). Thus, the brown complex with the golden sheen, has an
abnormally low magnetic moment, indicating that spin-pairing
is occuring, of the antiferromagnetic type, because it is

not field dependent.

The iron (III) complex also gave reasonably constant
values for the magnetic susceptibility, at the various magnetic
fields used, as can be seen from Table 16. These results
averaged out to give, for the diamagnetic corrected,
susceptibilities of 3527, 3550, 3987 and 4088 C.ZeSe,y pEIr
gram-atom of iron., These values yielded effective magnetic
moments, calculated from the above formula, of 2.88, 2.89,

3,06 and 3.10 Bohr magnetons. Indicating that the iron (III)
complex, has spin-spin interactions, of the antiferromagnetic
type, because of the field independence of the results.
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Measurement of the magnetic susceptibility, of the brown
complex with the golden sheen, at different temperatures,
enabled a plot of 1/){m against temperature (in °K), to be
constructed. This plot was non-linear (as can be seen from
graph 13 ), particularly at higher temperatures, hence
deviating from the Curie-Weiss law. The effective magnetic
moments decreased in value as the temperature was lowered,
falling from about 3.3 Bohr magnetons at room temperature to
about 2.5 Bohr magnetons at 93°K, as can be seen from graph 14,
These results indicate antiferromagnetic type behaviour,
with spin-spin interactions being antiparallel and thus
cancelling one another out partially. The empirical formula
obtained from the elemental analysis, indicates that this
may be achieved by way of a "super exchange" mechanisn,
through a bridging oxygen atom, hydroxyl or water molecule,
although exchange through a carboxylate bridge or even
direct metal-metal interactions cannot be eliminated.
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Table 17, Results of the Elemental Ax:{alysis of the Zinc Complex of 2,2'-Thiodibenzoate
o PERCENTAGE CALCULATED
ELEMENT | PERCENTAGE
PRESENT M-0. M-
FouNE ML M:O- Lo | M-LiOH | ML'3HO | M-L'HO | M-L-EHO| M-L:2HO i OL' M of_on
- 2 r &

ZINC 180, 18-6 -| 19-3b 18349 | 1843 | 1886 18:38 | 1793 17-50 17-59. 1751
CARBON b6 358 4980 | L7:55 | L7 4) L8 51 '4.7-28 GoM | £5:00 | 4524 | L5012
HYDROGEN 2:78 2.39 2.28 2:56 2:62 283 o084 | 5324 2:71 2-9

SULPHUR 7-51 9-50 .07 9-04 9:25 90 279 8:58 3-63 8360
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INFRA-RED SPECTRA
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Complexes of 2,2'-Thiodibenzoic Acid

Zinc Complex of 2,2'-Thiodibenzoic Acid

The results of the elemental analysis for thé zine
complex of 2,2'-thiodibenzoic acid (as can be seen from
Table 17), confirmed a metal to ligand ratio of one to one,
with the less positive presence of one water molecule,
although other possible compositions cannot be ruled out.

Infra-red Spectrum

The broad, medium intensity absorption centred around
3400 - %450 cmf1, most probably arises from an O-H stretching
vibration. The sharp absorption imposed upon this band at
3060 cm-1, probably arises from an aromatic C-~H stretching
vibration of the ligand.

The asymmetric C=0 stretching vibration, can either be
assigned to the strong, broad absorption at 1575 = 1600 cm_1,
or the narrower strong, absorption at 1500 cmf1. An alternative
explaination could be that the two carboxylate groups are
non-equivalent,

Assuming the strong, broad absorption at about 1400 cm_1,
to have arisen from the symmetric C=0 stretching vibration.
This would give a separation of either 175 — 200 em™' or
100 cmf1, confirming that should the absorptions arise from
separate carboxylate groups the two environments are very
different.

The only other feature worthy of note is the strong,

sharp absorption (possibly with shoulder) at 750 cm"1, which

may be associated with the less intense absorpticn at 720 cm-1.



Table 18,

Results of the Elemental Anélysia of the Copper (;I) Complex of 2,2

~Thiodibenzoate

PERCENTAGE CALCULATED
ELEMENT | PeRCENTAGE
PRESENT Foun o ! vl M-L ML | ML | ML | ML | ML |MoL
ok T Hraeie *OH £H0 | <H,0 «I3HO | *2HO0 | ‘HoOH | +H,0
COPPER _W-%, 1845 | 1892 13-06 18:01 - 18- 42 1796 17- 51 I7-09 Il P iu708
CARBON | 47:57, 4,878 ‘50-07 47-80 kT-66 4376 | 4552 | b3y | 4522 4353l | L5147
HYOROGEN | 292, 324 2-4.0 2:29 201 2:63 2:85 3.06 325 2-99 273

=9Gi~
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Copper (II) Complex of 2,2'-Thiodibenzoic Acid

The copper (II) complex of 2,2'-thiodibenzoic acid gave
an elemental analysis (as can be seen from Table 18),
consistent with a metal to ligand ratio of one to one, with

the less certain presence of half a water molecule.

Infra-red Spectrum

The infra-red spectrum of the copper (II) complex is
very different from that obtained for the zinc complex in
respect of its dominant features, although the weak, sharp
features, presumably mostly attributed to the ligand, have
much in common, although they tend to be broader in the
spectrum of the copper (II) complex and have slight
displacements of position and relative intensity.

A sharp, medium intensity absorption at 3610 c:m—1 and a
slightly broader absorption of equal intensity at about
3530 cm_1, are a feature of this spectrum which differ from
that obtained for the zinc complex. These absorptions are
probably O-H stretching vibrations, two distinct hydroxyl
environments being postulated. The possibility exists that
the absorption at 3610 cmf1, may be indicative of a bridging
hydroxyl group.

The asymmetric C=0 stretching vibration is easily
assigned to the strong, sharp absorption found at 1605 -
1625 cm-1. The weak, broad absorption at around 1700 cm_1, is
worthy of note since it is most probably the result of an

O-H deformation mode.

The symmetric C=0 stretching vibration, must be essigned
to the absorption at 1400 cm"1, giving a separation of 205 -
225 cm_1. This is large and suggests that the carboxylate
anion is engaged in asymmetrical bidentate co-ordination,

with one long and one short bond.



PERCEN TAGE

CALCULATED

ELEMENT Pe::EuTA&E. o
QUND = ! .

ML SRid) ML-¥HO | MeL:Ho | M:L-3Q | M.L-OH

ZINC 20-7 29-0 20+

CARBON 25-3| 31-96 22

HYDROGEN 301 558 2483

CoPpPER 27 35 28 L | 2731 2663 265 2610

CARBON 30-5b 3222 30-97 29-82 30:07 2991,

HYOROGEN 3:29 5005 3-90 L1 9+ 56 2D A

22vuoTdoadTpdx0~-,¢“¢ JO soxoTdmo)

(II) xeddop pu®r dSUTZ 8yj3 JoO
STSATRUY TelUSWATH 98Uy} JO sjTnsay

‘61 9Tq®BlL

=851~
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Complexes of 3,3'-Oxydipropionic Acid

‘Zinc Complex of 3%3,%'=-Oxydipropionic Acid

Elemental analysis of this complex, showed a metal to
ligand ratio of one to one, and as can be seen from Table 19,
the data is consistent with the presence of a perchlorate
molecule, giving the empirical formula Zn.L.ClO4.

Infra-red Spectrum

The weak, broad absorption at 3400 - 3500 cm-1, in the
infra-red spectrum of the zinc complex, must be aséigned to
the O0-H stretching vibration. The sharp, weak absorption at
2900 cmf1, with attendant sharp, weak absorptions most
probably arises from aliphatic C-iI vibrations.

The asymmetric C=0 stretching frequency can be assigned
to the strong, broad absorption at 1530 -~ 1570 cm-1, which
exhibits a shoulder at 1600 cm-1.

The symmetric C=0 stretshing frequency is more difficult
to assign, since two suitable candidates are available. The
strong, sharp absorption at 1460 em™' (with a shoulder at
1470 cm71), would give a separation of 70 - 110 cm"1, while
the strong, sharp absorption at 1410 cm_1 would give a
separation of 120 - 160 cm_1. One possible explaination of
these results, would be the existence of two separate

environments for the carboxylate groups.
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Copper (II) Complex of 3,3'-Oxydipropionic Acid

Elemental analysis of this complex showed a metal to
ligand ratio of one to one, and as can be seer from Table 19,

the probable presence of half a water molecule, i.e.
Cu. IJ. %—Hzo L

Infra-red Spectrum

The infra-red spectrum of the copper (II) complex of
3,3'=-0xydipropionate, is different from that obtained for the

zinc complex.

Both spectra have in common the weak, broad absorption
at 3400 - 3500 cm—1, which has been postulated as arising
from a 0-H stretching vibration and the sharp, medium intensity
absorption at 2900 cm—1, with attendant weak, sharp absorptions
previously thought due to aliphatic C-H stretching vibrations.

The asymmetric C=0 stretching frequency, can be assigned

40 the strong, sharp absorption at 1600 cm_1. While the

symmetrical C=0 stretching frequency presents some problems,
since there are three posible candidates. The sharp, strong
absorption at 1400 cm-1, would give a separation of 200 em=!,
The sharp, strong absorption at 1450 cm-1, would give a
separation of 150 em™'. While the sharp, strong doublet at

1415 and 1420 cm™!, gives values of 185 and 180 cm™ .



Results of the Elemen?:al Ana’iysis for the Zinc Complex of 3,3'=Thiodipropionate

Table 20,
PERCENTAGE CALCULATED
ELEMENT PERCENTAGE
PRESENT Foun o 3 s M-L ML | ML ML | ML | ML |MoL
ML Mol o ‘EHO | “H0 | “5HO | 200 | mooM | M0
ZINC - | 256, 27-4 | 2707 | 25:38 | 25-29 | 2609 | 2519 | 2434 | 2355 | 2364 | 23.72
CARBON | 28:88 , 28-67 29.83 28:76 | 2787 | 2798 | 27-76 | 2683 | 2595 | 26-06 2615
HYOROGEN 558 g 3:56 334 313 ko T | 362 383 1—?"5 36 b0l 3-66

=t
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INFRA-RED SPECTRA
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Complex of 3,3'-Thiodipropionic Acid

Zinc Comvlex of 3,3'-Thiodipropionic Acid

Elemental analysis of this complex, gave a zinc to
ligand ratio of one to one, and as can be seen from Table 20,

there is probably half a water molecule also present.

Infra-red Spectrum

The broad, weak absorption at 3400 - 3500 cmf1, is

probably the result of an O-H stretching vibration. While the
sharp, weak absorption at 3020 cm-1, probably arises from the
presence of an aliphatic C-H stretching vibration of the

ligand.

1, with shoulders

The sharp, strong absorption at 1535 cm”
at 1555 and 1565 cm71, is the most likely candidate to be due

to the asymmetric C=0 stretching fregquenc

The symmetric C=0 stretching frequency is most likely to
give rise to the sharp, medium-strong absorption at 1450 c:m-1

(with shoulder at 1460 cm-i), giving 2 separation of 85 cm-1.

The very sharp, strong absorptions at 1400, 1410 and
1415 cmf1, are most probably due to ligand vibrations, but
should any of these have arisen from a symmetric C=0
stretching vibration, then more than one environment for the

carboxylate groups cculd be postulated.



-Thiodipropionate

Table 21, Results of the Elemental Aﬁalyais for the Copper (II) Complex of 3,3
- PERCENTAGE CALCULATED
ELEMENT PERCENTAGE
FOUN D MU ML ML M-L M-L M-L | MO.L
PRESENT d .O: _ ; |
L tag *OH -£H,0 *H,0 -|3H0 *2H,0 'HO'OH | *H,0
254 , 258 (aA) | _ ;
COPPER | 2651 2685 | 26151 2555 24--66 23:-82 | 2304 | 2313 | 23-21
25-21 ) 2662 (vel.) ' ;
CARBON | 2982, %012 | 30.06 2818 2907 2997 2796 2702 2613 2623 26:-33
HYDROGEN [ 3415 , 3-7I 336 318 353 3:65 391 L1k 439 | 3-69 b4+ OL-

=GO )=



DIFFUSE REFLECTANCE SPECTRUM of the Copper (II) Complex of 3,3'-Thiodipropionate
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Copper (II) Complex of 3,3'=Thiodipropionic Acid

The elemental analysis of this complex, indicated a
copper to ligand ratio of one to one, and as can be seen from

Table 21, the possible presence of half a molecule of water.

Infra-red Spectrum

The infra-red spectrum of the copper complex is similar
to the zinc complex in exhibiting a broad, wea absorption at
3400 - 3500 cm-1, presumably having arisen from an O-H
stretching vibrétion. The three sharp, weak absorptions at
2920, 2950 and 2960 r.‘.m-1 (together with the shoulder at
2910 cmf1), presumably arise from aliphatic C~H stretching .
vibrations of the ligand.

The asymmetric C=0 stretching frequency, is easily

assigned to the sharp, strong absorption at 1595 cm”1.

The assignment of the symmetrical C=0 stretching
frequency is more difficult, but must be a member or members
of the sharp, quintet of strong absorptions at 1405, 1420,
1430, 1440 and 1450 cm™ '

1405 and 1440 cm-1, would give separations of 190 and 155 cm-1.

. The most prominent absorptions at

Both the zinc and copper complexes spectra have a number
of sharp, weak absorptions, but there seems to be no common

pattern of these, presumably ligand absorptions.

Diffuse Reflectance Spectrum '

The diffuse reflectance spectrum of the copper (II) and
3,3'=thiodipropionate complex, is similar to that obtained
for copper (II) and 2,2'-oxydibenzoate, with the exception
that it exhibits a single very broad, intense absorption at
630 nm (15,850 cm™ ).

The absorption at 225 nm (44,450 cm™') and 260 nm



Table 22, Results for Copper (II) Complex of 3,3'-Thiodipropionate
 MAGNETIC SUSCEPTIBILITY AT CurRENT (N AMPERES) | :
5 5% 6 bz 7 1% ] % 0 C}-'i- 1O |AVERAGE --X-n X.ﬁ fL

L | KT | Lfor2] 1 2q%k

3l | 3 509 | 305 | 305 | 3.05 | 305 | 30b | 3.0b 504 | 305 | 3:07| Tbu--| 8T !@5
Sl | 300 | 303 | 300 | 300 | 3:02 | 3:03 | 3-05 | 3-02 | 302 | 3:-04 305 | 759 366 R TR
319 | 3a2 | 3492 | 312 | 309 | 3\ X | 310 | 3.0 3.0 | Sl | 3l T74- 281 | o Ll
520 | 517 | 318 | 315 |3 | 5015 | ZI0 | 315 | 31D | 315 | 315 | 3.5 | 785 | 890 |5
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(38,500 cm_1), are probably due to electronic transfers
between molecular orbitals of the ligand. The absorption

1

which gives rise to the shoulder at about 350 nm (28,600 cm ),

could be due to this cause, or may be a manifestation of a
weak S bond.

Magnetic Susceptibility Measurements

The value of the magnetic susceptibility when measured
at different magnetic field strengths was constant, as can

be seen from Table 22. The effective magnetic moment,

calculateéd from, /1eff a4 m e /}{;TE

ranged frrm 1.43 to 1.45 Bohr magnetons. This value is lower
than experted for experimental magnetic moments, which are
usually in the range 1.70 to 2.20 Bohr magnetons (1.73 Bohr
magnetqons in theory).

Measurement of the magnetic susceptibility at different
temperatures, showed the magnetic moment to be about 1.40
Bohr magnetons at room temperature, but falling to 0.58 Bohr
magnetons at 93°K., as can be seen from graph 16.

A plot of the reciprocal of the molar magnetic
susceptibilities, corrected for diamagnetic contributions
against temperature, does not give a straight line but a
characteristic double curve, displaying a maximum (the Neel
point T ) at 243.5 °K. This is also observed in a plot of
magnetic susceptibility (X ) against temperature, as can be
seen from graph 15, this being very characteristic of ’
antiferromagnetic behaviour. This indicates that spin-spin
interactions are occuring, the moments of the copper (II) ions

aligning themselves so that they cancel one another.
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For the case of binuclear copper (II) complexes, the

molar susceptibility of the dimer can be described by the
69

following equation ~,

m 3kT 1 + Yaexp(J/kT)

It follows that }Lm = N« when T = 0, and rises to a
maximum value at T = 5J/8k, so that J the exchange energy
can be determined directly from the Neel temperature, i.e.
d = 1.6an. The Curie-Weiss law will not be strictly obeyed
until T >> T , when & >o0.47 .

Hence, for the complex of copper (II) and 3,3'-thiodi-

propionate; J 1

= 1.6 X 0,695 X 243.5 = 270.8 em~ ' (389.6 °K)

Assuming a knowledge of N« by using experimental values
of >(m at known temperatures, g and J may be determined from
the above equation by solving the simultaneous equations
produced when the experimental values of ?(m and T are inserted,

Since time did not permit this work to be done, a
simpler approach was employed, the values Nx = 60 X 10_6,
Jd =270,8 and g = 2,0, were substituted into the equations,
the )Cm values calculated and compared with those obtained
experimentally., The results, as can be seen from graph

have a reasonable degree of correlation,

These results lend weight to the arguement that the
complex of copper (II) and 3,3'-thiodipropionate could be
binuclear and so exhibit intramolecular antiferromagnetism,
The possibility of intermolecular antiferromagnetic behaviour
could be eliminated by two procedures. Dissolution by
surrounding the complex species with solvent molecules and
thus, separating the interacting ions, should destroy the

interactions. The main difficulties with this method are that;
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(i) the substance in question may be insoluble ox considerably
changed by dissolution and,

(ii) the experimental errors in measuring )(m’ particularly

if the solution were very dilute, may be greater than the

effect being observed.

The second method is dilution with a solid, diamagnetic,
isomorphous compound. This is really the same as the solution
technique and presents the difficulties of finding a suitable

host material and of measuring a probably very small

susceptibility.
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Conclusion

The postulated brightening agents in alkaline ziﬁc
electroplating, the bimolecular ethers, could not be isolated
and so it was decided to explore the co-ordination chemistry
of model compounds with zinc. The hope being that any
information acquired could be extrapolated to the bimolecular
ethers to give some clues about the mechanism of the

brightening action.

It was decided to concentrate on the structural unit;

~~COOH HROD s

,fig“““Hhhhﬁh()_Fﬂ,uﬂﬂ- él“ﬁ

The main questions to be answered seemed to be, the mode
of co-ordination of the carboxylate groups and more
interestingly the co-ordinating atility of the ether oxygen,
which gives the possibility‘of one isomer of the bimolecular
ethers acting as a terdentate ligand, with the ability to
bind zinc ions firmly.

Two compounds were thought to be the best models for the
bimolecular ethers and of these 2,2'-oxydibenzoic acid was
synthersised first, because difficulty was encountered with
the purification of 3,3'-oxydipropionic acid. Consequently,
most of the work has involved the former compound.

It was intended originally to restrict the work to the
preparation and identification of the zinc complexes of the
model compounds, but since elemental analysis proved unable
to distinguish unambiguously between all possible formulae
and the infra-red spectra did not give enough structural
information, it was decided %o prepare complexes of other
first row transition metals in order that other physical

techniques could be employed,
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The zinc complex of 2,2'-oxydibenzoate (L) was easily
prepared and elemental analysis suggested the empirical

formula Zn.L.%HEO. The infra-red spectrum contributed the

Y

information, that the separation of the asymmetric (1560 cm
and symmetric (1400 cm"1) 0CO stretching frequencies was
160 cm™!

engaged in asymmetric bidentate co~ordination.

, and so the carboxylate anion was most probably

The inability of zinc-~2,2'-oxydibenzoate to dissolve in
water or any of the common solvents, indicates that this is
probably a polymeric species, with the carboxylate groups of
the ligand attached to different zinc atoms.,

The cobalt (II) and copper (II) complexes of
2,2'~oxydibenzoate were then prepared so that other physiral
techniques could be employed.

‘the complexes obtained initially, formed slowly and had
a crystalline apnearance, which was retained when they were
- dried, but in both cases a colour change was observed.
Attention was concéntrated on the desiccated materials and
for both elemental analysis indicated the most probable
empirical formula to be M.L.HZO, were M is cobalt or copper

and L is 2,2'-oxydibenzoate.

The infra-red spectra of these complexes are almost
identical, both having much in common with the spectrum of
zinc-2,2'~-oxydibenzoate. The main difference being that, the
spectra of cobalt and copper, =2,2'-oxydibenzoate have broader

absorptions, which are possibly poorly resolved doublets.

The doublet around 1600 cm-1, is most probably due to a
ligand vibration and so the asymmmetric OCO stretching vibration
is best assigned to the absorption at 1565 cm—1 (with
shoulder at 1545 cm-1)-in the spectrum of cobalt -2,2'-oxy
dibenzoate and to the absorption at 1560 c:m_1 (with shoulder
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at 1545 cmf1) in the spectrum of copper-2,2'-oxydibenzoate.
The symmetric OCO stretching vibration can best be assigned
.to the absorption at 1410 cmf1, and this may be a poorly
resolved doublet like the one found in the spectrum of

zinc-2,2'-oxydibenzoate,

The separation of the asymmetric and symmetric 0OCO
stretching frequencies are consequently 155 cm"1 (& 135 cm_1)

1 (& 135 cm_1) for
58

for cobalt-2,2'-oxydibenzoate and 150 cm
copper-2,2'-oxydibenzoate, which according to Curtis
indicates that the carboxylate groups are engaged in asymmetric
bidentate co-ordination. The existance of two absorptions
arising from the asymmetric 0CO stretching vibrations suggests
that two environments must be postulated for the carboxylate
groups. '

) The shape and position of the absorptions thought due to
the O-H stretching vibrations are the same in the spectra of
cobalt and copper complexes but are different to the
absorption in the spectrum of the zinc complex, presumably
due to the extra %Hzo present in the empirical formula of

this complex.

The question that still remains unanswered is that
concerning the co-ordinating ability of the ether oxygen. The
only feature that may be connected is the absorption at 1220 cm-1
in the spectrum of zinc-2,2'-oxydibenzoate, the absorption
at 1235 cm"1 in the spectrum of copper-2,2'-oxydibenzoate and
the broad absorption at 1220-1240 cm-1 in the spectrum of
cobalt-2,2'~oxydibenzoate. This feature is also present in the
spectrum of the free acid at 1245 cm~1 but could also be

the result of other ligand vibrations.

The magnetic moment, determined at room temperature,
~ was found to be 4.9 B.M., for the blue cobalt complex, but
only 4.7 B.M., for the purple cobalt complex which precipitated

initially. Similarly the magnetic moment, determined at room
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temperature, was found tJ be 1.65 B.M., for the green copper
complex, but only 1.5 B.M., for the blue copper complex which
.formed initially.

The magnetic moment of the green copper complex fell as
the temperature was lowered, being about 1.5 B.M., at 90 K.
A plot of the reciprocal value of the corrected molar magnetic
susceptibility (1/5(J against temperature was linear
intersecting the temperature axis at -20 K. Since the magnetic
susceptibility did not vary when different strength magnetic
fields were used the material must be exhibiting
antiferromagnetic behaviour. Thus implying that there is:
interaction between the copper ions of the complex, resulting

in spin-spin pairing.

This and the inability of ali the complexes to dissolve
in water or other common solvents, leads to the conclusion
that these are polymeric species, which have the two carboxylate
groups of a single ligand molecule attached to different
metal atoms. The alternative postulation to explain the
antiferromagnetic interactions would have to ipvolve

bridging between metal ions of water molecules.

The preparation of the iron(II) and iron(III) complexes
was an attempt to provide more structural information by the
use of MBssbauer spectroscopy, but succeeded in only further

-

complicating the issue.

The iron(III) complex precipitated immediately like the
zinc complex, but they must have different structures,
because the presence of an hydroxyl anion or a p-oxa bridge
must be postulated to maintain electrical neutrality. This
is confirmed by elemental analysis which suggests the

empirical formula Fe.L.OH or less probably Fe.O%.L.



- Phe infra-red spéctrum of the iron(III) complex, as
expected, is different to the spectra of the zinc, cobalt
and copper complexes. The presence of a weak, broad
Iabsorption around 3400-3500 cm—1, is comparable to those
observed in the spectra of the cobalt and copper complexes,
but one unique feature is the broad, weak absorption at

1725 cm'1.

The assignment of the absorption at 1615 cm_1 as the
asymmetric 0CO stretching vibration and the resultant
separation of 195 cm—1, between this and the symmetrical
0CO stretching vibration at 1420 cm_1, suggests that the,
carboxylate groups are bridging two iron atoms, while
showing asymmetric bidentate co-ordinatien.

The iron(II) complex was sim.lar to the cobalt and copper
complexes in as much as the green crystals formed slowly.
These however, on drying in a vacuum desiccator (or oven)
changed to a dark brown colour and had a golden sheen on

one face.

The infra-red spectrum of the brown iron complex with
the golden sheen was similar to the spectrum of the copper
complex and to a lesser extent the cobalt complex. The
asymmetric OCO stretching vibration was assigned to the
absorption at 1560 cm_1 (2almost a doublet with absorption at
1540 cmf1) and the symmetric OCO stretching vibration to the
absorption at 1415 cm"1, giving a separation of 145 cn~ ! (and
125 cm—1). Thus indicating two environments for the
carboxylate groups, both being engaged in asymmetric

bidentate co-ordination.

The infra-red spectrum of the green iron(II) complex,
exhibited many differences when compared to the other spectra

aiready considered.

The metallic sheen on the dark brown crystals obtained

by desiccating the green iron(II) complex was thought to
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indicate the presence of metal to metal interactions.

Elemental analysis suggested that the empirical formula

of the brown complex is probably Fe.L.OH.H2O although
Fe.O%.L.Hzo is also possible, This interpretation is vindicated
by the evidence of the diffuse reflectance spectra and
MBssbauer spectra of the three iron complexes which showed

that the brown complex contained iron in the +3 oxidation

state.

The magnetic moment of the brown complex has been
determined by two different Gouy balances to be 3.30 B.M.,
at room temperature, falling to about 2.50 B.M., at 90 K.
A plot of the reciprocal of the corrected molar magnetic
susceptibility (1/¢ ) against temperature was non-linear,
vhich in combination with the unusual magnetic moments (which
are high Tor low spin and low for high spin) indicates
antiferromagnetic coupling between the iron atoms of the

complex.

The magnetic moment of the iron(III) complex was 3.0 B.M.,
at room temperature and while this is comparable to that
obtained for the brown iron complex, the infra-red spectra
of these complexes suggest different structures. The
differences in the quadrupole splitting obtained from the
M8ssbauer spectra also reflects this difference.

Work to date has been concentrated on the desiccated
complexes, however, the colour changes observed suggest that
the cobalt, copper and iron(II) complexes obtained initially,
could be different structurally to the complexes studied.
Investigation of the complexes obtained initially, which only
requires the development of less intensive drying techniques,
may give information regarding the charges observed and so
lead to a better outstanding of the structures of these

complexes and TGA may be an appropriate technique to apply.
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Complexes of 2,2'=-Thiodibenzoic Acid

2,2'-Thiodibenzoic acid was synthersised and the zinc
and copper(II) complexes prepared in order that a comparison
could be made with the appropriate complexes of 2,2-oxydibenzoic
acid.

Zinc comnlex

Elemental analysis indicated that the empirical formuls
of this complex could be Zn.L.H20 or Zn.L.1%H20, the
latter being that found for zinc-2,2'-oxydibenzoate.

The infra-red spectra of these two complexes are similar
in the region 3600 to 2000 cm"i, but below this they have
little in common, the prime difference being that the
absorptions in the spectrum of zinc-2,2'-thiodibenzoate are’

broader.

In the spectrum of zinc-2,2-thiodibenzoate the asymmetric
OCO stretching frequency has been assigned to the broad,
strong absorption at 1600-1575 cm"1, while for zinc-2,2'-
oxydibenzoate this was much lower at 1560 cm_1. The symmetric
0CO stretching frequencies are much closer being assigned to
the absorption at 1405 em™! in the spectrum of zinc-2,2'-
thiodibenzoate and 1400 cm-1 for zinc-2,2'-oxydibenzoate.
This gives a separation of the asymmetric and symmetric
stretching frequencies of 195-170 em™! for zinc-2,2'~
thiodibenzoate compared to 160 cm"1 for zinc-2,2'-oxydibenzoate,
suggesting that they are both acting as asymmetric bidentate
ligands, with one C-0 bond longer than the other and that

this bond is longer for zinc-2,2'-thiodibenzoate.

Copper complex of 2,2'=Thiodibenzoate

This complex appears to have the same empirical formula

as the copper complex of 2,2'-oxydibenzoate namely Cu.L.Hzo.
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" However, the infra-red spectra of these complexes are
very different. The infra-red spectrvm of the copper complex
of 2,2'-oxydibenzoate has a single broad absorption around
3400 cm“i, while the spectrum of the copper complex of

2,2'=thiodibenzoate has two sharp absorptions at 3610-and
| 3530 en~!. The latter is readily assigned since the O-H
stretching vibrations of a free hydroxyl group are usually
found in the range 3560 to 3500 cm—i. The absorption at
3610 cm_1 is more difficult to assign but is possibly due

to0 hydroxyl bridging between two copper atoms.

e o Ol r The asymmetric OCO*

Can

o F“}AO'//, s stretching frequency of the
carboxylate group in the
infra-red spectrum of the

coppper complex of 2,2'-thiodibenzoate has been assigned to
the very sharp, strong absorption at 1625-1605 cm-1, compared
to 1560 cm—1 in the spectrum of the copper complex of
2,2'~-oxydibenzoate. The assignment made for the symmetric

0CO stretching frequency was only slightly higher for
copper-2,2'~thiodibenzoate, being at 1410 cm_1, compared with

1400 cm-1 in the spectrum of copper-2,2'-oxydibenzoate.

The high frequency of 1625-1605 em~! observed in the
spectrum of copper-2,2'-thiodibenzoate can best be explained

by postulating carboxylate bridging between copper atoms.
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Complexes of 3,3'-Oxydipropionic Acid

and 3,3'-Thiodipropionic Acid

3,3'-0Oxydipropionic acid is probably a better choice as
a model compound for the proposed bimolecular ether than
2,2'-oxydibenzoic acid, since it is plausible to suppose that
contributions from the electron density of the aromatic rings
of the latter compound make the bond order of the carbon to
ether oxygen bonds intermediate between single and double, as
in the case of diphenyl etheraB. This would have the effect
of making the C-0-C bond angle increase and possibly inhibit

co-ordination.

The difficulties encountered during the preparation of
3,3'=0xydipropionic acid has resulted in very little work on

the complexes of this compound.

Since 3,3'-thiodipropionic acid was readily available
little attention was paid initially to its complexes, because
it was assumed they would have been thoroughly studied. As
data accumulated about complexes of the other model compounds,
the complexes of 3,3'-thiodipropionate assumed more importance,
since it was hoped that a knowledge of its co-ordination
chemistry could help to resolve the problems encountered with
the complexes of the other model compounds. A search of the
literature however, revealed that very little was known about
its co-ordinating ability, the majority of available
knowledge being based on data derived from potentiometric
studies. The only description of a solid complex being obtained
from U.S. patent 3 697 488, which used zinc complexes of

343'=thiodipropionic acid but does not reveal much detail,

-

Zinc complexes

Elemental analysis of zinc-3,3'-oxydipropionate indicated

that the most probable empirical formula was Zn.L.ClO4 , but

the discrepancies involved suggests that further work is
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necessary. Should the above empirical formula be correct,
then for electrical neutrality, the ligand must be in the form

HOOC.CH2.0H2.0.0H2.0H2

undertaken, but possible evidence for its existance may be
the absorptions in the region 3150-1050 cm_1 in the infra-red

.C00”. No perchlorate analysis was

spectrum, which are more complex than those observed in the
spectra of the copper complex or free acid of 3,3'-oxydi-

-propionate.

The empirical formula for zinc-3,3'-thiodipropionate
appeared to be Zn.L.%HZO and consequently appears similar
to the zinc complexes of 2,2'-oxydibenzoate and

2,2'-thiodibenzoate.

The infra-red spectra of zinc-3,3'-oxydipropionate and
zinc-3,3'~thiodipropionate, apart from the region 1150-1050 cm
are similar, especially in the region 3800 to 1800 cm_1, were

the main feature is a weak, broad absorption around 3450 cm_1.

The asymmetric 0CO stretéhing vibration has been assignead
to the strong absorption at 1560-1530 cm-1, (which has a
superimposed sharp absorption at 1535 cm"1) in the spectrum
of zinc-3,3'-thiodiprOpionata While the corresponding feature
in the spectrum of zine-3,3'-oxydipropionate has a broader
absorption from 1570-1530 em™! (again with a superimposed
sharp abscrption at 1535 cm”‘).

Both spectra have a weak absorption at about 1600 cm_1,
possibly suggesting the presence of another environment for

a carboxylate anion.

The symmetric OCO stretching vibration was thought best
assigned to the sharp, strong absorption at 1450 cm_1 (with
a shoulder at 1460 cm-1) in the spectrum of zinc-3,3'-thiodi-
-propionate and the sharp, strong absorption at 1455 cm—1
(with shoulders at 1460 and 1470 cm™') in the spectrum of

zinec-3,3'-oxydipropionate.
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‘This would give in both cases a separation between the
asymmetric and symmetric OCO stretching frequencies of

96 suggests unidentate

110-T70 cm"1, which according to Curtis
co-ordination, since the separation is rather low for
symmetrical bidentate co-ordination. However, both the
absorptions thought due to the asymmetric and symmetric OCO
stretching vibrations have undergone displacements. While

58

in the example used by Curtis for unidentate co-ordination
i.e., nickel acetate tetrahydrate the absorptions recorded

are 1520 and 1413 cm"1 (a2 separation of 107 cm“1). Consequently
it would seem more appropriate to suggest symmetrical bidenﬁate
co-ordination, because in the example i.e., zinc acetate’
dihydrate, the absorptions recorded are 1550 and 1430 cemm1

(a separation of 120 cm—1).

The most probable explanation is the existance of both
unidentate and symmetrical bidentate co-ordination which is
in accord with the postulation of two environments for the
carboxylate groups.

The absorptions at 1400 and 1415 em™! in the spectrum of
zinc-3,3'-thiodipropionate and 1410 am (with shoulder at
1420 and 1430 cm-1) in the spectrum of zinc-3,3'-oxydipropionate
are most probably ligand vibrations, although the possibility
exists that they could arise from the symmetric O0CO stretching

vibrations of a carboxylate group.

Copper complexes

Elemental analysis suggested that the empirical formula
for copper-3,3%'-thiodipropionate could be either Cu.lL or
Cu.L.%H2O, the latter being that found for copper-3,3'-oxy

-dipropionate.

The infra-red spectra of both complexes contained the

now familiar broad, weak absorption around 3400'cm—1, although
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this feature appeared sharper in the spectrum of
copper-=3,3'-oxydipropionate. Both speetra have an overall
similarity in the region 1800-1300 cm—1. Both also have a
sharp, strong absorption at 1600 cm"1, although this is broader
for copper-3,3'-oxydipropionate, possibly due to this being

a poorly resolved doublet, and the most obvious candidate

to have arisen from the asymmetric OCO stretching vibrations.

The assignment of the symmetric OCO stretching frequency
is more difficult, since there arce four possible candidates.
Discounting the absorptions at 1400 and 1420 cm_j, as arising
from ligand vibrations, this leaves the absorption at 1450 cm_1
(with shoulder at 1460 cm~1) in the spectrum of
copper-3,3'-oxydipropionate and the absorptions at 1440 and
1430 cm-1 in the spectrum of copper-3,3'-thiodipropionate.
This suggests the possibility of more than one environmentc
for the carboxylate .anions, but these would appear to be
different to that encountered in the complexes of
2,2'-oxydibenzoate and 2,2'-thiodibenzoate, because in these
compiexes it is the asymmetric O0CO stretching frequency
which has two or more absorptions assigned.

According to Curtis58

the occurrence of the asymmeiric
0CO stretching frequency at 1600 cm_1, suggests that the

carboxylate responsible is bridging two different copper atoms.

The plot of magnetic susceptibility against temperature
for copper-3,3'-thiodipropionate was interesting because its
characteristic shape and the fall of the magnetic moment
from 1.4 B.M., at room temperature to 0.6 B.M., a2t 90 K,
showed that the complex was exhibiting antiferromagnetic
behaviour indicating that there was interaction between the

copper ions resulting in spin-spin pairing.

The experimental curve‘shows some degree of fit to a

curve based on the equation;

S e T
SRT - L4 % e T )
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derived for dimeric copper acetate, the discrepancy in the
fit arising from either errors introduced in the derivation
of the above equation or the possibility that the
copper-3,3'-thiodipropionate is not a dimer, but a trimer or
higher agglomerate. One possible approach toward future work
would thus appear to be the derivation of alternative
expressions in the hope that eventually a perfect fit could
be achieved. ;

Time did not permit any magnetic susceptibility
measurements to be made on copper-3,3'-oxydipropionate, but
this would be a convenient start to any future work on this

complex,

3,3'=0Oxydipropionate and 3,3'ethiodipropionate are
interesting ligands and it is perhaps worth exploring the
cobalt and iron complexes if they can be prepared, since
they could hopefully give structural information and
elucidate the co-ordinating ability of the ether oxygen
and thioether sulphur atoms.
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APPENDIX (&)

GROWTH OF MAXiMuM AT ABOUT 360 nm.

ALKALINE Z(NCATE ELECTROLYTE I 0-5 A™ 1-FENZYL-3-CARBOXYPY RIDINIUM
WAVE L ENGTH “0:5 0" 1-GENZ1L-B-CARBOXYPYRDIIM Crrorive & 1004L" SoowM HYDRoXIDE
NANOM':TRES. 3 INTIALLY AFTER 25 hours lan-\u_\/ AFTER 25 hours,
230 )l 16 1020 I 2 5
240 0: 7b 1+03 0:81 0:Olyg
250 0 Tl s 1+28 0:-79 1+33
260 0:92 } ¥82 0:97 1957
270 0:87, 1084y, 0+ 91 |.2.7
2%0 040 0 Tbs O 42 0-%\
29‘0 0155 O teh-o 0-lbs 047
00 0:09, 0:-3354 0:104 0-35
310 0:075 O-’255- 0:085 0: 27
320 0:0b 020 0-07 022
330 0:05 017 0:0bsg 0:195
3.0 00l 5 0+20 0:055 0:23
350 0- 0L O& 2D 0.-05 0-2b
560 0:-035 0-30 O:0OL5 O* 32
570 0-0% 0:32 - 0-0L 0- 3
580 00D 029 0-03s O'E)_(?_S
0 | o002 | 0195 | o003 | o022
1400 0:025 0075 . 0+03 0:09
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APPENDIX (1) 3

DATA

FOR GRAPH

1

SOLUTION COMPOSITION 3 005 gaaws [0-5%1_") 1-BENZYL-5- CARBOXYPYR'G 1 IUM

CHLOR\DE}

10°0 grams (1003_{:’) So0iuM  HYDROXIDE & 100 cwd WATER

TIME OPTICAL DENSITY AT WAVELENGTH INDICATED
IN -
HeLES. 330 340 350 360 i 370 380 390 00
|
0 0185 | 0155 | 0125 | 0105 0-09 | 0075 | 0-0b3| 4.05
! 0-22 | 0-205| 02 | 019g 018, | 015 | 010, 0:0b
Z | osy| ovy | 035 | 0355 033, 028 | 0-2 | 043
S 1039 | 0 | O-43| Ofy| 042 | 0Dhz| 024 | 0155
5 Ot | 0-51 | 0-57 | O-bl | 0:575 047 | 031 | 07, |
! : :
6 0'605 0‘5(55 O'b’-i- 0'6%5 O‘k)b " 005]'.;.. 0-55 0'201-
e
Tz | 059 | 0:675| 077 | 08l | 079 ; 0-blhg| OHZ| 023
b L L - i .
|
29 blo | bul | 7 | 1% | 172 vz | 09 | Ol
- |
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DATA FOR GRAPH 2,

TIME OPTICALL DENS\TY AT TEMPERATURE §TATED

IN CMIHUTES 2,0°C. 255 oc 50 DC 55 ac
g 0-1b 0-2l 0:3 0-b
3 02 0-29 O 4 07
L o P AT 0:37 0-u9 0-%
o 927 042 0-6 038
& 0.3l O« 49 0+b7 0:97
7 0>y 057 077 I-06
8 0-33 0+ bl 0-%b 116
9 0 Ll 0:69 0-93 1+ 28
10 045 075 103 [+ 34
1 0 1+B 0- 31 |- 0% I+ L4
12 0.51 0.7 Pl S I-La;?:__#
s 054 0:93 |« 22 ——
I L 0:57 0:98% ). 28 .
1S 0:b .02 |« 3L e
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APPENDIX (iv) DATA FOR GRAPH 5

EFFECT ON MAXIMuUM AT 360 nm. OF VARYING S$SoDIuM HYDROXIDE
CONCENTRATION WITH I-BEN'LYL—.S-CARBQXYmeDlN.UM CoNSTANT AT Z%L‘}

e :J;';‘lcm.. DENSITY AT 360 am, FOR NaOH cenc, S‘I‘f'\“i'tzlt;_h1
IN MINUTES T, Dy S¢ 73, 10 g

5 0-015 0-03 0:075 Ol 03l

L 0+ 18 O b5
10 0:-015 005 0-ll 0-2is 0+5b
125 | 024 | 0:66
15 0:0175 0-0b 0155 027 0:76
174 Qr29s | OeBS
20 | 0-0175 0-07 0«17 033 098 '
22% 4 ossalk 108
25 .Y 02017, 0-08¢ 0;'95 0-3% l-1b
2% 0-1.0 |« 25
30 | o002 | o009 | 0215 | 0435 | 13k
S B O« b s 2.
55 | 002 | oo | 023 | 0uks|
90 Slfeayr O L SERSTLA O D0

S e e DEENE Ored b
o | 0025 | ous | o-29 | o2s |

55 0-025 o'y [~ 0-3 067 _ 2l
6O 0:03 0-15 032 072




APPEN DIX  (v)  DATA FOR  GRAPH /4

OPTICAL DENSITY AT 350 nm.

Time FoR |- BENZYL-3-CARBOXY PYRID'NIUM (HLOR\DE CONC, STATED TIME
L0098 1 ol il 0-5q | N MuTES
5 0l 015 | 0-27 -0yl ¢
10 012 0415 045 0:3 =
1) 0:13 0-22 0+b 0:5 L
20 Ooltes f 027 075 0-72 o
1o L 015 0:32 | 0:89 0-92 b
30 0:1b 036 | |-02 |+ 0b 7
35 017 0: 40 |+ 1 {-20 3
1.0 018 0 Ly v 25 |+ 5b 9
L-5 013 O+ L7 |+ 3b I 49 10
S0 0-19 0-5 Je D
55 0:19 053 ———
60 0:20 0-55 | ——
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DATA

(vii)

FOR GRAPH O

SopiuM HYDROXIDE CONCENTRATION

INITIAL REACTION RATE

OPTICAL DENSITY

GRAMS MOLES LO%’,U uNITS PER SECOND f-f-‘j/:o
550410 | -5.-26
1 B M R et ) R
S 0075 - 14125 b7 %10 =1+ 35
8 0-128 = 090, 1-00 x 10 ~ L+ 00
7 04175 | -075; | 197,x10 | -3-705
10 0-25 ~0:602 | 717x10% | -3,
APPENDIX  (Vil)  DATA FOR GRAPH 6

|=BENZYL- 3= CARBOXYPYRID 1N M  CONCENTRATION INIT|AL- REACTION RATE
GRAMS MoLES Logio wnrs pen secand | A0gr,s
-2, -5
0.5 I X 10 ~3:00 357 xi0 - 249
’ -3
0-2 X 10" -3-40 $15, %10 -5 %,
5 =&
0l Zx 107 | -390 172 x 107 | = 3+Tb,
y s
0:05 I x 107% | =40 WT2X 10 |~y 32,




(N Hours)

WAVELENGTH OPTICAL DENSITY AT TIME STAT ED

i s 1% B S 22 25 30 43
320 0-085 | €13 | 0-25 0:52, 080 | 086 | .02 | 16O

__*_5?3 0-05., | 009, | O-21, | 0:27 0-957 | 0:62 | 0+b7 0:9b
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350 003, | 0.0 | 023, O34 | 080 | 085, 038 | |-05
360 0-03,| o010, 0-Zlg 0°557 0:38 0:92¢ | 0:99 1-20
370 003, | 009, | 0:22,| 0:324| 084 | 0:89 | 095, | 1-23,
380 0.02, | 007, | 0-175 | 025, | 0:67 070 077 | V.06
390 005 | 0:Ohz| 0-105 | QI3 | Oeyl, | 04D O-yub | 0°6%
400 0-00% 0-0!% 0-05 0'065 07 0175 0-19 0-2%5
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APPENDI¥X

- OPTIcAL. DENSITY

CONCENTRATION OF

(1)

(1<), PATA FoR

AT 360 nm.

PYRIDINIUM DERIVATIVE

GRAPH @

WiTH TiME FoR

STATED

I=-BENIY -3- CAR BOXY
PYRIDINIUM CHLORIDE

I-PROPYL-3~(ARBOXYPYRIDIN UM BROMIDE

TIME
IN MINUTES s (},1:‘ Lp.'O%L" 10+ 0 3,{."’

5 Ol 0:-02. 0-0L
10 017 0:02¢ 0:.0%

15 0-22 0:03 0:12 5
20 027 0:03 5 0+1b

29 031 0- 0L 0:19

50 035 0Ol 0:22
39 0-395 0-05 024
40 0: 43 0:05 4 0:2b
LS 045 0-0b 0:29
50 049 0: 0bs 030
55" 0:52 0-07 0-32
60 0:54 5 0-075 0:25
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APPENDIX ()  pATA  FOR GRAPH 9

511-" [-BENZYL-4-=CARBOXYPYRIDINIUM CHwRIDE & 100 rét" SopwM MY bROXIDE,

WASELEROE wan T 30 | 380 | 3bo 570 | %30 | 390/ | noo
NANGMETRES
9| o| 083| 0355 0155| 008 | go5| ooy | 005 | 0.024
g e i g
X

N1 o085 | 03 | O-lo | 00% | 0-055] 0:Oug|{ O 03| 0O25
Zz
e i .
E| 3| 09 | 039 047 | 009 | 0:065| 005 | 0.03| 003

APPENDIX (xi) DOATA FoR GRAPH 10
5%1_,".-5-.:~z~f|_—3-caRbox‘x‘PynmnmuM tHLOR 1D E & 100 }(" SeDwuM HYpROXIDE

e L ari) OPTICAL DENSI\TY _;+*";;E (v HOURS) INDICATED
P A 3 5 b 7 ks
510 0:30, | 0-42 | O475| 054 Q.%s
520 0:205 | 0-305| 029 Ot 0:69
530 Ot 0.2t o o2k | OBlg ] 057
54-0 0105 | 017 | 02l | 0'2bg | O-4%
550 0-09;5 0-lb 0-20 0.25 | 04054
560 0-1l 017 021 C:2 | 03
570 0135 | 019 | 023 | 0-27 | 0-28
580 015 | 0-205 | 0:235| 0:28 | 0:22
590 013 0-1b 0-17 0-20 | 0+I%
b00 0:09, | 0:105 | O-ll 012 | 0-12g
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APPENDI X (_If'-l)
GROWTH OF MAXIMUM AT ABOUT DbO nm.
N THE PRESENCE AND ABSENCE OF ZINC.
2ql" 1-GENTYL3- CARBoIFYRI- 2.qU" 1 BEwaIL-3- cARBOXYP YR 1=
TIME mdiun CHORISE + 1000 NaOH | T IME -iNtuM  CHLoRIDE 1004 NeOH
um':-rss e 5 g Mu::Tes S | e g
2 0-1% 017 b 063, | 0-65
5 0204 0 205 17 O:bby | 0-67
L O 2l 0 24 ) 069, 0-70
< 0:275 | 0-2bg 19 , Ou72 0-725
ks 0:3lg 0:3lg 20 0-75 0:75
7 034 | 035 21 0775 | 0-77
8 0-38 0:39 22 0-80g | 0:80
9 O Iy | Orlize | 23 0-8%5 | 0:9%2
10 0-45 | 0+4b 2l 0-8bg | 0:85
I 0-48 0:49 25 0+ 89 0:%8
12 05| 0-52¢ [4° 0+91g 0+ 9
'S _ 0-5Lg| 0-5b 2 09 g | 00955
L 0:575 | 0+59 28 0-97 0+ 97
'S 0:b0g 0+blg 29 1+ 00 0-9_%5




(xiii)

Data for Graphs 11 & 2
£z 0-02575  B3= O 8= 215 mlligums 0= 0-5758 gaws.
WEMGRAMS | WT IN GRAMS | 7 gy X i
Terberuel (7 Oomnac of bar pat S i T
N oK NO FIELD | WITH FIELD | i mucicrams | wosuticeams | - @
293 7-29725 | 7298065 I+ 4 555 2:7b
28> | 72972 729875 | 1:55 37 2:87
273 7:2970 | 72987 17 335 2:99
263 | 72969 | 7.20875 | 1-85 w 27
253 | 729075 | 72988 | 205 | 42 5-25-_
243 7-2%bs | 7-2989 225 L L o™
.253 7.2965 | 7-29895 | 2-45 b 3:56 e
g 7.29635 | 7:2990 2:65 - 4+ B 371
s 7295 | 729905 | 2-9 505 3:90
205 | 729595 | 729905 | 3! 53 410
1‘;?5 72957 | 7:29915 345 5.b L32
183 2988 | 7:2992s 375 5-9 455
B 7-2952 | 7-2993 L 25 482
163 72949 | 72994 45 b-65 51D
193 72944 | 72993 29 7:05 X )
I) 7-29405 | 729945 | 5S4 7-55 581
133 7.2936 | 729955 | 5-95 -1 623
125 7.2931 | 7729965 | 6'55 87 669
i ) 7-2924 TRIFT R TS Q.45 727
103 729175 72998 %05 10+ R 7 3L
93 7:2909 | 7-2999 9.0 TR '8:57 }




(xiv) ’

Data for Graphs 11 & 12

TEMPERATURE -6 X.E%'Té: bl __I_ Jio* /J'
IN °K X i _ Xm"ob - le"o-b X‘... » zghﬁ;‘;’-r*
292 276 927 1062 9.4, 158
283 287 Qb " 1099 9« 1158,
273 1 2v99- ] woos T (aBE I TR19 o] 18,
2(-;,3 310 104 n7_b -5 : 1-58
2583 1525 | ro9x. | 1228 | @4k ,'-585-
203 | Bl ety 1279 | 7-82 1+58,,
233 3:56 W95, 1531 7-52 1-58,
Pirae, 37 1247 1382 7235 | =87y
213 390 e 1 1446 | 695 1+ 57,
203 L+10 575 1510 b-62 1-57‘,3
193 L+ 32 152 1587 630 W 9
1835 | 455 | 1529 | wes | 6o | 1564
73 LRz 618 | 75y 570 | JiB6y
13 513 72l « 1" 18867 | 539 )56 5
53 5.3 1824 1959 510 .55
145 5.2l 1952 | 2088 L 79 80 2n
133 623 | 2098 | 2229 | 549 | V:5kg
i 669 2247 2380 L.+20 1193

G = Sl 2440 267_5 3-88 |65,
103 T8k of 2652 | 27468 36l 151 q
93 857 2876 301l 3532 I+ 50g "
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Data for Graphs 13 & 14

5 = 2-15 will ﬁ,mmg, ws 0O %131_}__%‘1\,“5

o« = 0-023575 $= O -4y
TEMPERATURE ?;{:n&f:gg o H;m;f:f:‘}g “:“""":'- NI Fad 0 ‘_O'b
N °K, FIELD OFF | FIELD ON i micasss 1w musseeams | = “*E*u”)ﬁ
293 7-5398 7-561% 22-0 24+ 15 e T
283 7-5398 | 7-5022 | 22-4 550 %16
273 7.5397. | 73624 | 227 2483 15:51
263 | 75395 | 7.5628 | 23-3 2545 | 1363
€53 7-5504 | 7.5629 235 - 25.65 ;5'.74.__
243 7-53925 | 79634 R4+ l5 2b°30 I44-09
203 7:5391 | 7-5637 20 26¢78 | 135 |
223 7-5389 | 7-5642 b e 2745 I-T0
2135 7:5338 | 7-5646 25-8 27:95 497
203 7:55%b 7 5650 26 4 2855 1529
195 | 75384 | 7.5655 | 271 29:25 -Jﬁ-bb
183 | 75381 | 7.566] | 280 30415 | 1b-ily
i i 7.-5378 | 7.5667 |- 2%:9 31-05 b 62
165 | 75375 | 75676 | 301 | 3225 | 17-265
153 7531] | 7.56%2 | - 3i-! 3325 | 1780
143 7-5368 | T7-569. 32-b Sk 1g 19+ b0
133 7-5503 | __7-5763 340 5615 19-35
123 7:5360 | 7.5714 | 35-4 3755 | 2040 ﬁ
s 1:535b | T:5726 | 370 | 3915 | 2099
103 7:5349 | 7-574-2 393 W45 | 2218
93 7:53U15| 75757 Yl Sg 1,570 2339
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Data for Graphs 13 & 4
MAGNETIC X, 3us Y + 122 60
oK X 10 Xm' * X«: 5 % - 2oy [ YT
293 1291 w477 4599 i 3:30
283 15415 L550 oy rd 2y 3-27
29D 15-351 4b05 4728 2 g 3.2%
263 1363 L716 @658 207 3205
253 1574 | 4754 4876 R:05 315,
2435 l&-og 48779 4997 2-00 313
2
2355 |4+ D3 LI5S’ 5030 1:97 3-09
225 I 70 5086 5208 1:92 3.0b
213 97 5180 5302 188+ | F:02
203 | 1529 | 5290 | 5412 -85 2-98
193 | sbb: | suis | ssus | wmos | zo9n
183, lo- 14 5584 | 5706 175 290
1 i lo o2 5750 5872 I- 704 2-8b
163 | 17-265 | 5974 609b -4 [-by | 2:83
155 17-80 159 28| 1-59 2:78,
14-3 /8- 60 b6 6558 11525 | 2-75
133 19-35 6695 b817 |+ L7 2:70,
123 2010 6955 7077 o tgel 5 265
iR 2095 | 7249 | 737 |- 36 289,
103 22:1% 7674 7796 |+ 2% 285 |
93 2538 8089 211 |22 2:48,,
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Data for Graphs 15 & 16

o= 002575 p= 04t ' §=25 mlligrams w= 0'$292 grems
TEMPERATURE \:-‘r_{ 5:;5,?5; %;ié:;;:szas W'FGA'N Frd buST:g:lEﬁT:EITY
"R FIELD OFF | FIELD ON | w miLiGRAMS | N Mitt GRAMS. X 10"
293 7- 551 75544 | .33 545 2:92
293 7.5510 7-554-3 5 5.4,.5 2.92
283 7:5%09 7:55425 550 5:50 2.95
273 7-5508, | 7-5543 F 45 5.60 3.00
263 7-5507 75542 %50 565 3.03
253 7-5505 | 7-5541s 365 5-8 3.1
24-35 75504 7-5ﬂ541 3:70 585 Dl
239 7-5502 755575 _3-55 5-70 3.00b
225 7-5500 7-5533 3:3 549 2-92
213 7-5497 | 7-5529% 3.2 51,0 2.89
203 7569 | 7-5526 30 519 2:76
193 7-546925 | 75522 2295 5. 10 2. T
1833 7'-549! TS5 17 26 Y+ 75 2:55 ‘h_
7S 75487 | T-5512 2'5 L+ 65 2-50
163 7:5486 15504 -8 595 2435
153 7-5u82 | 15499 [+7 3.85 .07
%%, 75479 75490 | K| 3525 |- 76
| 55 754735 | 754845 |+ 525 |+ 76
123 754675 | 7:547%s5 | 0 7. 2-85 1-54
"3 75463 | 754695 | 0-65 2:80 |52
103 75453 75457 O L 2:55 [+ 39
93 7 5uipl | 7 5ukig| 0:35 2:50 I- 36




(xviii)

Data for Graphs 15 & 16

Temp i B ey : /—L
MPERATURE I
298 2:92 726 B34 |-20 |+ 42
293 2:92 726 8 DL |- 20 |40
2853 2:95 730 84| /119 |- 39
273 300 746 853 117 137
263 3503 754 36| |16 |-35
253 311 T 881 1135 |+ B
243 314 781 888 1113 I+ 32,
200 3-0b 7ol 368 1415 [-29
205 2:92 726 83k [ 20 224
213 2 89 719 326 I 2| [-19
202 2:76 687 794 |26 J-JL;.:
193 274 b82 789 By aad [-1]
183 12»55 634 T4 1+ 35 1:05
e 2:50 622 729 1°37 ]- 0l
163 il | 530 e =57 0:-92
1635 2:07 5tS 622 | -6l 0-88
(7%} [+ 76 4359 545 ‘835 0-79
133 [+ 76 38 515 1835 0:7bs
1235 I+ Sk 383 490 2-04 0-70
13 |52 578, 485 2:0b 0-67
103 1+ 3% goJ 50 2:22 0 b! :
93 |36 338 1 L6 2:245 | 0-58




(xix)

Data for Graph 17

TEMPERATURE Xm Vg7 X‘“‘ e
N °K EXPERIMENTAL CALCULATED
298 7263 7515
293 7263 7549
283 7538 7612
273 7462 766° S
263 7537 77041
255 FAB6 | WSS
243 731:0 TIbaB
235 7611 g i
223 7263 7698
213 7189 7635
203 686.5 752-9
1903 6&1:5 7589
183 6343 71%8
173 L2109 930
163 5298 A sk
153 514+ 9 622° 5
14-3 4378 575-5
133 373 g2 0]
123 3831 (569
a3 3781 386:5 °
103 Dl B Sl L
93 5385 2459




(xx)

RESULTS OF MAGNETIC SUSCEPTIBILITY MEASUREMENTS

AT VARIOUS CURRENTS (MAGNETIC FIELDS)

I
|

Calculated from X o+ \F+ 5)}&

Where,
&‘P are constants for the Gouy tube

is the weight increase (in milligrams)
is the diamagnetic correction for the Gouy tube
is the weight of the sample (in grams)

!:m"-‘isz



wt. tube = 4.3841g

wt. sample = 0.5384g

Blue Copper(II) & 2,2'~Oxydibenzoate

wt. tube = 4,3841g

wt, sample =

0.5474g

CURRENT

WT. oF Tuge

WT. GAil

ol R el R Ll B B
AMPERES FIELDO ON ('“3‘ (ma,) i

0 49225

o Q247 2-2 2:65 | 0475 | 2-38
5% 4 9249 21 2:9 | owiwy | 2.28
6 L9252 2:7 | 325 | 03735 | 2:30
b% [+ 9255 30 3-b 034 | 2.32
7 4 Q2857 32 385 | 035 | 2.30
Tz 49259 34 L | 0-245 | 2-29
% 49261 36 | 435 | 0278 | 2:29
8z WIS 3-8 4 b 0263 | 2-29
9 4-9265 | 40 L8 0:25 | 2:27
9'% 4-9267 L2 oXd | 024 T
10 49268 43 | 5:-25 | o-251 2-6»:)*

Tl i ':s TR
) FA

0] 4:9315
55 L9336 21 2-55 ou75 | 2:26
5% 4-9339 2 4 2'Q |owuw | 2.24
6 L3342 2T | 325 0:3735 | 2.26
6% LRy L 29 55 034 | 2-22
7 49347 32 |[385 | o385 | 226
74 4 q34.9 34 | 401 | 0295 | 2.26
3 4L 935ls | 365 by | 0279 2-28
S % 4+9353 38 Lob ] o283 | 2:26
q L+93555 | 405 L9 0.25 2.2¢
q ' 49357 | n2 | 51 | oz2u | 2.28
10 4 9359 b b | 5:35 | o023 2- 30

(exx)



wt. tube = 4.3190g

Green Copper(II) & 2,2'-Oxydibenzoate

wt. sample = 0.53%399¢g

wt. tube = 4,3190g

wt. sample = 0.50715g

CukRenT | T OF ::_.;::-: NT. Ga F.s -
ﬁm‘:xss FIELD ON (F\ (me) .ﬁ) X
™y g

0 48589
5 L8616 27 315 0-475 2:82
5% 48620 31 36 | owwy | 2:8I
b L4 B623 3k ;-95 0:3735 | 2:78
6% 48626 | 37 4D 034 | 275
7 4-‘86-29 L4 0 465 0:315 2:76
74 148631 2 | wq | 0295 | 2.72
8 L8634 w5 | 5:25 | o278 | 275
3% 4 8636 L7 585 | o263 | 2:75
9 486385 | 495 | 5.8 025 | 2:73
9% L8640 5 5:15 605 024 2 T4
10 4 8buzg 535 b3 0:25) 2 T4

CuRIEt-:N‘T i ::”I::E HT.F G | . o p X

AMMPERES | FiELD ON (mg) (ma) :
(0} L-8R6l5

5 L8287 2:55 | 3.0 0. 475 2-8b
5% 4 -829| 295 | 345 | owuy | 2.87
6 48294 325 36 03735 | 2:85
bk 48297 | 355 | 415 | o3y | 2.83
7 4 830] 3495 | 46 0 315 2-9l
73 483035 | 42 | 49 | o295 | 290
8 L8306 b b5 5:2 | o278 | 2:90
81 48308 | 465 | 545 P_o‘zes 2-88
q 43310 485 | 5.7 025 2'8b
93 4-83:2___ 505 | 595 | 024 | 2:86g |
10 483514 525 | &2 | o231 | 287

(axx)



wt. tube = 4,.3842g

Purple Cobalt(II) & 2,2'-Oxydibenzoate

wt. sample = 0.8472g

WT. OF TUBE

WT. G.mnl

wt. tube = 4,384

2g wt. sample = 0.8531g

Cui}:EHT % SamePLE o F+d ﬁ X
AMPERES | FIELD ON (mg) (mg)) .
0 5-2314-
5 5-2770 456 | 461 | 0-u75 | 25-88
5z 52834 52:0 | 52:5 | Oyt | 25-7]
o 5-28695 58-I ?&7 0-3735 | 25-9|
bz 5-2950 636 | bu-2 0-34 | 2579
7 5.2998 68 L 691 0-3I5 25:72
i 5:3046 732 | 739 | 0295 | 2576
8 5- 309y 78-0 78-8 0278 | 25.8%
81 | 52136 | 322 | 830 | 0263 | 25.79
5:-3175 - 36-1 870 026 | 2570
3 53215 qo:1 | 91r0 | 024 | 25-81
10 5-324b 1532 | gz | o238 | 2547

ool S R

AMPERES | FiELD ON (mg) (ma) :
0 5-2313
D 52836 ko3 | 468 | 0475 2608
5z 5- 2904 | 53°) | 536 | o-wuu | 26-06
b 5.2965 59-2 | 59:8 | 03735 2'b-z:
6% 5.503@ b6 652 0:3% | 260l
Z 5.3067 4.4 | 70] | 05 | 25.9)
7% 5. 35115 792 | %9 | 0-295 25-95.
) 5-3lbl 78-8 | 79:6 0-278 | 25-.97
8L 653207 | 854 | 842 0-263 | 2599
q 5-%24% | 87.5 | 8%3 | 025 | 25:9)
9% 5.32985 Q.2 921 O-24 | 2594
10 5.3320 | 947 | 957 | 023 |25-94

(9XX)



wt. tube = 4.5842g

Blue Cobalt & 2,2'-Oxydibenzoate

wt. sample = 0,.7911g

WT. OF TUBE

WT. G.ﬂlﬂ

'Wto tube = 4038428

wt. sample = 0.8930g

CUEEENT & SAMPLE F F"'s #) 'X

MreteS | Fietplion (mg) | Img) :
0 811853
5 5.-2251 49-9 | 5025 | 0-475 | 30-20
Hi 5.2322 56:9 | 5674 | owu- | 010
b 5.-2386 L33 &’3-65 0-3735 | 30-18
b1 5 2448 69:5 | 70 034 | 30:1b
T: 5.2603% 750 | 71565 | 0215 | B0ub
13 5-2554 | 801 | 808 | 0295 | 30:1b
g 52604 851 | 85:85| ov178 | 30-20
8% 52649 | 896 | 904 | 0263 | 3008
G 5.2694 | 941 |9%-95| 0.25 | 3004
91 5-273b | 98-4 | 99-2 | 024 | 3013
|0 52767 10]. 4 | 102- 35| 023 29- 92

CuR'EENT . ::M:‘:gﬁ ur.:am Fef ’ X
AMPERES FIELD ON (mg) (m%\
0 52772
5 5:3315 553 | 5475 | 05715 | 2945
5% 523389 | 61-7 | 622 | 0.4 | 2889
b 53460 688 | 69-35 | 0-3735| 2903
b% 53525 250 | 15:7 | 034 | 2885
4 5 3585 8l+] | 8175 | 035 | 28-%6
7 i 53641 | 869 | 876 | 0295 | 28-q7
8 5 3692 | 92-0 [ 92-75| 0-278 | 28:90
33 5374 | 96-9 | 9727 | 0-263 | 28-80
Q 5.219] 101-9 [102.75] (25 | 28 79
q 3 5-3838 1066 | 107T-5 | 0-24 28-92
10 55872 110:0 | 110 G5 | 0-23) | 2873

(pxx)



Blue Cobalt(II) & 2,2'-Oxydibenzoate

wt. tube = 4.3842g wt. sample = 0.7914g wt. tube = 4.3842¢g wt. sample = 0,7961g
CU?EENT \';‘fsiFM::-u:E HT'FG.’"I F'I' 3 # X - CuR:EHT H&T' ::n::zi “T'FGAN F+ 8‘ ’8 X
AMPERES | FiE1p ON (mg) (me) . AMPERES | FiELD ON (mg) tron) :
0 51756 0 5%805
5 5-2250 49-4- | 49-85 | o475 | 29-95 5 5-2309 506 | 5/-05 0475 | 0-49
5% 5.2523 | 56-7 | 57.2 | 0wt | 29.98 53 523580 577 | 582 | o-u4lul | 30.33
6 52381 62:5 | 63:05 | 03755 | 29-79 b 52451 6b'8 | 65-35 | 03135 30-69 el
bz 5-2446 b9.-0 | 696 034 | 29:93 bz 52511 70-8 | T4 o34 | 30:53 §
=T o 5 24% 7402 | 7485 | 035 | 29 @2 7 52563 76-0 | 7665 | 0:315 | 30-3b .
it 5:255) 79-5 | 80:2 0295 | 29:93 7% 5-2616 3)-3 32:0 | 0-295 50-42:
3 5-254| 835 | 8425 | 0278 | 29:63 3 5.2668 86:5 | 8725 | 0278 | 30:50
e 52640 | 884 | 892 | 0.263 | 29-67 g% 52717, Q-4 | 922 | 0263 | 3049
q 5-2682 92-6 | 9345 | 025 | 29:55 9 5:2758 95-5 | 96-35 | 025 | 30-29
Gz 5-2730 a7-4 | 983 0-24- | 29-84 Qs 52803 100:0 | 100-9 | 0-24% | 30-45
10 S5-2775 ol-7 {10265} 025} |RYNY 10 52839 1056 [1o4-55| 0-231 | 30-37




Iron(III) & 2,2'-Oxydibenzoate

wt. tube = 4.4524.¢  wt. sample = 0.3710.8 vt. tube = 4.4524.8 wt. sample = 0.369758

cumer | TR | Ee | |y it | RE (e | X
AMPERES FIELD ON (ma) (ma,} . AMPERES F:ELD ON (mng) (N&‘ )B _
O 48235 0O 4-5222
5 4-8321g 369 | §.) 0-475 | 11172 5 4-83125 | 9-05 96 0475 | 12:3b
5% 4-8335 | 1000 | 105 | o-wimwy | 11-79 5% 483245 | 10:25 | 10°75 | Owrpy | 12:07
b L83 Lb e 65 | 03735 | 1-79 b 48336 -4 | 1-95 |o3735 | 12-10
bz 48356 V2 4 Rk 034 | 11-70 b% 4 834bg | 1245 | 13085 03 | 1203
i/ L3366 13:01 | 1375 | 0315 | 1174 ¥ i 4-§556 134 | 1405 | 5.315 | 11-995
T4 4 8375 -0 | 17 | o0-295 | 11-75 g 8" L8365 W3 | 150 | 0295 | 1/-99
3 L8383 -8 |15:55 | 0-278 | 11-72 o) L3374 15:2 | 1595 | 0278 | 12.02
8% k- 83qlg | 1565 | 16:45 | 0:263 | 11173 8 = 48382 (60 68 | 0263 1-9%
9 833985 | 16:35 | 172 0:25 | 1l'bb q 4L 8590 16:8 |[17-65 0:25 | 1196
q % L8407 172 18/ o2 | 1775 gz L8397 17-5 184 | 0-24 | n-97
|10 L 841D 178 | 18-75 | 0-231 | V- Ty 10 b BuO4go | 18-25| 19-2 | 0-221 | 12:02

(1xx)



: ' Iron(III) & 2,2'-Oxydibenzoate

wt. tube = 4.4522g wt. sample = 0,3865g wt. tube = 4.4522g wt. sample = 0.396153
ST | Womare || Fes U e Ceme M| Fes o

AMPERES | FELD ON (ma) (mg) . AMPERES | FiELD ON (mg) (ma)

0 48387 0 L8483 4

5 L -8l465 7.8 | 825 | o475 | 10:-20 5 485655 | 82 B-65 | 0475 | 10-434
5 5 4-84Tbg | 8:95 | Q.45 | 04144 | 10:20 5% 485775 | 9-4 | 9-9 |oyiuy | 10-42
6 L' 3498 10| |9-65 0:3735 | 10* 36 b 4L-83589 10-85 1) 0-3735| 10°53
bz 4 8LQ8 T A T e S T 64 peasas o o | 12:0 | o3 | 10-36
Sy L 4.3507 12:0 |12'65 [ 0:315 |10-374 {8 4:86075 | 12:4 |13:05 | 0:315 | 1044
1% L8515 12:8 | 135 | 0-2a5 | 10.37 7% 48615 13:15 | 13:85 | 0295 | 10-38
8 48523 | 136 | 1435 | 0-278 | 10-39 8 86235 | 140 [ 175 | 0278 | 10 1|

8% 4853 gt | 15:2 | 0263 | 1044 8% 48631 |75 | 15:85 | 0265 | 10.39
g 48538 151 |15:95 | 0.25 | 10:38 @] L+ 8638 1545 | 1663 | 0-25 | 10:35

93 L 854ty 157 | lb-6 0-24 [10:-37 Q3 Y-+ 3645 615 | 17.05 | 024 | 1039

10 L-8550 16-3 VIT7-25 | 62281 { 10:357 10 4865 16:75 | 17-7 | 0.23) |10-3q

(5xx)



wt. tube = 4.6803g

Brown crystals with Golden Sheen from (NH4)2.SO

wt. sample = 0,5240g

CURRENT

WT. OF TuBE

HT. Gl

4

FeS0

wt. tube = 4.6803%g

wt. sample = 0,9130g

4 & 2,2'-0Oxydibenzoate

% SampLE Fe®
“H‘::"ES FIELD ON (Eag (mg) ﬁ> X

0 5.204.3

5 52181 138 | 1405 0.47 | 12-bb
=4 5.2196 155 1595 | owss | 12:63
6 52215 72 |1742¢ | 0382 | 12:76
6% 5.22275 | 18-w5 18675 |0-3525 | 12. 62
iz 52242 19:9 | 20125 0-3256 | 1256
% 52255 | 2102 | 204 | 0306 | 1255
3 522695 | 22:65| 22:85 | 0-288 | 12-6!
g % 5.2280 257 | 23:9 | 0275 18260
qQ 52295 " | 252 | 25:375[0°2608 | 12684
q% 5.2508 5 | 26:55 | 26'725| 0-2614 | 1288
|10 5:2315 27:2 |27-375| 0-2415 | 12:67

EE e e | |

MPERES | FIELD ON | (ng) | (mg)

O 55933

5 5-blo8s |2353| 238 | oy7 | 1228
5% 561975 | 2605 | 267 |o0-4185 | 12:27
6 56225 29-2 | 29-425| 0-382 | 12:34
6% | 56249 | 316 |31-825| 03525 12-32
7 562745 |34-15 |34-375|0-3256 | 12:2

7z 52975 | 36:45 | 3665 | 0-30b | 12-314
B 56319 | 386 | 388 |o0288 |12:27
83 5:63395 | 40:65 | 40-85 | 0-275 | 12-34
9 56559 426 |42:775| 02608 [ 12:25
9% 56378 | 445 |up-675| 025m| 123>
10 56395 | kb2 |4b37g| 02415 | 12:30

(uxx)



Brown crystals with Golden Sheen from (NH4)2.SO4.FeSO & 2,2'-0Oxydibenzoate

. 4
wt. tube = 5.21608 wt. sample = 0.9166g wt., tube = 5.2160g  wt. sample = 0,3153g
cumon | RS o R e R P
AMPERES | FieLp ON (ma) (me) ; AMPERES | FIELD ON (mg) (may
0 b 1326 0 5-5515
5 61561 2535 | 237 | 048 | 12:04 5 5. 5543 285 | 2575 | o-u7 | 1515
5% 6- 1541 26-5 | 267 | o-u285| |2.51 o 5-5513 26:0 | 26-25 | 0-4185 | 12-94
b b 1623 29-7 ?Q-Q 0:38b 12:62 b 55602 2%-9 2‘?-_|25 0 382 l\’:;—H 2
6% b 16175 | 3215 | 32:325| 0353 | 12.48 : bz 556275 | 30-45 3067, | 03525 | 12:74 E_
7 b-lb;75 Su7 | 875 | 0326 | 14D, 7 5:5651 338 | 34025 | 03256 | 13-05 . i
1% bl6qb 370 | 37175 | 0306 | 1244 7% 55674 3b-! 363 0- 306 :z—fiq‘
o) b1719¢ 39-35 | 395 | 029 | 12-583 B 556955 | 3825 | 3845 | 0-288 | 3-05
a4 b-174 1 k15 | 41-65 | 0275 |12-53 3% 55718 405 | 407 | 0275 | 1319
q b 1762 6 (4375 | 026 | 12-414 9 55737 | w24 | 42:575| 02608 | 1308
Q% b-178) 455 |u8-b25| 025 |12:47, gz 5:57545 | 4415 | 44325 0- 25| 1313
10 61797 471 41225 | 0-24 | 1240 10 557715 | 1385 | 4b 025 | 02415 1309 5




wt.

= 4-3188 &

Copper(II) & 3,3'-Thiodipropionate

tube 5 wt. sample = 0.9169
CURENT | Y g | " | P 5 [\
AMPERES FIELD ON (ma) (ma,) 3

O 5:238574

5 52414-58 | 57 | 615 | 0475 | 3:16

5% 52422 | b45 | 6:95 |owwmuu | B-1i

6 5-2u.2%5 | 7l "7 b5 |o0-3735 | 3.09
bz 52435 | 77 8.3 0:34 | 3-05
) 5»21;-@-05 23 |8:95 |o35 |3 05
vl 5-2u46 | 885 | 955 | 0.295 | 3-0k5
3 5245/ | Q4 | 1015 | 0278 | 3-05
3z 5.2457 | 995 [10-75 | 0:263 | 3:06
a 5.246lg | 100 | W25 | 025 | 304
Q% 524655 | 10:8 | 11:7 | 024 | 303,
10 5:24-70 | 11-25 | 1I2:2 | 0231 | 3:05

wt. tube = 4.318855; wt., sample = 0.959456
CuR:su't "‘J : ::”:::‘- NtFGAM Fe§ p X
AMPeRes | FIELD ON | (.9 (mg)

O 52763

5 5:-28424 | 5-95 o 4 0u1s | B4
5% 5-2848 65 7.0 |owwy | 3.0
o 52856 73 | 785 |o3135 | 3.0%
6% 5.28625 | 7-95 | 855 | 031 | 3-0
74 5-2869 86 |9:25 035 | 30
i 5-2875 | §.2 | 9:9 |0295 | 3-02
B 5298 Q-8 |10:55 | 0-278 | 3:03
]z 5.28865 | 10035 | 11115 | 0263 | 303
9 5:28G15 | 1085 | 1117 025 | 302
OF- 5.2% 3 |12:2 | 024 | 302
10 524 1H& [12:75 | 0-23) | 304

(Fxx)



wt. sample = 0.9714g

CoppertII ) & 3,3'=Thiodipropionate

Cu:‘z:em ur. O Tuse u-ri:c{md Fvs 5 '){
AMPERES | FiIELD ON (ma) (mg) :
O 542565
5 542955 | 59 | 635 | 0475 | 313
5% 5. 4304 | 675 | 725 |ouigy | 3.2
6 5 431l g 75 805 | 03735 | 3:12
b3 54319 3-25 | 885 | 034 | 392
I 54325l 8% (945 | 0035 | 309
1% 5 4.33] Q45 | 1015 | 0.295 | 31|
3 5-4337 | 1005 | 1008 | 0-278 | 312
3 = 54342 | 10:55 | 1-35 | 0263 | 3-10
q 553475 | Ul | 1495 | o.25 | 3:10
Q3 54352 | 155 [12.45 | ¢.2 =10
10 543565 | 120 112:95 | 0-231 | 3-1)

wt. sample = 0'935458

CUR::E"T “:’::n:::i “:""' F+§ 2 Y\

MMPERES | FIELD ON | (o) | (mg)
0 5.3877
5 5:3935 53 625 | 0475 | &- 20
5% 5-394-3 b-b 71 O nitsy | 317
(=) 5:39%804 | 735 79 0-3735 | 3-18
bt 5:3957 80 | 8:6 03y | 3:15
7 53963 |86 |925 |0315 | 31t
74 5:3969 9-2 | 99 | 0295|315
S 5:39745 | 975 | 1005 | 0278 | 3:15
Ts 5.3079g | 10:25 | 11105 | 0-263 | 313%
g 539845 | 10:75 | 16 0:25 | 313
93 5-3989 -2 120 | 024 | 593
10 539955 | 1'65 | 126 | 023 | 3 1

(o1xx)
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