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Editorial

THE BACK PAGE

One of the obvious problems in editing a journal such as
this is that of getting sufficient material of the right sort.
Less obvious, perhaps, is the time at which the material is
received. With two-monthly publication, it is difficult to
publish topical material, particularly as the normal produc-
tion period is about six weeks. Like any other publication,
such as a newspaper, there are deadlines to meet. Publishers
and printers must fit the Journal into a publishing complex,
and the normal closing date for copy is the 1st of the month
preceding publication. However, unlike a newspaper, pro-
cessing of a technical publication involves such features as
submitting proofs to authors which use up a considerable
part of the production period. Thus, material which just
misses a deadline may be denied publication for nearly
three months.

In an attempt to overcome this difficulty in some degree,
arrangements have been made to reserve space for late
announcements, such as notices of meetings, overseas con-
gresses, or position vacancies with a set date for application.
Such notices will be accepted up to three weeks after the
normal closing date. Although it will not always be required
(as in this issue) the final page of the Journal will be used
when necessary to cope with this material.

Thus the last page could well merit your early attention.
It could include something of importance which requires
immediate action.

33
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THE CHEMICAL BASIS OF HEREDITY

R. E. . MATTHEWS
Microbiology Departiment, University of Auckland

Nearly all organisms begin life as a single cell — the
fertilized egg. The two most basic questions in biology are:
(1) In what form is all the information needed to specify
the adult organism packed into the fertilized egg? (2) How
is this information used in cell division to produce new
cells, and ultimately the completed adult? This is a very
complex problem in organisms such as higher plants and
animals where there is a very large number of different
types of cells, serving different functions and crganized into
characteristic tissues and organs.

If we are prepared to discard statements like “a spirit
enters the seed and guides it” as being merely a play with
words, we must look for an explanation in terms of chemis-
try and physics. Biologists have been interested in thesc
problems for a long time but it is only during the last 15
years that real progress has been made. New technigues
drawn from various branches of physics and chemistry have
made new kinds of experimentation possible. Biologists
have sought and used relatively simple biological systems
such as bacteria and viruses that have allowed one aspect
of the problem at a time to be brousht under control and
investigated. We now have a fairly clear answer to the first
question noted above, and rapid progress is being made
with the second.

This explosive growth of new knowledge has led to the
emergence of a new branch of science known as Molecular
Biology. The study of Molecular Biology is not only giving
us a clear understanding of the chemical basis of heredity,
but is also throwing new light on many biological pheno-
mena of great practical importance such as virus disease.
cancer, the ageing process, the mechanism of action of
drugs, and the effects of radiation on living material.

S17E RANGE TO BE CONSIDERED

In thinking about these problems, it is important to try
to form some idea of the relative sizes of the objects being
examined and discussed. Some approximate representative
sizes are listed in Table 1. This table gives linear dimensions.
The actual volume occupied will, of course, be voughly the
cube of the linear dimension given, so that in terms of
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volume the size range covered is very large indeed. To take
an over-simplified example, if a protein molecuie were a
cube one millimicron in each dimension, and a bacterium
were a cube one micron in each dimension, then
1,000,000,000 protein molecules could ft into the space
occupied by the bacterium.

TasrLE 1: Linear Dimensions of Various Biological
Objects of Interest

Size Unit Fraction of Example Size Ranges, and
aMetre Instruments or
Techniques used
for Study
metre 10 man
decimeter 10— rat macroscopic
centimeter 10— snail (unaided human
millimeter 10—~ smail insect eve)
— 10— giant nerve cell
— 10-* average cell
large chromc»] nicroscopic
sorne {light micro-
micron (u) 0~ chromosomes, { scope, electron
) bacteria microscope)
— 10— mitochondria
—_ 10— viruses, cofloidal
ribosomes molecular and
millimicron 10-* protein atomic
C{mg) molecules (electron micro-
Angstrom (A} 10— distances scope, X-ray
between atoms | crystallography,
in organic techniques of
molecules organic chemis-

try, biochemis-
try and genetics)

MoLEcULAR BroLocy

Molecular biology is the study of the structure, function
and interrelationships between large molecules and mole-
cular aggregates in living material. The major classes of
large molecules in cells are carbohydrates, fats, deoxyribo-
nucleic acids (DNA), ribonucleic acids (RNA) and proteins.
Carbohydrates and fats are primarily involved in the storage
of energy or in the structural properties of cells. The nucleic
acids and the proteins are of fundamental importance in
the replication of cells and organisms, aud it is the study of
these classes of molecule that constitutes the “hard core”
of the subject of molecular biology.
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The study of genetics, which began about seventy years
ago, showed by breeding experiments that: (1) The heredity
material is made up of discrete unit characters or “genes” ;
(2) these genes are located in the chromosomes -— small
bodies that can be seen in the nucleus of a cell, using light
microscopy; (3) the various genes are arranged in a
definite linear order along the chromosomes.

It had been known for a long time that all or almost all
the DNA in cells was located in the chromosomes of the
nucleus. DNA was implicated in a vague way, combined
with protein in the form of deoxyribonucleoprotein, as the
physical carrier of the genetic information.

Twenty years ago a group of American biologists isolated
purified DNA from one particular type of pneumococcus, a
bacterium that causes pneumonia. By adding this DNA to
pneumococci of another type they were able to transform
them into the first type, with respect to a particular well-
defined genetic character, the nature of the polysaccharide
capsule surrounding each bacterium. Since then, it has been
established beyond doubt that DNA is the material that
carries the genetic information in all cells.

THE STRUCTURE oF DNA

DNA is a very long, thread-like molecule made up of
phosphoric acid, a sugar, and four organic bases. The sugar
(which is deoxyribose) and the phosphate molecules are
joined together in an alternating fashion to form a regular
backbone for the molecule:

sugar sugar sugar
-~ e -~ s -~

phosphate phosphate phosphate

To each of the sugar molecules is joined one of the four
organic bases:

base baise ' _b'alse
f ,
sugar sugar sugar
-~ s -~ ~ -
phosphate phosphate phosphate

The four organic bases in DNA are called adenine (A),
guanine (G), cytosine (C) and thymine (T).
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STrRUCTURAL COMPONENTS OF DNA

OH HOCH, o . H
: 2N
. _ c C
R S T N A
| H N I/OH
] OH H o
Phosphoric acid . Deoxvribose
) Organic Bases o
Purines Pyrimidines
. ' . 0
1" g e 1
o CH
N’C\c /N\ HN/C\C/N\ I e Y
AT E B T < I N W N
LY AN o Ny 07 S
N H o HN H H
Adenine Guanine Cytosine Thymine

DNA molecules may be very long indeed. The entire
genetic material of the bacterium Escherichia coli has
recently been shown to be in one piece about 500« long
containing about 4,000,000 bases arranged in two strands
as described below.

The sugar-phosphate backbone of all organisms is the
same. It is the sequence of the bases along the DNA that
gives each organism its unigue genetic material.

How poEs DNA REPRODUCE ITSELF?

The most basic requirement for genetic material is that it
should be able to reproduce itself exactly, or nearly exactly,
so that the information can be carried correctly from cell
to cell and from parent to progeny, without the need for
outside guidance and without being influenced to any
significant extent by environmental factors. DNA has two
features which make such self-replication possible. First,
the molecule is a double-stranded structure in which two of
the phosphate-sugar strands with their attached bases lie
side by side. |

: b
sug[a r — base basc — sulgar
P P
sug[ar — base ) base — sﬁgaf
P o P
suglar — base . base — sugar

| I



38 fournal of the New Zealand Institute of Chemistry -

The two strands are in fact twisted together into a double
helix, but this aspect of the structure need not concern us
at present. The second vital feature is that the pairs of bases
in the double structure lie close together, and because of
their detailed chemistry only two kinds of pairs of bases are
possible. Adenine (A} in one chain can pair with thymine
(T) in the other, and guanine (G) can pair with cytosine
(C). This specific pairing takes place through the formation
of a weak type of chemical bond called the hydrogen bond.
Two hydrogen bonds can form between A and T and three
between G and C. No other combinations are normally
possible so we get the following kind of structure (dashes
indicate the hydrogen bonds):

sugar-— A —__ -~ T  sugar

I i

P P

! I
sugar—G _——— C — Sugar

I I

P P

I !
sugar—C _—— G — sugar

| I

P P

I I
sugar — C —_—_— G — sugar

| I

P P

f I
sugar—T - A —sugar

When the genetic material replicates itself in preparation
for cell division the two strands come apart. Each basc in
the two strands then atiracts to itself the appropriate hydro-
gen bonding partner from the supply available in the cell.
(The “free” bases are already attacIIIed to a single sugar-
phosphate unit.) Thus for the two sections of the double
strand set out above, we get after one cycle of replication:
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old new new cld
strand strand strand strand

sugar—A — —|— —T —sugar sugar—A— —|— — T —sugar

| | | |

P P P P

| I | I
sugar — G — —|— —C—sugar sugir—G— —|— — C—supar

I E | : I

P P P : P

| I f I
sugar —C — —|— —G—sugar sugar—C— —|— — G —sugar

| | ! I

P p P P

| I | I
sugar —C — —|— =~ G—sugar supar— C— —[— — G —sugur

| ! | I

P P P P

I ! I J
sugat — T — —|— —-A—-suFar su;fur—T— -—l— — A —sugar

Thus two new double strands are formed, each identical
with the parent double strand and each containing one of
the strands from the parent in an intact state. This method
for the replication of DNA, which was put forward by
Watson and Crick in 1953 as a theory, has since beén amply
confirmed by experiment. _—
THE STRUCTURE AND FUNCTION OF PROTEINS

In their fundamental structure proteins are also long |

thread-like molecules with a regularly repeating backbone
structure, but with 20 possible different building blocks, .
compared with the four bases in DNA. These twenty build: .
ing units of proteins are the amino acids which have the

following general structure:

i
a—dlcoon

" NH. Coe e

The R-- here stands for any one of 20 different chemical
groupings corresponding to the 20 amino acids. The 20
groups vary widely in their complexity, size and chemical
properties.
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Thus for example R=H gives the simplest amino acid,

glycine: Y
H—C—COOH
e ' ) NH2
TR S
. L e HaN
: . ‘whileR = 3TN C—NH CHy CHy iy —
KNS

gives the much larger, f

- : : 2. ~ I
basic amino ac1d, arginine HN’C-NH CH2CH2CH2—T—COOH
NH2

In proteins the —NH. group of one amino acid is joined to
the — COOH group of the next in a strong chemical bond to
give the regular backbone structure:

R

f
c H ¢
NH H\co’N el

Q

—————Em e ——— _./...-.-_

Z
s
Ty
2]
,O

D=0

...n...--......_-\-..--_

e Amino  Amino Amino
Y SRR acid acid acid

The chain of a protein may be twisted and folded in
various ways to give the final functional molecule, but this
secondary structure is dependent in the first place on the
sequence of amino acids in the chain. Some proteins carry
out protective, structural, or other special functions for the
organism such as those of hair, wool, skin and silk. How-
ever, the most important proteins are those which are
enzymes, Every cell contains a large number of different
enzymes which are the catalysts that allow all the specific
chemical reactions in the cell to take place — enzymes for
the breakdown and synthesis of sugars, for the manufacture
of amino acids and hundreds of other reactions necessary
in the metabolism of the cell. Differences between different
cells reside in the different sets of enzymes the possess,
Thus we can now reword the question, “Tn what form is all
the information needed to specify the adult organism,
packed into the fertilized egg?” and ask: “How does DNA
contain the information for the synthesis of specific
proteins?”
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THE GENETIC CODE’

The specificity of DNA lies in a sequence of four bases,
while the specificity of proteins depends on a sequence of
amino acids — there being twenty to choose from. The
problem of the genetic code has been reduced to the ques-
tion: “How can four letters (G, A, C, T) be used to code
for 20 different words (amino acids)?” After a great deal of
theoretical speculation and a number of most elegant
experiments, it now seems almost certain that the genetic
code has the following properties:

{1) Itisuniversal from viruses toc man.

{2) A triplet of bases in DNA codes for one amino acid in a
protein,

(3) Triplets for neighbouring amino acids are adjacent and
do not overlap. '

(4) There are no bases functioning as “commas’ between
adjacent triplets.

(5) The code for each protein is read in one direction from
a fixed starting point in the DNA chain.

(6) During the reading of the code it is probable that only
one of the pair of DNA strands is used.

Expressed diagrammatically:
DNA  GAT CCA ATT AGT ————

LY N N S ——

Protein AA, AA. AA. AA, — ———

There are 64 possible triplets of 3 bases from a collection
of 4, but only 20 amino acids. It has been possible to
determine the actual triplets with fair certainty for most
of the amino acids. One feature which is somewhat puzzling
at present is that, for some amino acids at least, more than
one triplet or bases can be used as the code-word.

THE NATURE OF MUTATION:

Geneticists have known for a long time that the genetic
material is not entirely constant — that mutations or step-
wise changes can take place. It'is now clear that the funda-
mental unit of change in the genetic material is the base
pair in the DNA. If for anv reason — such as the action
of a chemical mutagen or of radiation — a mistake should
occur in base pairing during one¢ cycle of DNA replication,
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then in one of the progeny lines the DNA will contain an
altered base pair. Two cycles of DNA replication giving rise
to such a mutation can be illustrated schematically as fol-
lows (the mutant bases are in bo]d type):

“L.Pareni DNA G:Cx i
i AT 1 !
TA o
T A -
CG ‘
G C GC
AT AT
TG + TA First
TA TA Generation
CG CG
GC GC < G C GC
Second AT AT AT AT
Generation TA + C G TA + TA
TA T A TA TA
CG CG cCG CG
NormAL  MUTANT NORMAL NoRMAL

This altered base pair will change the triplet of bases in
which it occurs and may thus lead to a protein with one
amino acid replaced by another at one particular place in
the molecule, If this change was in a critical part of the
protein molecule, it could lead to an altered or deficient
enzyme. An example of this with human haemoglobin is
discussed later. It is believed that mutation may also occur
by addition or deletion of a base pair in the double-stranded
DNA: This would lead to misreading of all the triplets in
the code beyond the point of addition or deletion. N

THE RoLE oF RNA

It has been known for some time that much of the protein
synthesized in a cell is made in the cytoplasm, not in the
nucleus where the DNA is located. How is the coded inform-
ation in DNA actually used in the synthesis of proteins? It
is here that RNA is important. RNA has a structure basically
like that of DNA — a regular backbone of sugar and phos-
phate — the sugar being ribose instead of deoxyribose.
Three of the four bases are the same (adenine, guanine and
cytosine)} but uracil replaces thymine.
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" " m o 7 H
StTRUCTURAL COMPONENTS OF RNA HOTH;’/C’\(I:
{a) Phosphoric acid k’i 'i/(lm
(b) Ribose L '™

Ribose °
(¢) Organic Bases <"3
Purines: Adenine and Guanine HN/C\CH
Pyrimidines: Cystosine i I
and Uracit C CH
Uracil  © \E/

- RNA has a much shorter molecule than DNA and is
chemically less stable. The first direct evidence that RNA
was important in the synthesis of proteins came from the
study of certain viruses attacking plants. These consist of
only the bare essentials necessary for self-replicating entities
— a core of RNA surrounded by a protective coat of protein,

“In 1956 it was shown that the RNA of tobacco mosaic
virus could be stripped of its protein coat under mild
conditions and that such RNA by itself was capable of
initiating new infections that led to the production of new
virus particles complete with the normal protein coat. This
was the first evidence demonstrating that at least some
kinds of RNA, like DNA, could carry the code for the
synthesis of protein.

In cells three major classes of RNA can now be dis-
tinguished. They all have the same basic structure but serve
difterent functions in the process of protein synthesis. The
RNA classes are known as ribosomal RNA, messenger RNA
and-transfer RNA,

The synthesis of cellular RNA is controlled by DNA by
a base-pairing mechanism similar to that involved in the
replication of the DNA itself. In RNA synthesis one strand
of the DNA acts as a template and the bases for RNA
(already attached to ribose and phosphate) are lined up
along the DNA according to the base-pairing specificity:

DNA RNA
Bases Bases
Adenine - Uracil
C Guanine _——— Cytosine
Thymine - Adenine

Cytosine Guanine

L1l
I
[
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Ribosomal RNA makes up about 70 to 80% of the total RNA
of the cell. Its DNA template forms a very small proportion
of the total DNA of the cell. Ribosomal RNA occurs in small
bodies known as ribosomes which consist roughly of a
50/50 mixture of protein and RNA. Very large numbers of
ribsomes occur in the cytoplasm of cells. They are the sites
where new proteins are synthesized. At least in some types
of cell the ribosome is a non-specific body and can function
in the synthesis of many different kinds of protein. The role
of the ribosomal RNA in this process is not yet understood.

Messenger RNA. Messenger RNAs are copies, in RNA form,
of stretches of the DNA that code for a particular protein.
Thus, if a particular protein had 100 amino ~cids in its
structure, we would expect its messenger RNA to have 300
bases. Since there.are hundreds .of different proteins in
a cell, it is thought that,a good proportion of the DNA of
the cell is concerned.;with the production of messenger
RNA. It has recently been calculated that the DNA com-
plement of a human cell must contain enough information
for the coding of between 60,000 and 6,000,000 different
proteins of average size. In the mature organism cells in
different tissues have specialized..functions and produce
different proteins. Thus not all. the, DNA in any particular.
cell is making messenger RNA. During protein synthesis
messenger RNA becomes bound to the ribosomes.

Transfer RNA. There are at least 20 different transfer RNAs,
ong for éach of the amino acids. Some amino acids associ-_
ate, with more than one transfer RNA (up to five) for
reasons not yet clearly understood. A small proportion of
the DNA is involved in the production of these amino-acid-
spegific transfer RNAs. These RNAs are much smaller than.
the other kinds. They contain onlv about 80 bases. Their’
detailed structure js not well known, but their function has
been established. They pick up, free amino acids in the
cytoplasm and 'bring them ‘to the site of protein synthesis
at the ribosomé. Here they recognize in some way the triplet
of bases in messenger RNA that codes for’the particular
amino acid they carry. Thus each transfer RNA probably
has two specific “recognition” sites — one for the specific
amino acid which it picks up from solution (with the aid of
a specific enzyme) and another for recognizing the appro-
priate triplet of bases in messenger RNA.

Polyribosomes. About two years ago it was discovered that
more than one ribosome can become attached at once to
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one piece of messenger RNA. Such a collection of ribosomes
(often about Ave) on one strand of messenger RNA is
known as a polyribosome. This makes the process of protein
synthesis much more efficient since more than one protein
strand can be being made at once on the same piece of
-messenger RNA. The details of the chemical events that
-occur at or near the surface of the ribosome as it is moved
with respect to the messenger RNA, and as the transfer
RNAs bring their appropriate amino acids to the ends of
the growing protein chains, are not at all well understood
at present.

The polyribosome can be represented schematically as
follows {the transfer RNAs are not shown):

Growing chain of -

amino celds o
L
‘."'. ! Fras ribosome
; ,! .-
. s
: [ e’
Yol .
. .
\ “an -K : :|
Completed
A .
Massenger RN prolein chainy

Thus, although there are many important problems of
chemical detail to be solved, the general way in which the
genetic information is stored, replicated in cell division,
and used to make specific proteins is now fairly well
understood.

Fres ribosome

%/

THE REGULATION OF CELL GROWTH

The major problem that remains is the question of the
regulation of cell growth. How do cells grow in a controlled
way and adapt themselves chemically and morphologically
to their environment? How is the same complement of DNA
in different parts of an organism during embryonic life
used to produce the wide variety of cells and tissues found
in the adult organism?

The details of these processes are far from being fully
understood but rapid progress is being made. In particular,
a most fruitful theory was put forward by two French
biologists, Jacob and Monod, about four years ago. They
postulated that there exist in the DNA two kinds of gene —
structural genes and regulatory genes. A structural gene is
the sort already discussed —a stretch of the DNA that
codes for the amino acid sequence in a particular enzyme
or structural protein. When the cell requires this protein,
copies of the DNA are made in messenger RNA form which
are then used to specify the protein. A regulatory gene,
according to the theory of Jacob and Monod, is another
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stretch of DNA which codes for the production of a
repressor. The chemical nature of repressors is not estab-
lished but there is some evidence that repressors may
themselves be proteins.

The repressor is able to combine with and block the
action of a section of the DNA called the operator. The
operator is assumed to be the first part of the DNA of the
sructural gene that is used in transcription, or to be next
to it in the same DNA strand.

Whether or not. the repressor blocks transcription is
determined by substances of small molecular weight called
effectors. Some effectors activate the repressor leading to
the repression of synthesis of the particular protein. Qther
effectors may inactivate a repressor allowing protein syn-
thesis that was previously blocked to proceed.

Put schematically:

For repression of enzyme synthesis:

Requlatery Gene Structural Gene
| B AR

uuuuuuu

\ Aava
Raprassar ﬂtfnuur No messenger RHA
ocilraled by dgde amd Aherefors
Eftvctor no prolein yymhesis
Effactor

For induction of enzyme synthesis:

Regulatory Gene Structural Gene
. QOperator i

\ R, AR j
AT ke
Reprerror remaving Its «itect

h opcrator,
pe Messenger RNA

s mods and proteip
/ yrhenis beging,

Ertsctar

There are two most important points about the small
molecules in this scheme, the effectors. First, there is no
necessary structural relationship between the effector and
any part of the protein whose manufacture it can repress
or induce. Secondly, effectors can originate either internally
within the cell as a product of the cell’s own metabolism or
they can be absorbed by the cell from its surrounding
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medium. Thus through this mechanism cells can adapt to
changes in either their internal or external chemical
environment. The stretch of DNA that codes for a single
protein is known as a cistron. Jacob and Monod termed
a cistron or group of cistrons, controlled by one operator,
an operon. In many cases, the cistrons in the DNA that
code for a series of enzymes that catalyse related biochemi-
cal reactions, occur one after the other along the DNA and
are under the control of a single operator. In this way it is
possible for a single small molecule (the effector) to turn
on (or off) a whole sequence of biochemical steps in the
synthetic or degradative machinery of the cell.

The basic theory of Jacob and Monod which was put
forward on the basis of experiments with micro-organisms,
is undergoing continuing revision and refinement. It will
undoubtedly play a major part in unravelling in chemical
terms the problems of embryology and development.

“APPLICATIONS” OF MOLECULAR B10LOGY

The description of the most fundamental processes of
living material in chemical terms, as outlined above, is
making it possible to take a fresh look at many important
biological phenomena. Only a few examples can be briefly
mentioned here.

Viruses cause important diseases in man, animals and
plants. New insight is being obtained into the way the viral
DNA or RNA takes over the synthetic machinery of the cell
and dictates the replication of more virus particles.

The mechanism of action of drugs is coming to be under-
stood in detailed chemical terms. For example, the potent
antibiotic actinomycin D acts by binding specifically with
the guanine bases in DNA. This prevents DNA-dependent
RNA synthesis — i.e., no new messenger RNA can be made
and cell growth stops.

The problem of ageing in animals and man has been
studied intensively for many vyears, but it is only recently
that any clear idea about the process has emerged. The
discovery that radiation accelerated ageing has provided
a new way of studying the process experimentally. The
idea that ageing is due to “stress” or “wear and tear” now
seems untenable. It is much more likely that, as time goes
by, random mutations occur in the DNA of the body cells.
These mutations, which are almost all harmful to some
degree, accumulate particularly in tissues where cells are
not dividing rapidly. This accumulation of mutations leads
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to decreased efficiency in the production of proteins and to
lowered efficiency in the functioning of the cells.

Cancer is a disease of major importance to man. The
basic steps in the conversion of a normal cell to a cancer
cell are not yet understood in chemical terms. However, it
seems very probable that the primary events take place in
the genetic material — the DNA of the cell. A mutation in
a regulatory gene may alter the production of certain key
types of protein in the cell, leading ultimately to the uacon-
trolled growth and cell division characteristic of rancer
tissue. :

Many important genctic diseases affect man and animals.
Some of these are now understood in chemical terms. For
example, in the disease “sickle cell anaemia” which is parti-
cularly frequent in certain populations of Asia and Africa,
the red blood cells are a sickle shape instead of the normal
shape. This is due to the production of a defective type of
haemoglobin, the oxygen<arrying protein of red blood
cells. This abnormal haemoglobin has been found to be
due to a single mutation in the DNA — a change from one
base pair to the other —in the structural gene that codcs
for haemoglobin. The mutation leads to a substitution of
a particular glutamic acid residue in the normal protein
molecule by a valine in the mutant. This change in a single
amino acid out of the 600 in haemoglobin is sufficient to
alter the net electric charge on the intact protein. This
change in charge leads to an abnormal aggregation of the
haemoglobin molecules within the red blood cell, with
consequent collapse into the “sickle cell” shape and reduced
oxygen-carrying capacity. Other mutant haemoglobins have
now been discovered which involve changes in single amino
acids in the molecule. _

RESEARCH 1IN THE MICROBIOLOGY DEPARTMENT AT AUCKLAND

In conclusion, a few remarks will be made about the work
going on in the Microbiology Department in Auckland.
Many of the advances in basic knowledge outlined above
have been made possible by the application of new and
improved chemical and physical techniques. This involves
the use of much expensive equipment. Through the support
of various organizations, we have been fortunate in obtain-
ing most of the modern apparatus that is required for
research on nucleic acids and proteins. This includes such
items- as high speed centrifuges, equipment for the frac-
tionation of nucleic acids and their constituents, an elec-
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tron microscope, and sensitive automatic equipment for
measuring radioactive isotopes in large numbers of samples.
A group of biologists, biochemists and chemists is working
on various aspects of the problem of how nucleic acids
control normal cell growth, tumour cell growth, and virus
multiplication.

Structure of Transfer RNA

The full sequence of bases is not yet known for any intact
natural nucleic acid. Transfer RNAs, because of their rela-
tively small size {about 80 bases), offer perhaps the most
favourable kind of RNA for attempting to determine a
complete base sequence. Work is in progress using the
transfer RNA that takes the amino acid serine to the site
of protein synthesis. The first problem is that, to obtain
meaningful results, it is necessary to isolate one single
species of transfer RNA in pure form in suflicient quantity
for analysis. It was already known that there were three
different kinds of serine transfer RNA, Recently in Auckland
five have been separated using a more refined fractionation
of transfer RNAs from yeast cells. While a complete
sequence of bases is not yet in sight, it has been possible to
show that all five species differ in some of their base
sequences.

Replication of Viral RNA

Another line of work concerns the mechanism by which
the nucleic acids of viruses containing RNA replicate them-
selves. We have recently isolated from virus-infected plants
a material with the properties of double-stranded base-
paired RNA. Such material does not appear to occur in
normal cells. From the way in which this double-stranded
material becomes labelled with radioactive phosphate we
have concluded that the double-stranded structure contains
a viral RNA strand and a base-paired complementary strand
{A: U and G: C). The “anti-viral” strand then acts as a
template for the production of a large number of viral RNA
strands, by the base-pairing mechanism. As a new viral
RNA strand is laid down it displaces the pre-existing strand
from the template. This mechanism probably occurs in the
replication of RNA viruses in animals, such as polio virus.

Protein Synthesis in Leaves

As noted earlier, protein synthesis occurs on polyribo-
somes which are strands of messenger RNA to which
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several ribosomes are attached. We have recently developed
methods for studying polyribosomes in plant tissues. We
have found that the proportion of ribosomes in the poly-
ribosome form is very dependent on the light and dark
periods to which the plant is subjected. Polyribosome levels
are highest during sunny days and lowest at the end of the
night period. We have also found that there is a separate
polyribosome system in the chloroplasts, based on a smaller
type of ribosome that had been discovered by Dr J. W.
Lyttleton at Palmerston North a few years ago. It has
recently been shown in other laboratories that chloroplasts
contain small amounts of DNA. The fact that they also con-
tain a separate ribosome-polyribosome system for making
proteins lends support to the idea that chloroplasts may be
genetically autonomous organelles within the cell.

Perhaps enough has been said to show that the break-
through of physics and chemistry into biology, with the con-
sequent development of molecular biclogy, has opened up
all sorts of new possibilities for experimentation on basic
biological problems. The next twenty years should prove
just as exciting as the past hifteen have geen.
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ADSORBED MOLECULAR FILMS

J. M. THORP
Senior Lecturer in Chemistry, University of Auckland

This lecture is concerned with thin films, or layers of
molecules, adsorbed on surfaces. The properties of a
surface, solid or liquid, are different from those of the bulk
substance because of the unequal valence or Van der Waal
attractive forces which occur at the surface. For example,
imagine a single molecule within the bulk of a liquid (see
Fig. 1a); the surrounding molecules will all exert attractive
forces but because they occur on all sides, on average

. these forces will cancel out and the molecule will not be
subjected to a net force in any particular direction. How-
ever, if the molecule is at the surface of the liquid, there is
a net attractive force inwards, towards the bulk liquid (see
Fig. 1b). Consequently, any surface tends to contract to the

cocC

Fic. 1: (a) Attractive forces roughly cancel out within the bulk
tiquid. (bo A nef force, directed towards the bulk liguid, exists at
the surface.

smallest possible area, and because a liquid surface can
move, it adopts a spherical form, as the surface is then the
smallest possible for the given volume. Thus drops of liquid
are spherical, and bubbles of gas in a liquid are spherical,
for the same reason. Solid surfaces are not able to move, of
course, but they are able to reduce these unequal surface
forces somewhat by adsorbing other types of molecules in
the vicinity. For example, if the solid surface is in air, it may
adsorb oxygen or carbon dioxide, or water vapour. A nickel
surface goes one step further; after adsorbing a film of
oxygen on to its surface, chemical reaction occurs so that a
film of nickel oxide is produced. The latter process is called
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chemisorption, but more usually chemical reaction does noi
occur and the process is then called physical adsorption, or
physisorption.

Such adsorbed films (whether chemisorbed or physi-
sorbed), only one or two molecules thick, are attached to
all solid surtaces unless special precautions are taken, like
forming a new metal surface in vacuo by vaporization of
a heated metal filament, or by heating an existing solid in
vacuo. Silica gel, for example, has to be heated at about
200°C in vacuo (107 to 10 mm Hg) for about eight hours
in order to remove adsorbed water. Silica gel is made up
of particles each consisting of a three-dimensional network

of —Si—0--Si— bonds due to the condensation of silicic

acid molecules:

l | | |
—Si—OH+HO—Si— - ——Sli——O—Si— +H.0
| .
| .
At the surface, however, —Si—OH groups remain, and

water molecules are adsorbed on to these groups, unless
the gel is heated in a vacuum.

A fairly recent technique used to investigate the proper-
ties of adsorbed films on solids is to measure the dielectric
behaviour of the adsorbed molecules. The adsorbent,
usually powdered, is packed into the space between two
stainless steel coaxial cylinders which act as a capacitor, so
that the adsorbent (silica gel, for example) can be con-
sidered as the dielectric. The whole dielectric cell is placed
in a glass container which can be evacuated and heated. The
electrical capacitance of the cell, containing the evacuated
adsorbent, is next measured accurzately by meaus of a known
technique, one of which is called the “heterodyne beat
method”,

In brief, the unknown capacitor, or dielectric cell, is con-
nected in parallel with a precision variable air capacitor
and an inductance coil, to form a “tuning circuit” (see
Fig. 2) which governs the frequency of a variable frequency
oscillator. The frequency depends on the value of the total
capacitance = Cen+ Crac+ Ci, where Cree is the capacitance
of the precision variable air capacitor and C. is all the
additional constant capacitance in the circuit, which
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Fi6. 2: Schematic circuit of "heterodyne beat” method for neasure-
meni of capacitance.

mixer

loudspeaker

TF

includes that of the leads. The frequency output is then
“mixed” with a fixed frequency (say, 1 Mc/s) from a quartz
crystal oscillator, and the difference between the two
frequencies (f—7.) is heard as “beats’ over a loudspzaker
detector, When f=/-, no beats are heard and the value of
the precision variable capacitor can be adjusted to obtain
this condition. Now if the tap of the dielectric cell is opened
and a measured quantity of water allowed to be adsorbed
on to the silica gel, the dielectric constant of the gel will be

increased, and since CCCHZEapp C, where €app 1S the apparent

dielectric constant of the gel and adsorbed water and C. is
the capacitance of the empty cell, then Cwn, the electrical
capacitance of the cell, will also be increased. This increass
in capacitance causes a corresponding change in the
frequency and beats will now be heard over the loud-
speaker, and the value of the precision variable condenser
must be readjusted (i.e., capacitance taken out) in order
to reach zero-beat again. If this change in electrical capaci-
tance, or e, is plotted against the amount of adsorbed

water, curves of the type indicated in Fig. 3, are obtained,
in which an initial linear region is found to be practically
independent of frequency (i.e., the value of £.), but the slope
of the following region varies with frequency, being greater
than that of the first region at low frequencies (2.5 k¢/s to
100 kc/s, say) but being of smaller, and constant slope at
higher frequencies (1 Mc/s and above). The point at which
a change in slope occurs is considered to indicate the
amount of water adsorbed in a monolayer on the adsorbent
surface. Interpretation of these curves is still controversial
and further research of this nature is being carried on, at
present, at Auckland University.
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FiG. 3: Apparent dielectric constant of the gel + adsorbed water
(') plotted against the amount of water sorbed on silica gel ai
25°, for various fiixed frequencies from 2.5 kefs to T Me/s (M indi-
cales monolayver completion.) (Jlggi;r) and Thorp, Univ. of Auckland,

Adsorption can take place at liquid surfaces as well as
solid surfaces, since any adsorption at an interface will
reduce the uneven attractive forces at the surface, and this,
in turn, reduces the surface energy, or surface tension. The
adsorption of a single layer of stearic acid molecules on to
the surface of water can be illustrated experimentally. The
layer is only about 25x 10™ c¢m (i.e.,25A) thick. Since 2.5 cm
is approximately equal to 1in., then the stearic acid mono-
layer is only about 107 in. thick, or ten million layers would
be required to form a film 1 in. thick.

If a drop (say 0.1 ml} of a very dilute solution, containing
only about 0.05 g stearic acid (C,;H.,,COOH) in 100 ml ben-
zene, is put on to a clean surface of water, a layer of
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FiG. 4: Langmuir frough.

molecules will spread over the surface. The benzene mole-
cules quickly evaporate leaving only insoluble stearic acid
molecules. A shallow trough (see Fig. 4} ({(frequently
known as a Langmuir trough, after one of the carliex
workers in this field) is flled to the brim with water, and
the film of stearic acid so formed is confined between
a floating barrier attached to a torsion wire and a movable
barrier which can be advanced along the surface towards
the floating barrier, thereby compressing the adsorbed film.
The film will obviously exert a force on the floating barrier
as it is compressed and this can be measured by rotating the
torsion wire, connected to a pointer which moves over
a scale, so that the floating barrier remains in the same
position, The scale is calibrated so that the position of the
pointer gives a direct measure of the force exerted by the
stearic acid film on the floating barrier. Now for every
position of the movable barrier (and hence for every scale
reading)} the area of the film can be obtained (ie., each
position of the barrier is noted on a rule attached to the
side of the trough, the width of the trough being known).
As the amount of stearic acid added in the drop is known,
the area occupied by each molecule in the film can therefore
be calculated as follows.

Suppose 0.1 ml of a solution containing 0.05 g stearic
acid in 100 ml benzene or 0.05/100 g stearic acid per ml had
been added. Then the amount of stearic acid added=
0.1x0.05/100 g=5.10" g. Hence the number of g moles
added=5.10"/M.Wt.=5.10"°/284, and, therefore, the num-
ber of molecules added=(5.107"/284) x N=X where N is
about 60.0.10** and is equal to the number of molecules in
a g mole (i.e., the Avogadro number). If the measured area
of the film is A, then the area per molecule=A4/X.
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Fi6. 53: Force-area curves for a series of fatty acid monoluyers on
waler.

If the area per molecule is plotted against the force
exerted on the barrier, a curve of the type illustrated in
Fig. 5 is observed. In the near vertical region, where a small
decrease in area corresponds to a large increase in force,
the molecules in the monolayer have become closely packed
together and are under compression. Thus extrapolating
this linear region to zero force gives the area occupied by
a molecule in a close-packed monolayer which is not under
compression. This value is found to be about 20.5a° for
stearic acid.

Remarkably, the same value is obtained for other carb-
oxylic acids with long paraffin chains, such as myristic
acid (C.:H...COOH) and palmitic acid (C.:H;.COOH). Fur-
ther, although a hydrophylic group, such as —COOH,
appears to be necessary for the molecules to spread over
the water surface, an alcohol group may be substituted for
the carboxylic acid group and thus cetyl alcohol (C,sHs;:0H)
is also found to have a close-packed molecular area of
20.5a* The explanation is that the molecules in the adsorbed
layer must be oriented with the hydrophilic groups dipping
into the water and the paraffin chains sticking vertically out
of the water, so that 20.54% is the cross-sectional area of the
paraffin chain, which is independent of the chain length, of
course,
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F16. 6: (a) Waxed thread is laid on clean water surface and fastened
to sides of trough at one end.

(b} The thread is pushed by the stearic acid monolayer to form a
parabolic curve. (Additional clips are finally added to fasten the
thread to the sides of the trough, as shown.)

(c) Opposing force exerted by an oleic acid film on the other side
of the thread.

To demonstrate the movement of an adsorbed layer on
water, the film (itself invisible} can be made to show its
presence by the movement of a waxed silk thread boundary
placed on the surface. This involves simpler equipment than
before, and although it is described heré merely as a means
to illustrate the presence of an adsorbed monolayer of
stearic acid molecules, it has a more practical use in that
such films may be transferred on to glass or metal surfaces,
one layer at a time. The equipment consists of a shallow
trough with waxed edges, a waxed silk thread (the thread
is dipped into a solution of parafhn wax in benzene and dried
in air) and some clips. The trough is filled to the brim
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with water and the surface is swept clean with a waxed
barrier. The waxed silk thread is then laid on the surface
carefully with forceps (to avoid contamination) and both
ends are clipped to the sides of the trough at one end as
shown in Fig. 6{a). Next, one or more drops of a dilute
solution of stearic acid in benzene are added to the surface
within the area bounded by the thread, and immediately
the thread will move. When enough stearic acid has been
added to form a close-packed monolayer, the thread forms
a parabolic curve as shown in Fig. 6(b). (Should too much
stearic acid solution be added, the excess remains as a
visible “lens’ on the surface. The surface would then have
to be swept clean again and a fresh start made since only
a monolayer must be formed.) Next, a drop of oleic acid is
added to the surface, on the other side of the barrier, which
also spreads over the surface to form a monolayer and
exerts an opposing force which pushes the thread back
again, as shown in Fig 6(c).

In this case a few extra drops of oleic acid are purposely
allowed to remain in excess as “lenses’ on the surface, since
these act as reservoirs and keep a close-packed monolayer
of oleic acid molecules pressing against the thread. Oleic
acid, CH;.{CH.)..CH=CH.{CH.)..COOH, has a double bond
about haif-way along the paraffin chain and this causes
the molecule to be adsorbed lying flat on the surface. Thus
a much greater area is occupied per molecule than in the
case of the corresponding saturated paraffin chain. How-
ever, although this is of interest, the oleic acid is used in
these circumstances only as a sort of “piston o0il” — i.e., to
keep the stearic acid monolayer under constant pressure, so
that the stearic acid molecules remain close-packed.

When the apparatus is used to transfer a monolayer of
stearic acid on to a glass slide or metal plate, the slide or
plate is initially immersed below the surface of the water
before the stearic acid solution is added. On slowly drawing
the slide (vertically) through the film a monolayer of
stearic acid is deposited on both sides, and this can be
followed by watching the movement of the thread, which
is forced inward as the film is removed, some of the oleic
acid molecules from the reservoir lenses spreading over
the new surface, temporarily bared. Then on dipping the
slide into the water again, another stearic acid layer is
deposited on top of the first, and in drawing the slide out
again, a third layer is deposited. Tn fact, any number of
layers of molecules can be built up in this way, provided
the film is large enough. Further, it has been found that odd
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layers are deposited with the carboxylic acid group down-
wards, towards the surface, while even layers are oriented
with these groups uppermost— a sort of head-tail, tail-
head, head-tail arrangement. Although a single layer is
invisible, as a number of layers are buiit up the ilm appears
coloured. A film of 21 layers deposited on glass appears to
be a yellow-brown colour, 41 layers appear as a dark blue
film, 61 as light blue, 81 as yellow, 101 as red, and so on.

In order to illustrate the enormous importance of such
adsorbed films, whether on solid or liquid surfaces, and
often only one or two molecules thick, I am going to indulge
in science fiction for the rest of this lecture, and guess what
life would be like if such adsorbed films did not exist.

Let us imagine a typical day in your life without mole-
cular films. You would get up at 7.0 a.m., say, put on vour
slippers and struggle to the bathroom. T say “struggle” not
because you are still half-asleep but because the friction
between your slippers and the floor might be as much as
ten times more without the usual adsorbed surface films.
A tremendously important use of adsorbed films is that
they can act as lubricants, and a single layer of stearic acid
molecules, 25 thick, chemisorbed on to a metal surface
can reduce the coefficient of friction by as much as one
hundred times.

This can be demonstrated with quite simple equipment —
two brass bars and a brass disc. For single molecules to be
most effective as a lubricant they must be adsorbed on to an
“atomically smooth” metal surface, so that the bars and
disc should be polished to at least a mirror polish. One bar
is supported on a block at such an angle that when the
smooth polished disc is placed on the upper end it is just
on the point of sliding down the bar; normally it “stays
put”, although now and again it may just start to slide.
The second identical bar is coated with molten stearic acid,
excess being removed by rubbing hard with filter paper,
a technique which is supposed to leave only a chemisorbed
monolayer behind. However, since the surface is bound to
be full of “pot holes” and “crevices” (in terms of molecular
distances) these will be filled with bulk stearic acid. 1f the
disc is now placed on the upper end of the treated bar it will
slide down, the coefficient of friction having been reduced
considerably.

To return to our imaginary day: Having reached the bath-
room, you would find no soap or tooth-paste — not because
they were forgotten on the shopping list last week, but
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because neither would be able to remove grease and dirt!
Soap is normally able to remove grease by forming a mole-
cular film around grease particles so that the latter become
soluble in water. A soap molecule consists of a hydrocarbon
chain containing about 17 carbon atoms in a zig-zag paraffin-
type chain with a polar group, such as —COO Na*, at one
end. Now the hydrocarbon chain is able to “dissolve” in
the grease particle, while the polar end-group is able to
“dissolve” in water, so that a monolayer of soap molecules
surrounds the grease particle, as shown in Fig. 7,.and the
whole particle thus becomes soluble in water. Well, in our
“science fiction day” we do not allow molecular films, so
if we tried to wash with soap we would get covered with
a sticky, fatty substance which would not dissolve in water
— rather like trying to wash with butter! The same.would
happen with tooth-paste. So you would have to “dry clean”
with carbon tetrachloride, or alcohol, or acetone ! Similarly,
your clothes could never be washed but would always have
to be dry cleaned.

Having had breakfast, you would set out for school, either
on foot, or by transport of a different nature from that
used at present — perhaps by hovercraft. Why not cycle,
you say? —or go by bus or car? Without adsorbed films
metal surfaces are not able to slide over each other with-
out “seizing”, or wearing excessively. Why not use oil?
To explain this, T must first mention that there are nor-
maliy two types of lubrication, known as hydrodynamic
and boundary lubrication. Oils usually consist of glycerol

Fic. 7: A monolayer of soap surrounding a grease particle,
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esters and are mostly hydrodynamic lubricants — {.e., they
are only efficient when hydrodynamic lubrication is possi-
ble, that is when the surfaces in motion are separated by
a lubricant layer of appreciable thickness and the resist-
ance to motion is then entirely due to the viscosity of the
oil, However, such conditions only occur (1} at high sliding
speeds, (2) with low loads and (3) usually when the
design is such that a wedge of lubricant is involved.
Thus the design of journal bearings is such that an oil
wedge of lubricant of appreciable thickness is involved (see
Fig. 8) and hydrodynamic pressure are developed which

AN

Fic. 8: Schematic dingram of hvdrodynamic lubrication in journal
bearings.

keep the metal surfaces apart and prevent wear. However,
even when this type of hydrodynamic lubrication occurs
measurements of electrical resistance have shown that
intermittent metal-to-metal contact is still present at all
times, which causes small fragments of the surfaces to shear
oft, causing wear, the metal dust collecting in the oil.
Further whenever you start or stop a machine working on
the basis of hydrodynamic lubrication (and this applies
particularly to piston engines at the end of each stroke, for
example) then the thick layer of lubricant is squeezed
out and what is termed “boundary lubrication” becomes
important,

A film of lubricant that can attach itself firmly to a metal
surface (preferably by chemisorption) and is only one or
two molecular layers thick is known as a boundary lubri-
cant. An efhcient boundary lubricant must not only be
chemisorbed on to the metal surface, to prevent it from
being swept aside by the sliding surface, but the molecules
should also be oriented on the surface so that there is strong
lateral adhesion between the adjacent molecules in the
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layer. Thus fatty acids, such as stearic acid, are able to
react with metal surfaces to form oriented soap films which
reduce wear, provided the temperature does not exceed the
melting point of the metal soap, when the lateral adhesion
forces between the molecules in the film are broken down.
Although an oriented chemisorbed film reduces metal-to-
metal contact considerably, so that the load is now sup-
ported, in part, by the film, the shear strength of the film
must also be low to enable the contacting surfaces to slide
over each other easily. Such boundary lubricants are nor-
mally added to hydrodynamic type oils. Sometimes they
occur naturally in an oil, such as palm oil, which has been
used for centuries in the steel industry in “cold” rolling thin
sheets of steel between giant rollers. Palm oil contains about
8 to 11% of fatty acids, which take care of the boundary
lubrication at low roll speeds, whereas, at high speeds, a
type of hydrodynamic lubrication occurs in which the high
viscosity of the oil becomes of importance. Unfortunately,
soaps melt at about 110° to 250°C, according to the metal,
and so other lubricants have to be used at higher tempera-
ures. Solid films such as molybdenum sulphide and graphite
make fairly good boundary lubricants since these solids
have a layared structure and will shear easily in one direc-
tion, but the attachment of the film to the metal surface is
weak, however.,

This fascinating topic cannot be discussed further here,
but at least the importance of molecular films in lubrication
should now be clear, and so in conditions where adsorbed
films are not possible, transport would have to be of the
compressed-air-type or, possibly, with jet engines.

The effect on industry would be almost impossible to
predict. Cold rolling steel, for example, to obtain steel plate
for cars, refrigerators, metal cans, etc., would be near impos-
sible, since roll wear would be enormous and the rolled
sheet would be pitted badly —if it was possible to roll it
at all. At this point I think T have already stretched the
imagination pretty far, but perhaps a few industries could
be named that would be non-existent if the phenomenon of
adsorption on porous solids did not occur. First, all those
that use catalysts for the manufacture of chemicals. Much
use is made of what are called “heterogeneous” reactions
where adjacent adsorbed molecules react together on a
surface and the product is later desorbed. Such catalytic
processes are used on a large scale in the chemical industry
in the preparation of both inorganic and organic sub-
stances; well-known examples are the contact process for
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the oxidation of $0. to SO, (in the manufacture of H.50.)
using a platinum catalyst surface, or the combination of H.
and N. to form NH. on a ferric oxide surface (Haber
process).

The production of petrol from coal by the Fischer-Tropsch
synthesis is another example (CO combines with H. in the
presence of a promoted cobalt oxide catalyst) and the pro-
duction of methanol (also from CO and H.) with a zinc
oxide catalyst, the catalytic hydrogenation of ethylene on
a nickel catalyst, and so on. The mechanism of such surface
reactions is not always clear but it is thought that an “activ-
ated complex"” occurs between adjacent molecules adsorbed
on the catalyst surface, which requires less energy than in
a homogeneous reaction because the adsorption process has
caused a rearrangement of electrons, thereby facilitating
chemical reaction. This may be indicated as follows:

A B A—B A—B
| ||
! i = +
|| ||
—M—-M—M—-M— —M-—M—M—-M— —M—M—M—M—

The adsorption of water on porous solids, such as silica
gel and alumina, is another important application of adsorp-
tion, which affects not only the chemical industry, but also
the electronic and radio industries and instrument manu-
facturers, where use is made of such drying agents in order
to maintain accurate measurements. An example is the per-
forated disk containing silica gel which is an essential part
of a pH meter or an accurate balance.

Thirdly, considerable use is made of charcoal, alumina

and other adsorbents (often packed in chromatographic
columns) in the purification and separation of various
chemicals.
" Finally, to give an example of one important use of films
on liquid surfaces, besides that of soaps and detergents,
etc., a film of cety! alcoho! (C,:H..OH) is often used on the
surface of water in reservoirs, especially in Australia, in
order to reduce the evaporation which may cause consider-
able loss of water in hot dry weather.

There has been opportunity here only to “scratch the
surface” of this phenomenon of adsorbed molecular films,
but at least I hope 1 have shown that such films play an
essential part in everyday life and are far from being a
theoretical concept, or just the concern of scientists. You
might think of that next time you clean your teeth!
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NUCLEAR STUDIES IN CHEMISTRY AND BIOLOGY

T. A. RAFTER
Direcior, Instituie of Nuclear Sciences, Lower Hutt

Perhaps, at the end of four or five years at College,
accumulating a tremendous amount of knowledge, the
student has a greater feeling of the breadth of knowledge
than at any future time in his career. With the start of
university, begins the chiselling away of old facts as the
depth in one or more disciplines of the block of knowledge
increases at the expense of width.

Eventually, some twenty-five years later, he reaches the
stage which this paper hopes to display — a stage of work
in a world that is only slowly reaching textbook acceptance,
a world of part-proven facts, of much speculation, and of
possibilities of research from the snow mine at the South
Pole to the face of the moon, The examples given here, then,
are not drawn from the world of fantasy but are an attempt
to convey an idea of the story to be read in the submicro-
gram realm of matter,

Most are familiar with the Periodic Table, so only that
part of the table that is relevant to the rest of the paper is
reproduced here.

Pertonic TaBLE
H : He
Li Be B C N O F Ne
Na Mg Al Si P S ¢ A
K

Some of the chemistry of all these elements will be well
known even if interests lie mainly in the biological sciences,
the elements shown here are some of the most important.

It is intended to take two of the best known elements in
this table and to indicate how we go about accumulating
additional scientific information about our planet. First,
consider hydrogen and oxygen in the following equation:

2H:+0. »2H.0

The atomic weight of hydrogen is generally known to be
1.009; this is because hydrogen is made up of the isotopes
hydrogen and deuterium in the ratio 99.985H to 0.015D.
But there is a third isotope of hydrogen called tritium,
which was first discovered in 1934 by Lord Rutherford,



Journal of the New Zealand Institute of Chemistry 65

when he bombarded deuterated compounds with high
energy deuterons to give the nuclear reaction:

2!H (d:p)ng

He also initiated the search for tritium in natural water
by using electrolysis and he hoped to measure the tritium
in a mass spectrometer. To do this, however, because of the
relative insensitivity of mass spectrometry, he would have
had to enrich the tritium 10'*-fold, or, as a comparison, to
reduce all the water in Lake Taupo to only a thimbleful of
enriched water — an impossible task.

In 1951, Professor Libby of the University of Chicago
showed that tritium was radioactive and, using the water
that Rutherford had enriched, he was able to detect the
minute level of radioactive tritium in this water, even
though there is only one tritium atom for every 10'* hydro-
gen atoms. In fact, in all the water of the earth, there are
only a few kilograms of tritium.

The second element in the Table is helium. This is a noble
gas and is found not only in the atmosphere but in gas trom
oil wells. This element also has isotopes “He, approximately
100%, and *He, approximately 0.00013%. If the helium gas
in the atmosphere is examined and compared with the
helium gas of the oil wells, it is found that there is more
*He in the atmospheric helium. As *He is a stable isotope, it
was believed that bombardment of air by cosmic rays
produced tritium which, by emitting an electron, would
form “He by the reaction:

2 H > :‘:HE+B_

Thus it was found that tritium is being continuously pro-
duced in the atmosphere by cosmic rays. After production,
it forms tritiated water THO, so that all surface water is
radioactive. This radioactivity of tritium decays away in
the half-life of 12.5 years. It is now possible to measure this
minute radioactivity of water because of its tritium content.
How small this concentration of tritium is can be gauged
from the fact that for every 10" hydrogen atoms there is
only one tritium atom,.

So hydrogen (H) is not only hydrogen but also deuterium
(D) and tritium (T}, and:

the isotope hydrogen is stable approx. 100% in abund-

ance;

the isotope deuterium is stable approx. 0.015% in

abundance ; and

the isotope tritium is radioactive; 1 T atom to 10 H

atoms in abundance; and has a T% 12.5 years.
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Now consider the element, oxygen. Not very many years
ago, it was taught that its atomic weight was 16,000, which
was taken as the standard for the atomic weight table. It is
now known that oxygen is made up of three isotopes having
approximately the following relative abundance:

MO e e e 99.59
YO e e e 0.037
L 0.204

These are all stable isotopes, but there is a radioactive
isotope ""O with the half-life of only 126 seconds. Now if
the formula for water is written with the various possible
isotopic species, it can be seen how complicated even this
formula becomes, for one can write it as:

H.1"0 H.'"Q H.'=0
HD"“O HD'" O HD™O
HT"™Q HT* O HT"0O

Take another common element, carbon, which has the
following isotopes:

1*C of isotopic abundance 98.89 and a stable isotope.

**C of isotopic abundance 1.11 and a stable isotope.

"C that exists to the extent of 1 “C atom in 10 C
atoms.

This latter isotope of carbon is radioactive with a half-
life of 5,800 years.

"C was also discovered by Dr Libby only a few years ago
and, because of the relative long li['}e of its radioactivity,
a very successful method of dating carbonaceous material
has been developed. “C is produced by the action of cosmic
ray-produced neutrons on nitrogen of the atmosphere, by
the nuclear recation:

H.’N+ W > Hr;C-i- “"H
e o> HTN-*-B-

Prior to 1951, the amount of C and tritium in the world
produced by cosmic rays was only a few kilograms. How-
ever, since 1954 and at too frequent intervals since that
time, nuclear and thermonuclear bombs have been deton-
ated and these have injected into the atmosphere, a much
greater quantity of man-made tritium and “C.

It is now realized that the three common elements,
carbon, hydrogen and oxygen, are found in nature in a

varilet_y of isotopic forms having either stable or radioactive
nuclei.
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The equations for the precipitation of calcium carbonate
can be written as follows:

H.0+CO. > CO:."-I—EH*
Ca*"+CO0,; " » CaCOs
\

But because of the various isotopes of carbon and oxygen,
the formula for calcium carbonate can also be written as:

Ca™C0, or Ca™C"0 "0 ™0
CalfJCOH Cal.'tcllio 11'»0 I.‘:'O
Ca™CO;

not to mention many other combinations. Now, because of
the different masses of the isotopes of oxygen, it can be
shown that the ratio of oxygen isotopes in the calcium
carbonate formed is a function of the temperature at the
time of formation. It was Dr Urey of the University of
Chicago who first conceived the idea of using this principle
for the measurement ol paleotemperatures, as will be
explained later.

At the Institute of Nuclear Sciences, we can measure the
ratio of the stable isotopes of oxygen in machines called
mass spectrometers.

We can also measure the concentration of the radioactive
isotopes "*C and tritium because of the much greater sensi-
tivity that can be achieved in the detection of the radioactive
atoms in heavily shielded counters with the associated
elaborate electronic counting equipment that has been
constructed in the laboratory.

Now what can be done with this information? Well, we
now know that water is not just H.O but that the ratio of
both the hydrogen and the oxygen isotopes can vary. We
also know that water is radioactive with a half-life of 12.5
years and if this water goes underground additional radio-
activity cannot be added to it so that the initial radioactivity
decreases. Thus an estimate can be made of the age of water
that could have been on the surface of the earth as far back
as ninety years ago. Furthermore, the rain that has fallen
this week over Wellington is more radioactive than rain
water that fell in the same month last year. This radioactive
water vapour has come either from the last big Russian
tests in the North Polar area or from the American Johnston
Island tests. Thus, there is a method available for studying
the movement of vapour between the hemisphere and from
the stratosphere to the troposphere.
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Water is an important commodity, but we in New Zealand
just cannot appreciate it because we fortunately have so
much of it. But consider for a moment what would happen
to the central districts of the South Island if this unpre-
cedented dry spell continues. How long can the reservoirs
under the plains last —in fact, how large are these reser-
voirs? The radicactive hydrogen isotope can help to provide
an answer to such problems.

There are many other problems about water that have
recently been found out. If snow is collected from Mt. Cook
at various altitudes, it is found that the tritium concentra-
tion is greatest at the highest altitude. This summer one of
my staff hopes to be able to use a helicopter to take samples
of snow from various altitudes on Mt. Erebus in Antarctica.
We have already examined ice from the snow mine at the
Souih Pole. This snow should have fallen 100 years or so
ago and as such should have undetectable amounts of
tritium in it. We found, however, a considerable amount of
tritium, which could mean cither that the samples were
contaminated in some way, or that the snow breathes and
water vapour is carried by air to depths in the ice cap.

These are just a few comments in the fascinating story
of the hvdrogen isotopes. The carbon isotopes are just as
exciting. Carbon-14 with its half-life of 5,800 years has
enabled us to tell the archaeologists how long ago the first
moa-hunters came to New Zealand. This can be found from
the radioactivity remaining in the carbonaceous deposits of
the middens of those early warriors.

At the moment I am trying to solve an interesting problem
in New Caledonia where there are mound-like structures
about which no legends or knowledge exist. These struc-
tures appear to have been made by some prehistoric man
who at least knew something about mortar. Shells that arc
known to be extinct land snails have been bonded with
mortar to form these structures. The land snail shell is made
of calcium carbonate which, at the time of its formation, if
in an environment such as existed on earth before a.n. 1900,
had in it its quota of radioactive "C. This activity can be
traced back for 45,000 years. Thus, if the early explorers
in New Caledonia made the mortar by heating coral lime-
stone that then recarbonated, the age of the mortar and the
shell aggregate should be the same. At present, we are com-
paring the radioactivity in these fossil land snails with land
snails living today in the same area. Using the same mortar
technique we are going to “age” some of the ancient struc-
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tures of Israel. From Jerusalem we have samples that go
back to 2800 B.c., from the Bronze Age through the Iron
Age =800 B.c., and into the Roman Period.

The “C in the atmosphere has already increased 50%
above pre-bomb levels. This carbon is in trees, food, and in
you and me. The radioactivity of this carbon can be used
in the study of plant physiology, atmospheric gas move-
ments, or the age of bones, both human and animal.

A fairly well-known fossil remain called a belemnite is
a hard calcium carbonate deposit that used to be part of
an ancient squid, a close relative to the present-day octopus.
This squid existed in considerable numbers around the
shores of New Zealand and its ancestors can be traced by
geologists back through India and into Iran. In ancient
times therc must have been a free water passage across this
area.

All have heard about the glacial periods of the past ages,
though how these came about is still a source of argument.
The mean temperature at the Equator does not have to
change by many degrees to bring about the melting of the
ice caps in the polar regions with a consequent rise in sea-
level, or the building up of the ice caps with a fall in
sea-level.

Now, if the temperature of the surface water changes,
the ratio of the oxygen isotopes in the calcium carbonate
deposited by marine animals also changes. By these oxygen
isotope variations, nature has built in a geological tempera-
ture scale, recording for us paleotemperatures over millions
of years. These temperatures can be measured within ¥%°C,
it the oxygen can be got out of the carbonate and into
a mass spectrometer which is sensitive enough to this
temperature differential. This looks simple enough for the
equation can be written:

CaCOa 4~ 2HC1 > CaC]-_» + H_-O + CO_,

However, this does not work. Hydrochloric acid already has
water in it, with an oxygen isotope ratio possibly different
from that in the calcium carbonate. One of the oxygen
atoms is also in the H.0. To overcome the problem of the
water in the HCI, this acid is replaced by syrupy phosphoric
acid. Then the equation becomes:

3 CaCOs+2 H, PO, » Cau(PO,).+3C0O:+3 H.0

and we have learned that the oxygens in the phosphate ion
do not exchange for the oxygen atoms of the carbonate,
Even so, one can only measure the ratio in two of the three
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oxygen atoms, and one has to know the fractionation factor
between the oxygen isotopes in the carbon dioxide and in
the water,

Recently a most corrosive compound has been made,
bromine pentafluoride BrF;, which has the great advantage
that it will dissolve substances, releasing oxygen. This could
never be done before. The equation for the reaction taking
place at 400° can be written:

CaCOH + 3BI‘F- > 3/2 ++ CF4 + CaF: + 3BI'F:{

It is from the ratio of the isotopes of oxygen that it is
possible to tell today the temperature of a sequence of
belemnites found in New Zealand at Kawhia. They cover
a time,range of 25 million years commencing 140 million
years. The same technique is being used to study tempera-
ture of formation of volcanic rocks and of carbonates in the
geothermal area.

There is a story to be told in the isotopic variation of any
of the elements. It is now known that nitrogen is made up
of isotopes "N, 99.63%, and *N, 0.37%. At the price of £100
a gram, can be bought "NH,NO, or enriched ammonium
nitrate, and from this nitrogen gas can be formed. This gas
can be placed in special containers to form an artificial
atmosphere for pine seedlings to grow in. If this nitrogen
can be assimilated by the pine seedling, and the nitrogenous
compounds of the trees are later examined and the *N/*N
ratio measured, then, if the ratio is greater than the normal
ratio quoted above, it is known that nitrogen from the
artificial atmosphere has in some way been fixed within the
tree system. It is already known that fixation has taken
place, but the mechanism by which it is fixed is still
unknown. New Zealand scientists are at present working
on this problem.

Let us look for a moment at the isotope of sulphur
because I should like to conclude with a few words on the
Moon Programme. Sulphur has the isotopes:

32§ 95018 stable
#8  0.750 stable
MG 4215 stable
8 — Tt 87 days radioactive
g 0.017 stable
The meteorites and the earth almost certainly have a
common origin in a gas and dust cloud that at one time

was not at a very high temperature. If the sulphur isotopes
in meteorites are examined, no matter which type, the
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results are always very close to the same ratio for »§/%§
or *S8/*S. The stars are, of course, at very high tempera-
tures and within their core the elements are being synthe-
sized. Physicists say that, from the normal neutron-capture
star reactions, the 8, *S, and ™S isotopes alone could be
expected, since the chain of manufacture would be broken
under ordinary stellar conditions by the disintegration of
8 with its half-life of 87 days. However, if meteorites
originate in a super-nova (a cataclysm in which a huge star
disintegrated, producing very high neutron fluxes) the
heaviest stable *S isotope is likely to be formed in signifi-
cant quantities in such a disintegration. This is because we
are now dealing with neutron capture reaction in which
the whole disintegration process is over very rapidly. Before
the sulphur isotope *S has time to decay, it is changed to a
sulphur *$ isotope. One of my Staff, Dr J. Hulston, recently
examined 25 meteorites for the **S isotope but no *S§ rich
meteorites could be found. This means that the material
from which meteorites are formed had been thoroughly
mixed within the solar system before solidification.

As the meteorite is orbiting around the sun, it is hit by
cosmic-ray particles that can transmute iron (the major
constituents of iron meteorites) to elements of lower
atomic weight. One of these elements is chlorine-36 with
a half-life of 308,000 years. *Cl decays to the inert gas *A.
By measuring the radioactivity from the *Cl and the
quantity of *A gas formed, it is possible to tell how long
the meteorite has been around the solar system before
hitting the earth. :

We have done a considerable amount of work on the
sulphur isotopes of New Zealand's volcanic and hydro-
thermal regions; of the rich sulphide mineral deposits of
Australia: of sulphur from the volcanoes of the Pacific;
and of the sulphate falling in rains and snows. When a
bacterium utilizes sulphur in its metabolism, it fractionates
the sulphur isotopes and this indicates whether substances
have been through the biological processes. No matter what
we do on earth because of our atmosphere, and the living
and non-living processes that have been going on for
millions of years, indelible imprints have been left on earth
which scientists are now endeavouring to read.

Because of present knowledge we are today in a much
better position to study the moon. A few years ago, we
could not even measure the isotopic variations of the
elements, let alone attempt to understand them. If we had
had a sample of the moon we could have made a chemical
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analysis and found the elements we already know to exist
on earth, but we could have learned little else.

Finally, a few comments on some of the planning behind
the Apollo Programme which is concerned with the geo-
chemistry of the moon. The central questions about the
moon have to do with its origin and history and the light
that the answers can shed on the origin and history of the
solar system.

The moon may have originated at a distance from the
earth and later may have been captured by it; it may have
grown along with the earth as a double planet system; it
may have been torn out of the earth after its formation. In
later history, the moon may have been and remained a cold
rigid body, modified only by occasional meteorite impact
and minor local heating. Or it may have had an extensive
histcl;ry of melting, vulcanism and crustal evolution like the
earth.

The Apollo Mission hopes to bring back 801b of lunar’
surface matter. If it is obtained, it will surely become the
most valuable possession on earth. The problems associated
with the collection of the sample are enormous. The sur-
face conditions of the moon are not even known. There will
be problems of trying to collect a sample in a vacuum. Even’
the simple task of knocking off a piece of moon surface
becomes a major undertaking, The eye will probably be of
less service on the moon than on the earth, because solar
radiation and particle bombardment may well have dark-
ened all rocks to a similar shade. The astronauts have to
undergo a special training programme in geological
methods. When they return to earth astronauts and samples
will have to go into quarantine. At sgme central organiza-
tion the moon sample will be opened for mineralogical and
chemical examination. A special measurement which must
be made immediately is the gamma-ray spectrum, for this
contains important information concerning the cosmic ray
and particle bombardment of the lunar surface, some of
which will disappear with the decay of short-lived radio-
active species. The concentration of K, U and Th will be
made as soon as possible. Isotopic and chemical composi-
tion of a few samples may make it possible to place the
moon in a sort of planetary chemical context. The Rb/Sr
ratio, U and Th ratios will be measured.

From existing knowledge of the meteorites it is already
known that earth has a much lower abundance of Rb
relative to Sr than found in the so-called chondritic
meteorites, as well as much higher abundance of X relative
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to U and Th. If the moon is, on the average, earthlike or
achondritic, the ¥Sr/%Sr ratios should not exceed 0.725. If
it is chondritic, the ratio should be 0.750.

The rare gas abundances in lunar materials, particularly
helium and argon, would when coupled with U, Th and K
content yield a gas retention age which will be another
indication of whether or not rock-forming events have taken
place in the recent history of the moon. The abundance of
the other rare gases Ne, Xe and Kr in the rocks may be the
most sensitive indicator of how important solar wind
accretion is to the lunarsurface. Important chemical isotope
effects are expected for H, C, N, O, Si and S. If the lunar
matter had a different history of proton bombardment in
the young solar system, the concentration of D, "C, **N
and O and the isotopes of Li, Be and B may differ from
terrestrial values, The great hope is that cosmic ray-
produced *"K of half-life 1.25x 10" years will be measurable
in some K-poor phase and that this will tell something
definite about the cosmic ray intensity on a billion year
time-scale. Bombardment by solar particles and photons of
all energies may have profoundly altered the exposed moon
surface material.

This short address has attempted to indicate something
of the past, the present and the hopes of the future. It may
stimulate some to think about a career in science. It s
a career that does not concern itself solely with petty local
problems, its scope is the Universe, its platform the earth,
its creed breaches all political opinions. Its facts are inter-
preted only in the light of present knowledge; in the physi-
cal universe it is all powerful; of the spiritual it should lead
the student along the path of humility for he would walk in
the steps of a Great Master — the Creator.



74 Journal of the New Zealand Institute of Chemistry

FORCES BETWEEN MOLECULES

H. N. PARTON
Chiemistry Department, University of Otago

Current theory attributes the bonding of atoms to the
interactions of electrically charged particles. Charged
bodies attract or repel each other according to Coulomb’s
law. This law states that the force F operating between two
bodies each with charge + ¢ (or each with charge —¢g) and
rcm apart is given by F=+ ¢*/r*, where the + sign indi-
cates repulsion. If one body has charge +g¢ and the other
— g, the force is F= —g*/r*, the — sign indicating attraction.
Thus in atoms and molecules the nuclei repel each other,
as do the electrons, while nuclei and electrons attract each
other. In discussing bonding, the “energy” concept is more
useful than the force concept. The “potential energy” V
involved in the Coulomb’s attraction and repulsion is given
by V=+4g*/r for particles repelling each other and
V= —g*/r for particles attracting each other. All particles
in motion have kinetic energy, given by T= V3 mv* (m = mass,
v=velocity) and the total energy of a system of charged
particles (atom, ion or molecule) is E=T+V. The impor-
tant principle to remember is that, as the total energy of
a system 1s lowered (i.e., becomes more negative), the
system becomes more stable. Two or more atoms will
remain in close contact, if, and only if, they are more stable
(i.e., have lower energy ) when they are together than when
they are apart. Usually systems of particles (e.g., molecules)
in the gas phase have appreciable kinetic energy corres-
ponding to their thermal motion ; the constituent atoms of
a molecule are vibrating and the whole molecule is rotating.
The atoms will only stay together long encugh for the com-
bination to behave as a molecule if its stability is sufficient
for it to withstand molecular collisions.

We must focus attention on the energy changes which
result when atoms or ions are brought together. It is in
this way that we must look for a theory of bonding. What
processes can occur when atoms or molecules are brought
together which will produce a lowering of their energy?
Let us consider first the formation of one molecule of an
ionic substance, sodium fluoride NaF, from its constituent
atoms. Energy must be expended to remove an electron
from the sodium atom, and energy is gained when it is
added to the Auorine atom. With energies expressed in
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electron-volts (one electron volt per atom is equivalent to
23.06 kcal per mole of atoms), we find

Na=Na"+e 1=+5.14eV

F4e=F" E.=—350eV
Hence the energy which must be supplied to form Na* and
F is E'=E,+E.=514—-350=4160eV. We can now cal-
culate from Coulomb’s law the distance to which the two
ions must approach in order that the fall in their mutual
potential energy will just provide the net 1.60 eV required
to allow the reaction

Na+F=Na"4F"

to occur.
By Coulomb’s law, g.g.-/r=e*/r where ¢ is the charge on
the electron and hence on the two ions.

—e*/r=—1.60eV=—1.60x1.602x 107" ergs.
Since e=4.80x 10" e.5.u.

(4.80% 107)=
r=————  — cm=9x%10%cm=9a
2.56x 107

Provided the ions can approach closer than 9 A the overall
process of forming ions and bringing them together gives
a decrease in the total energy of the system —ie., the
energy of formation becomes negative —and NaF can be
formed. In fact the equilibrium separation of Na* and F-
ions in an isolated unit is only 1.88 A. The Coulomb poten-
tial energy at this distance is 7.65 eV, so that the overall
energy decrease when the NaF unit is formed is 6.05 eV
(7.65—1.60). It is consequently a very stable unit.

Crystalline sodium fluoride consists of an array in three
dimensions of Na* and F~ ions, and it can be shown, by
a more complex calculation, that such a “lattice’ has a total
energy still lower, in the ratio 1.748: 1, than the same
number of ions in the form of separate NaF units {or
m(l)lecules). This is why we find NaF as an ionic crystalline
solid.

If we could now destroy the charges on the sodium and
fluoride ions, we would have an array, in effect, of neon
atoms. Neon is normally a gas, but by lowering the tempera-
ture, we can convert it into a solid. This is one of the pieces
of evidence which show that attractive forces exist between
such particles, even though they have no net electric charge.
How are such forces produced?

This question was not answered till 1930, though the fact
that weak forces of attraction between molecules must



76 Journal of the New Zealund Institute of Chemistry

exist was understood in the 18th century — e.g., by Bosco-
vich. Tn the 19th century precise measurements on gases
revealed that they do not behave exactly in accordance with
the laws of Boyle and Charles. Van der Waals emphasized
the role of attractive forces in explaining these deviations
from “ideal” behaviour, and they are called Van der Waals
forces in consequence..

In some molecules — e.g., hydrogen chloride — the pair
of valence electrons wihch constitute the covalent bond are
not equally shared between the bonded atoms. The chlorine
nucleus has more than its fair share of the electron pair.
Consequently the hydrogen atom has, on the average, a
fractional + charge and the chlorine atom a fractional —
charge. The molecule behalves as an “electrostatic dipole”
and may be represented H8*! —— CI8C, Such a molecule
is called a polar molecule. One of the properties of electro-
static dipoles is that, like ions, they attract one another,
provided they are free to assume an anti-parallel configura-

tion
(+)———(—)
(=) ———(+).
This can occur provided the energy of rotation is less than
the energy of interaction, and the potential energy V is
given by
Bla flo

Ve
.r(i
where p, g are the dipole moments. (1f a dipole is made
up of two charges -+e and —e, a distance r apart, the dipole
moment is p=er). These attractive forces are fairly strong,
and compounds made up of polar molecules are fairly
readily liquefied. However, at sufficiently high temperatures,
negative to positive orientation is opposed by the high
thermal energy, and the potential of the attractive force is .
much less, being given by V o p*n*/kTr® where k (Boltz-
mann’s constant) is the gas constant R per molecule —i.e.,
k=R/N where N is Avogadro's number.

Non-polar molecules, such as N. O., H. and the rare gas
atoms, cannot exercise such attractive forces. F. London
realized, however, that attractive forces between such
apparently dipole-free molecules can arise from “induction
of dipoles”. The rare gas atoms, for example, appear to be
spherical particles with positive nuclei and negative elec-
trons, with the centres of positive and negative charges
coinciding (at the nuclei). This is an essentially static
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picture. A more dynamic picture suggests that, as two rare
gas atoms (or other atoms or molecules) appreoach one
another, the nuclei and electrons can form configurations
over finite periods of time which are dipoles, so that attrac-
tion occurs. The attractive force becomes particularly large
when the outermost electron shell is occupied by many
electrons, andits influence is increased by induction (deform-
ation of the electron cloud}. This kind of dipole interaction
is closely related to the phcnomenon of dispersion of light
— the resolution of multicoloured light into a spectrum.
The attractive forces are called dispersion, or London,

forces. The potential V is given by V « n? «¥2/r® where B

is the number of electrons in the valence shell and « is the
polarisability of the molecule (which will not be discussed ).

All particles, atoms, ions and molecules have a value for
n and « and the London force is a universal attractive force.
It always exists; between negative and positive ions; be-
tween negative and negative ions; between positive and
positive ions; between dipoles: and so on. In these cases
it is superimposed on other attractive forces — Coulomb,
dipole;etc. It is small, but still far stronger than the other
well-known universal attractive force, that of gravitation:
in fact of the order of 10** times stronger,

It will be useful now to consider the relative magnitude
of these forces. ‘

TABLE i
Interaction
Energy
Interacting Type of Depen- Distance kilocal.
Pair Attraction dence on v Equilibritm mole™
Na* F- Coulomb 1/r 1.88 157
Na* HO Ton-dipole 1/r 2.14 21.6
H,O H:O Dipole dipoie 1/ 2.37 4.84
- Ne Ne London 1/ 330 0.0613

In Table 1, in additien to pairs whose attractive forces
have been considered, data are also given for the hydrated
ion Na* — H.O, for which the potential of the attractive force
is given by V e ep/r®. As the depence of V on r changes to
higher powers (representing attractive forces of increas-
ingly shorter range), we pass from-a typical ionic solid .
NaF, through a polar liquid H.O, to a non-polar gas Ne.
(the Na*—H.0O interaction occurs in hydrated sodium salts .
and in aqueous solutions).

In Table 2, the contribution of the London forces to the
“lattice energy’” of certain salts is shown.
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TABLE 2
Compound  Owter Elecirons Lattice Energy % from
e on Cation keal mole™  London Forces
. NaF . 8 219 0
NaCl. .8 187 0
CuCl © 0 222 6.8
AgF. /- <10 . 218 109
.3 AgCh - ; 10 . 206 14.2
TICI i2 170 16.5

- The lattice energy is the energy required to carry out
reactions of the type Y

Na'F(crystal) >Na*(g)+F(g)

and is a measure of the attractive forces which hold the
crystal together. Table 2 shows how the contribution of
the London forces to the total attraction (Coulomb+
London forces) increases with the number of electrons in
the valence shell of the cation. ,

. Nothing has been said so [ar about repulsive forces,
except those between ions of like sign. Universal repulsive
forces must exist, because when any atom (or icn or mole-
cule) approaches sufficiently closely to another, the outer-
most electron clouds will tend to overlap and will repel
each other strongly. If it is assumed that such forces of
repulsion obey an inverse power law with respect to dis-
tance, and it is by no means certain that they do, the net
potential energy of a pair of particles can be written in
a general way, in the form suggested by Mie,

CV=—(A//m)+(B/r)

It is certain that n#>m, that is the repulsive forces fall off
with distance more rapidly than the attractive forces. For
ions, values of n from 6 to 14 varying with the ion size have
been used, and for molecules, n=12 is commonly assumed.

LIQUIDS AND LIQUID MIXTURES

"What has been considered above are the forces which
operate between particles in pairs. Extension to sysiems
of enormously large numbers of particles (1 mole of any
substance contains 6 X 10** particles), is difhcult. For crys-
talline ‘solids, where the simple and beautiful patterns of
arrangement of ions, atoms and molecules have been
revealed by X-ray analysis, much progress has been made.
For gases at low pressure, the intermolecular forces, being
short range, do not affect the properties very much and such
simple laws as those of Boyle and Charles hold reasonably
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well. For gases at other than low pressures, and for liquids,
the situation is otherwise, and these states of matter are of
major importance in chemistry.

Some aspects of the relationship between the states of
matter are-listed in Table 3. -

. TABLE 3
Intermolecular Molecular
State Forces Ratio 1/d Arrangement
Gas .. . S weak >>1 chaotic
Solid .. e strong <<l orderly
Liquid — medium ~1 partially .
ordered
1= mean free path d = molecular diameter.

It has already been mentioned that deviations of gases
from the ideal gas laws (e.g., Boyle's) were attributed by
van der Waals to intermolecular forces. The study of such
deviations is one experimental approach to testing the
theories of such forces. Chemists have always been con-
cerned with the liguid state —a frequent first step in a
chemical investigation is to get the substance intc solution.
The theory of the liquid state is difficult. As Table 3 shows,
the forces are strong and the arrangement partially ordered.
Considerable progress has been made by studying mixtures
of liquids — in fact, physical chemistry originated in the
study of solutions and they are still one of its major
concerns.

Let us consider forming a mixture of a liquid of mole-
cules A and another of molecules B, While we have scant
knowledge of the interactions A-A of the molecules in pure-
liquid A, and of the B-B interactions in pure liquid B, the
mixing of A and B merely introduces new interactions A-B
which are not very different from those already existing.
We can study the deviations from complex behaviour more
readily than the complex behaviour itself. To put it another
way, we can try to predict the properties of the solution
from those of its components, even if we cannot explain
the properties of the components.

Two experimental methods have contributed largely to
progress in the study of solutions. On is calorimetry = the
measurements of the heat of formation of a liquid mixture
from its pure components; the other is the measurement of
the partial pressure exerted by a component in the vapour
which is in equilibrium with a liquid mixture. Some results
of such measurements will be considered in turn.
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VAPOUR PRESSURE

If we have a mixture of two volatile liquids A and B
whose molecules are similar in size and shape and in the
magnitude of intermolecular forces operating between
them, we might expect to find a fairly simple situation. If
we think of the saturated vapour pressure of a liquid as
a measure of the “escaping tendency” of its molecules from
the liquid environment to the vapour, then we might expect
the addition of B to A merely to lower the vapour pressure
of the latter in direct proportion to the fraction of B in the
mixture. This was, in fact, the original form of Raoult's
law, discovered experimentally,

(PA”PA)/PA:NB/(NA‘*'NB):XB.

In this equation, P's is the vapour pressure of pure A, and
P. its vapour pressure over a mixture containing Na moles
of A and Ne of B. The fraction Ns/(N++ Ns) is the mole
fraction of B in the mixture, designated X-=.

This law will also hold for component B, and can be more

compdctly written

' P,=PX, and PB:P“BX!3 |
where the additional symbols have similar definitions to
those given. Mixtures obeying Raoult's law are termed
“ideal mixtures” (or solutions), and it can be shown that
the law can be deduced theoretically if the following condi-.
tions hold: (1) That the ratio of the diameters of A and B
is not greater than 1.26: 1 and (2) the force A-B between
molecules A and B is close to the arithmetic mean of the

forces A-A and B-B,—i.e,
| fag="Us s tiep)

For a mixture obeying Raoult’s law, a plot of the vapour
pressure of a component against its mole [raction is a
straight line as shown in Fig. 1. A few systems of chemically
similar substances obey the law — e.g., ethylene dibromide
and propylene dibromide at 50°C. Figure 1 also shows the
data for the methyl iodide-ethylene dichloride system, in
which small positive deviations from the law occur —i.e.,
that vapour pressures of the components, and also the total
pressure, are greater than Raoult's law predicts. Clearly
these molecules are not quite so comfortable when sur-
rounded by a mixture of their own kind and a foreign kind,
as when surrounded only by their own kind, so their
escaping tendency is increased.
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Experimental work in this field is concerned with study-
ing deviations from the force relationship f, =% (f, ,+

fs_g)- The accuracy required is better than 0.02%, or 1 part

in 5,000. For a vapour pressure of 500 mm Hg, it is necessary
to be able to measure to better than 0.1 mm. One piece of
apparatus”, designed for such measurements is shown in
Fig. 2. It had to meet the following specifications:

*I. D. Watson and A. G. Williamson (unpublished).
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(1) The volume of liquid was to be small, 1 to 5 ml. One of
the components C.F..H costs $30 per ml.

(2) The volume of vapour must be of the same order to
enable its composition to be determined by calculation
without the necessity of analysis.

{3) The measurements were to be made at 50°C. The com-
ponents are immiscible below 35°C.

The last specification required the vapour to be isclated
from the atmosphere by a cut-off device which is sensitive
to pressure. The spiral gauge in Fig. 2 achieves this. The
vapour pressure of the system causes it to expand, and its
tip rotates. The gauge tip moves 0.2 degrees of arc per mm
change in pressure, so it is necessary to detect 0.01° of
rotation for an accuracy of 0.05mm in pressure. This is
impossible with a pointer attached to the [ragile gauge. The
position of the gauge must be detected without touching it.

Te Vacyum Water  ToAL. To Nitrogen
LlT Qutlet Brlqc!gt Line

S || S—
1
Thermocouple—_
EarthWire
Metal Tapi—m——| a
Glass Spiral
Mixing J
Vessel =
Moving Pigle
Magnetic ] Fixed Plate
Stirrer. L~
—Outside Can,
Water Inlet +— &)

FiG. 2: Mixing cell and spiral gauge cut-off.
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This is achieved by measuring the capacity of a condenser
formed by two metal plates, one of which is attached to
the gauge. The pressure of the vapour causes this plate to
move from some initial position, changing the capacity of
the condenser. Nitrogen is admitted to restore the capacity
of its original value by nullifying the effect of the pressure
of the vapour. The pressure of nitrogen required is observed
on a manometer, and equals that of the vapour.

With this apparatus the effect of hydrogen bonding,
another kind of intermolecular force, between C.F,:H and
dioxane, is being investigated through the way in which it
causes deviations from ideal behaviour.

VAC, VAC.
3 G
)
!
i L}
Sterage Buly I 1
for "Solventi ) | 4
Solvent. Soln, |
Callbrated Tube |
tor Addition or Lo __ CEll 4

Sajvemt THERMOSTAT,

PUDDINGTON MANOMETER U TUBE Manometer
tor pressyre differences for pressure
Ie32 than lcm Hg differences
{-30cm  Hg.

Fi6. 31 Apparatus for measuring vapour pressure differences between
solution and solvent,

In another investigation,* solutions of the polypropylene
glycols in carbon tetrachloride are being studied. In this
system only one of the components, CCl,, is volatile, and
it is cheap. Large amounts of solution can be used, and
large volumes of CCl, vapour. On the other hand, at the
temperature used, 5°C, the vapour pressure is only 100 mm,
and it is necessary to measure it to an accuracy of 0.01 mm
in some of the solutions. A differential manometer system
is used (Fig. 3).

The two vessels containing pure solvent and solution are
connected one to each side of a wide bore mercury mano-
meter, and the difference in the mercury levels gives the
vapour pressure difference directly. For vapour pressure

*R. W. Kershaw and G. N. Maicolm (unpublished),
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differences of less than 10 mm, the Puddington manometer
shown in Fig. 3 is used. Although it is not possible to
measure the difference in the levels of mercury, when it is
less than 10 mm, to the required accuracy (0.005 mm), it
is possible to detect when the levels are equal to that
accuracy. In the Puddington manometer, what is measured
is the volume change of mercury in a narrow bore tube
required to restore the difference in level in the wide bore
tubes to zero. In calibrating this manometer, the vapour
pressure of water at its triple point (where ice-water and
water vapour are in equilibrium) was reproduced to within
0.0t mm of its standard value.

HEeAaTs 0F MIXING

Systems which obey Raoult's law have zero heat of
mixing, symbolized A« H=0. Systems deviating only moder-
ately from the faw will have finite heats of mixing which are
small, being wholly due to the deviations. They range from
+ | calorie to = 100 calories per mole of mixture, compared
with heats of vaporization of liquids which range up to
10,000 calories per mole. To achieve a 1% accuracy in
measuring A«H it is necessary to measure temperature
differences between 0.0002°C and 0.02°C. The calorimeter

. to Vacuum Pump £ Joi
Elecirical Veads are taken:eut [ onge Jolot
through voceum system,

VACUUM CHAMEBER

Capillary far
votume change Rubber tube to
gimosphere

B 14 Jolnt tor
ratating mixing

Thermistor

Alarimeter

Fic. 4: Calorimeter and vacuum jacket,
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shown* in Fig. 4 was designed to meet the following speci-

fications:

(1) Small amounts of very pure, and hence expensive,
liquids are being studied.

(2) The calorimeter vessel must have no vapour space. If
the vapour space is approximately the same volume as
that occupied by the liquid, then, on mixing, the vapour
pressures of the liquids are changed, and the com-
pounds are either evaporated or condensed, giving a
heat of vaporization effect of the same order of magni-
tude as the heat of mixing which is being measured.

(3) The volatile liquids have to be weighed and inserted
into the mixing vessel, and kept apart.

(4) Mixing must be quick and thorough.

The small calorimeter vessel, holding about 2 ml of liquid,
is filled with mercury, and known amounts of the liquids
to be mixed are inserted by a syringe, one into each half of
the upper part of the vessel. Mixing is achieved by inverting
the vessel. A change of volume occurs, so expansion or con-
traction must be allowed for in the capillary side tube. The
temperature change is measured by thermistors, consisting
of rareearth oxides whose electrical resistance changes
with temperature. A number of these are sealed to the
calorimeter vessel. In the experiment the thermistors make
one arm of a Wheatstone bridge, by which the change in
their resistance is measured. They are calibrated by passing
a known current through a heating coil of known resist-
ance, thus producing a known evolution of heat. The calori-
meter vessel is suspended in an evacuated chamber, to
minimize heat loss to the surroundings.

Notable contributions have been made to measurements
of this kind by Dr M. L. McGlashan, a Canterbury graduate
currently at the University of Reading, and soon to become
Professor of Physical Chemistry at Exeter. Despite the pre-
cision of measurement which can be achieved in modern
calorimetry, not all its problems are solved, as is shown by
the data illustrated in Fig. 5 on the heat of mixing of ben-
zene and carbon tetrachloride. Before the work of Larkin
and McGlashan, this system had been studied in several
laboratories and, for a 1: 1 mixture, the results scattered
over a range of about 10 joules mole™ —i.e., about 10%
of the average value of about 110 joules mole™. Larkin and
McGlashan “made and tested a new calorimeter for measur-
ing the heats of mixing of liquids and believe it to be capable

*D. Fenby and A. G. Williamson (unpublished).
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FIc. 5: Heats of mixing of benzene and carbon tetrachloride at
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of higher precision, and to be more convenient, than any
previous design”. Their result for the 1: 1 mixture is 115
joules mole™, with a precision of +0.3 joules mole™. This
is some 4 joules mole™ higher than was expected from
several sets of earlier measurements, and they attribute the
difference to incomplete mixing in those measurements.
They conclude their paper with the remark, “We hope that
benzene and carbon tetrachloride will soon be studied
somewhere else in a calorimeter capable of a precision
similar to or better than curs and in which it is certain that
mixing is complete.”

Data of similar precision, and regarded as meeting the
specification mentioned are also shown in Fig. 3. These
were obtained at the University of Otago by Fenby and
Williamson. The lower set, about 106 joules mole™, was
obtained with one sample of benzene, purified by distilla-
tion and chemical treatment. The other set, about 108.5
joules mole™, was obtained with benzene which had been
further purihed by fractional crystallization. Both were
apparently pure by gas chromatographic analysis. Similar
care was taken with the carbon tetrachloride.
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Both sets of data claim high precision. What is their
accuracy? The answer may be found in Los Angeles, where
Larkin and Fenby are currently working. It may be found
in Otago.

The gap between the present status of the theory of forces
between molecules, and the type of experimental work
I have been discussing is a large one. Theory can deal
reasonably well with gases at low pressures, with ions in
very dilute solutions, and with some of the properties of the
solid state. With liquids and liquid mixtures we are still
groping in a complex and difficult field. Precise experiments
have a major contribution to make, but they must be
related to whatever theoretical insights have been achieved.
The experimental work I have described is simple in prin-
ciple. The attainment of high precision in it is just as difii-
cult as in any other field.

BRANCH NEWS AND NOTES

AUCKLAND

Dr D. Hall has succeeded Dr D. R, Llewellyn as Head of the Chemis-
try Department of the University of Auckland. Dr R. C. Cambie
has been promoted to Associate Professor. Dr B. A. Grigor and
Mr M. A. Long have been appointsd to the lecturing stalf,

Dr R. N. Seelye has resigned to take a position in cancer research
at Greenlane Hospital.

Student numbers in chemistry classes have risen sharply this
vear, Approximate enrolments are Stage I, 590; Siage I1, 140; and
Stage IIT, 80.

The Stage 1 laboratory and the Siage Il inorganic laboratory
will be housed in the part of the new chemistry block en the corncr
of Wellesley Street and Symonds Street.

WAIKATO

Mr J. H. Watkinson has been gronted two years’ siudy leave
to attend Victoria University of Wellington, While there he wili
work en some aspects of “surface chemisiry of selenium” under
Professor A. T. Wilson. Mr Watkinson is well known for his work
on the analytical determination of this very important element.

Mr N. T. Clare of the Ruakura Agricultural Research Centre,
and past Editor of the Journal, has joined the staff of FAQ. He will
work on a special fund project on sheep diseases. During his two
years' absence overseas he will be stationed at the Veterinary
Institute at Pendik, 20 miles cast of Istanbul, Turkey. His duties
include the establishment of a biochemical research laboratory,
the training of Turkish personnel, and initiation of research on
diseases of a biochemical nature, including trace clement deficien-
cies.
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SCIENCE CONGRESS

The lith New Zealand Science Congress recently held in Auck-
land (February 11-17) altracted a large group of chemists from
throughout the country. The Chemisiry Section was organized
by the 1964 Committee of the Auckland Branch of the Institute
with Mr G. R. White, convener, and Dr F. J. B. Aggelt, secretary.
In accerdance with the wishes of the Executive commitiee of the
Congress that all papers should be invited and be of a general
nature, the programme of the chemistry section consisied of review
papers by chemisls prominent in different fields.

We were pleased 1o have Dr J. C. Andrews as Chairman of the
Chemistry Section and his address on “The Chemist. and N.Z.
Industry” received considerable publicity in the local newspapers.

One session entitled “Chemistry and the Plant” included a review
by Professor L. H. Briggs of the research which has been carried
out in the natural products field at various institutions in N.Z.
Dr D. S. Letham, well known for his work on the separation and
identification of “zealin”, reviewed the roles of the three main
types of growth stimulants, auxins, gibberellins, and kinins.

As a gesture to the recenily formed metallurgical association,
one of the sessions was devoted to metallurgy and was organized
by the mertallurgists themselves. Mr G. S. Adams (MetLabs Ltd.)
and Mr G. Langslow (Auckland Technical Institute) provided the
review papers in this field.

Dr E. P. White in a session devoted to “Chemistry and Animal
Health” reviewed the work which has been done to isolate and
identify the liver-damaging toxin, sporidesmin, cause of facial
eczerna. A comment that the chemist had still not helped the
farmer solve the facial eczema problem was naturally seized by
veporters as a heading for a local news item. Dr G. W, Buller
reviewed some of the work being carried out at Plant Chemistry
Division, D.S.LR., on the effects of inorganic and organic feed con-
stituenis on the ruminant.

Dr P. K. Foster and Mr K. E. Seal discussed aspects of cristobalite
research as relatled to the ceramic industry. It was interesting for
members to learn how the Pottery and l(—Z)eramics Research Asso-
ciation and the ceramic industry complement each other in tackling
their particular problems.

With little doubt the most popular session was one devoted to
a discussion of radioactive isotopes. Mr T. A. Rafter gave examples
of their applications in industry. One particularly interesting tool
developed by Nuclear Sciences is a mobile radiographic camera
for examining cable joints. Dr R. Q. Farrelly's paper, which dealt
with the applications of radioactive isotopes in medicine, was re-
garded by many as the highlight of the chemistry section. Their
use as tracers in diagnosis, in experimental studies and in radio-
therapy were reviewed. Perhaps Dr Farrelly's ability to combine
so much chemistry with a number of actual case histories accounted
for the interest which was created during this session.

The Chemistry sessions concluded with two important papers —
Professor C. J. Wilkins reviewed recent advances in inorganic
chemistry and Professor J. Vaughan discussed the effect of molecu-
lar shape on organic reactions. Both speakers succeeded in giving
excellent reviews of these areas of chemistry and held the interest
of a large audience which included many non-specialists.
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A series of general symposia were held during the afternoons.
In one, "Antarctic Research”, Professor A. T. Wilson discussed his
theory of ice age periodicity. Another general symposium chaired
by Dr D. R. Llewellyn included papers by the I—I’::m. B. E. Talboys,
Minister of Science, Professor H. N. Parion and Mr W. H. Cooper
on_the place of science in education.

Some Institute members who delivered papers in other sections
of the Congress included Mr E. D. Andrews, Mr P. J. Clark, Dr
E. B. Davies, Dr B. W. Doak, Dr R. H. Jackman, Dr M, Kingsford,
Dr J. W. Lyttleton, Mr K. J. McNaught, Mrs M. G. Metcalf, Mr A. I.
Metson, Mr H. A. L. Morris, Dr G. B. Petersen, Dr L. F. Phillips,
Dr R. K. Ralph, Dr L. M. Saunders, Mr C. W. Smail, Professor
T. W. Walker, and Mr N. Wells.

Aithough the trades exhibition was not well supported by mem-
bers, the large number of films shown cach morning apd afternoon
received a great deal of support and were a real feature of the
Congress.

Prominent overseas scientists who visited Auckland for the Con-
gress included Sir John C. Eccles, Dr W. H. Pickering and Professor
B. J. Bok, all of whom gave public lectures.

Towards the end of the Congress a social evening organized by
the local branch of the Institute proved an outstanding success.
The main general social function of the Congress was a conver-
sazione held at the Auckland War Memorial Museum. Mr and Mrs
S. G. Brooker greeted guests as they arrived.

An excursion to the Chelsea Sugar Works and Crown Lynn Pot-
terics organized by Mr R. W. Olliff, gave visilors an opporiunity to
see something of locat industry.

Thanks must go to the Executive Committee for their excellent
work in organizing one of the best Congresses held in this country.
Dr H. C. Holland as Chairman of the Organizing Committee, and
Dr G. A. Wright, Programme Organizer, are to be congratulated on
the efficiency which they displaved. G

RW.

CONFERENCE 1965

Note date. Conference will be held in Dunedin from
Tuesday evening, August 17, to Friday evening, August 20.
Hostel accommodation is being arranged for about 100
people, and hotel and motel accommodation for a further
50 to 60.

Conference committee: Dr J. Rogers ( Chairman), Dr G.N.
Malcolm (Secretary, Chemistry Department, University of
Otago, Box 56, Dunedin). Dr A. Campbell, Dr A. M. Kennedy
and Dr A, G. Williamson (Committee).
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