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Chapter 1
INTRODUCTION
1.1. The object.

In this thesis a number of measuremen ts are described concerning
magnetic susceptibilities in dependenee or. temperature. Our (Jirn was
to study variations in susceptibility caused by physical transitions or
chemica! reactions of bath paramagnatie and diarnagnetic substances.

As in the diamagnetic case the magnitude of these variations is
of the order of several percent of the total diamagnetisrn and it is
desired to measure the variations to a precision of about one percent,
a sensitivity of about 10- 4 of the diamagnatie suseeptibility is required. This rneans that a variation of 10- 4 of the total diarnagnetic
suseeptibility should he detectable, while eaUbration of the bolanee
should be possible wi th an error of less than 1%.
As in the paramagnatie case the susceptibilities are usually
about 100 times larger, the sensitivity mentioned above can be expected to be sufficient to detect such transitions of paramagnatie
substances. On the other hand, such a sensitivity should make it
possible to detect the forrnatlon. of a paramagnatie component in a
diamagnetic sample when the concentratien of this component is
greater than lQ-6.
We designed and constructed a unit thot enabled us to rneasure
static susceptibilities, using the force acting upon the sample in an
inhomogeneous rnagnetic field.
In order to simplify the construction of the incorporated oven, Faraday's methad was followed.
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in ·.vhich:
Fx, FY and

x
x0

are the cocponents of the force

is the susceptibility of the sample,
is the susceptibility of the medium surrounding the sample,

m is the mass of the sample,
m0 is the mass of the surrounding medium displaced by the
Hx, HY and

and

are the corr:ponents of the magnetic field.

b) Units and conversion factors:
H is expressed in A.m- 1
1000

H(Oe).

( 1.2.5)

The last equation means that the value of H expressed in A.m- 1 is

1000

417

times the value of the san;e magnetic field exrressed in Oe.

B is expressed in V.sec.m- 2
B(G).

( 1.2.6)

flo = ·~• 11, 10- 7 V .sec.A- 1 .m -I •
flr and Xv have no dimension.

X is expressed in m3 • kg- 1 •
(1.2. 7)

An example:

9

1.3. Faraday's method, required sensitivity.
Farday's methad involves:
l) the sample is omnidirectionally small
2) the balance only measures Fx
3) Hx = HY = 0 at the position of the sample

Consequently the equations (1.2.4) are reduced to
( 1.3.1)

giving the value of
Usually, p. 0 H 2

oH

x when all other quantities are known.
.

7fX2 1s

eliminated by also measuring the force on a

sample with a known value of
field.

x

1

in the same position of the same

Although chapter 3 will deal in some detail with the demands to
he met by the design of the various components of the apparatus we
shall give some information at this point as a reference.
From equation (1.3.1) it can he seen that there are three ways
of increasing the sensitivity of the meesurement of x 1 i.e. by
increasing
1) the sensitivity of the balance measuring Fx 1

2) H
z

a
ox

or

3) the mass of the sample.
The second way invalyes considerable outlay and we decided to
start with a small magnet de livering a field of 2.5 • 10 5 A.m- 1. in a
gap of a few cm in all directions. Such a magnet can be assumed to
deliver a field gradient of about 2.10 6 A.m-2.
Since the oven has to be mounted in the gap around the sarr:ple
it is obvious that there is hardly room for a vessel of 1 cm3 containing
the sample of ahout 5.10- 4 kg.
1

lO

As the magnitudes of the susceptibilities of most diamagnetic
specimens are of the order of 10* 8 , see equation (1.2.8), the relative
sensitivity of w-4 demanded in l.l leads to a detectable variation
~X of about 10* 12 ,
From equation (1.3.1) it follows:
( 1.3.2)
in which:
~Fx

is the smallest detectable variation of Fx and

~X

is the smallest detectable variation of X·

Substitution in equation (1.3.2) of the above mentioned values leads
to the conclusion that the balance must be able to detect a variation
in force acting on the sample of the order of 3. w· 1 0 Newton.
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Chapter 2

THE MEASUREMENT OF FORCES
2. L , Introduction.

The number of different types of susceptibility halonces which
are in use at the moment is very large.
In this chopter we shall set up a theoretica! comparison of these
halonces hased only on their equations of motion. In chopter 3 more
practical points will be introduced into the discussion to account for
the design of the halonee finally adopted.
F or the sake of simplicity we shall introduce the expression;
"method of measuring a force" in this chapter, shortened to 11 method",
in the following way : All balances which obey the same equation of
motion we shall consider as relevant to the san;e rr.ethod.
Another distinction hos to be made, namely, between balances
whose degree of freedom have a translational or a rotational character.
As the latter balances are more frequently used, we shall restriet our
discussions to these balances. It may be noted that analyses of
halonces with a translational character fairly closely resembie those
of a rotational character, so the restrietion does not imply loss of
generality.
In conneetion with the foregoing, we shall no langer use the expression 11 the measurement of a force" but instead, "the measurement
of a moment",
For each methad we shall derive from the equation of motion an
expression for two quantities related to the quality of the medhod. When
introducing these quantities there is danger of confusion crbout the
nomenclature. We use the expression sensitivity in the following
way: The sensitivity of a bolanee is the smallest variatien of the
moment of the unknown force detectable with the halance.
Treatises on balances for weighing purposes use the same word
sensitivity with another meaning: The sensitivity of a bolanee is the
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angle deflection of the bolanee in equilibrium divided by the mon:ent
that causes the deflection. In order to prevent confusion we shall
call this quantity the specHic angle deflection;
y

=

ad

M

x

I

(2.1.1)

in which: .
y

is the

angle deflection,

ad is the angle deflection of the equilibrium position and
Mx is the moment causing this angle deflection.
From the specific angle deflection the sensitivity can be derived by
using:
~a

(2.1.2)

y

in which:
~M

is the sensitivity of the balance, being the smallest variatien of M
the balance is able t'o detect and

~a

is the sensitivity of the measurement of the angle deflection, being
the smallest detectable variatien of the angle deflection.

As ~ is not determined by the balance, but by the displacement
meter, we shall, for the sake of simplicity, in this chopter regard ~
as independent of the balance. In chopter 3 we shall deal with this
aspect in some more detail.
For ether types of balances, based on ether methods, ad cannot
always be connected with an equilibrium position, and so the definition of a.d has to be changed. It is however always possible to define
ad in such a way that y calculated from equation (2.1.1) satisfies
equation (2.1.2).
F or each metbod we tried to express this specific angle deflection
as a fundion of the parameters of the equation of motion bélonging to
the method.
The ether quantity connected with the quality of the method is the
time interval tm necessary to perferm the measurement. This time interval is important because of the eliminatien of several external disturbances when tm is sufficiently smal!.

l3

We also tried to express the quantity tm 'JS a function of the constants of the equation of motion for each method"
A slight complication appeared when doing so" In several methods
tm is not uniquely determined by the parameters of the equations of
motion, and thus tm can be chosen arbitrarily" lt will be shown that
this complication can be eliminated by treating formally the value of
tm chosen, as one of the constants of the method"
At the end of this chapter the resulting functions for y and tm will
be compared and conclusions will be drawn concerning the qualities
of the different methods"

2.2.

The basic equation of motion, the initia! conditions

When discussing the equations of motion relevant to the different
methods, it will be helpfull to have eliminated beferehand most of the
problems concerning the nomenclature. We shall do this in view of a
basic equation of motion:
J ä + Dá + Ca

M,

(2.2.1).

in which:
a

is the momentary deflection,

J

is the moment of inertia of the balance,

Dá is the moment caused by the frictional resistance,
Ca is the moment caused by the restoring moment,

Mx is the unknown moment connected with the unknown force F x,
Me is the compensating moment, a variable, known moment, supposed
to be independent of a and
M is defined by the last equation.
The measurement of Mx is carried out as fellows:
l. Me is varied until M is as small as possible for an estimating experiment.

2. M is measured, in principle from the time dependenee of a.
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This procedure explains why M will frequently be regarcled as the unknown moment instead of Mx·
From this basic equation of motion the equations of motion of
most of the methods we shall deal with can be derived by substitution
of special vcrlues for one or more of the parameters or by prescription
of a special relation between these parameters. Some other methods
introduce some c1ddi tions to or variations of equation (2.2.1).
A second way of making the comparison easier, is the introduetion
of always the same initia! conditions when resolving the equations of
motion, as suèh we take:
when t

=

0, both a = 0 and á

=

0

(2.2.2)

These initial conditions are chosen rather arbitrarily. Another
selection would complicate the calculations, but would not seriously
influence the results of the comparison.

2.3. The reversal points method (methods I and Ia)

This method is used for weighing purposes in non-automatic analytica! balances, sometimes called old-fashioned balances. The
equation of motion of this method con be derived from equation (2.2.1)
by introducing as additional conditions:

C>O

(2.3.1)

D«2W

(2.3.2)

To start with, we shall neglect D completely, (method Ia) thus obtaining the following equation of motion:

Jä + Ca = M.

(2.3.3)

Under the initial conditions when t = 0, both a = 0 and à = 0 (see
equations (2.2 •.2)) we get the solution:

(2.3.4)
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This salution represents a vibration about the equilibrium deflection ae.
(2.3.5)
For the measurement of M using equation (2.3.4) it sufHees to measure
at one time both a and L Introduetion of these related values of a and
t, tagether with the values of the constants C and J in (2.3.4) would
give us the value of M. By using the first reversal point the measurement of t can be omitted as:

fT
Vc ·

TT\

(2.3.6)

in which t is the time of the first reversal point. The deflection at
R
this time is given by:

2M

c

(2.3. 7) •

When introducing tR = tm and aR= ad, we get the following expressions for y and tm ':
metbod Ia:

(2.3.8)

(2.3.9)
When D is not exactly zero, a second reversal point has to be measured in order to eliminate the constant D (method I).
This results in:
metbod 1:

(2.3.10)

(2.3.11)
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2.4. The method of the critica} frictional resistance (method II).

This method too is frequently used for weighing purposes, The
equation of motion of this method can be derived fro~ equation (2.2.1)
by introducing as additional conditions:

c >a,

(2.4.1)

(2.4.2)
This results in the following equation of motion:

Jä + 2Vfë à + Ca

Under the initia! conditions when t =
equations (2.2.2)) we get the solution:

=M •

(2.4.3)

a,. both a = a and á = 0 (see

(2.4.4)
For y it follows, using a procedure highly analogous to that of par. 2.3,
that

1

y =

c.

(2.4.5)

When determining tm we meet the difficulty that a approaches itf'
equilibrium position ae asymptotically. We shall cut off this curve
when the deflection is about 99% of its limit and we say the measurement is finished when
(2.4.6)

17

The factor 1.3 in the last equation is taken instead of 1.0 in order to
get the more elegant result:

Ïm = 211

Vf.

(2.4. 7)

2.5. The indifferent equilibrium metbod (methods lila and IIlb).

This metbod has been used for the experimental work described in
this thesis ••The method is characterised by the absence of a restoring
moment. The equation of motion can be derived from equation (2.2.1)
by introducing:

c

(2.5.1)

0.

=

This results in the following equation of motion:

Jä + Dà = M.

(2.5.2)

Under the initial conditions when t = 0 1 both a
equations (2.2.2}) we get the solution:

=0

and à

= 0 (see

D

-Tt

MJ
a=-.- e

D2

M

+

MJ
t- - .

D

D2

(2.5.3)

Two extrames result in elegant expresslons fora;

if t

if t
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«

»

J

0

1

a

J

0

it follows that:

1

M

= Y2-t 2
J

it follows that:

M

a

=ot.

1

(2.5.4)

(2.5.5)

These two extremes we shall de!ine respectively as method IIIa and
method IIIb. From the equations (2.5.4) and (2.5.5) it may bè seen that
during the motion of the bolanee there are no special deflections
which could enable us to omit the measurement of t when measuring a.
If td is the result of this time measurement and ad;is the value of a at

time td, it follows for method IIIa and methad IIIb respectively that

(2.5.6)

(2.5. 7)

It follows for y and tm:

'
method· IÎia:

1

2

y = Y2 J td

1

(2.5.8)

(2.5.9)

(2.5.10)

methad IIIb:

(2.5.11)

2.6. The instabie equilibrium metbod (method IV)

In thi s methad we deal with the only remaining possibility for the
value of C of equation (2.2.1):

c

< 0

(2.6.1)
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We shall net deal with this methad in detail and shall confine ourselves to D = 0. The equation of motion then becomes:

Jä + Ca = M.

(2.6.2)

When introducing the initial conditions under which both a = 0 and
á = 0 when t = 0 {see equations (2.2.2), we obtain the solution:

(2.6.3)

When developing a after powders of t we get for the first two terms :

t/

M

a= n - t

2

J

1 M~t4
+24
J2

(2.6.4)

Again there is no obvious choice for the special deflection ad, and so
for y and tm we can write:

(2.6.5)

t

m

(2.6.6)

2.7. The resonance method (method V)

This metbod is based on the assumption that it is somehow possibie .to transferm the constant moment M into a periadie moment M ( t)
which satisfies
M (t) = M cos (i)o t ,

20

(2. 7.1)

in which w0 is the notural frequency of the undamped balance

=

W0

\{j- •

(2.7.2)

The equation of motion becomes:
Jä + Dà +Ca= M cos cu 0 t

(2.7.3)

Under the initia! conditions when t = 0 both a = 0 and à
equations (2.2.2)) we get the solution:
D
-- t
2J
M

sinvc- oz t
J
4JZ

\/ft

+

a=-

D

sin

~

0 (see

(2.7.4)

Vf

z

The first part of equation (2. 7.4) represents a damped vibration, having the period of the characteristic free vibration of the damped system. This part dies out after some time. The second part represents
a permanent vibration, having the period of the characteristic free
vibration of the undamped system. This is the steady state. For ad
we shall take the amplitude of the steady state:
(2.7.5)
giving:
y

= 2.' ri

r5Vc

(2.7.6}

If we define tm as the time required to bring back the first term of

equation (2. 7.4) to crbout 1% of its initia! value, we get:
(2.7.7)
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2.8. The pendulum method (method VI)
The difference between this method and the preceeding ones is so
great that in order to make comparison possible, we had tö introduce
some imaginary variations concerning essenHal points of the experiments with this method. These variations are so far-reaching that the
resulting comparison can not be regarcled without reservation.
The methad is based on a pendulum carrying out a free vibration.
The unknown force is parallel to the gravitational .force, thus the unknown force also gives a varying moment. The unknown . .forCE? c;:an
be calculated from the deviation it causes in the notural frequency· of
the pendulum. The frictioncri term is very smal! and we shall negleé:t
it to obtain the simple equation of motion :

(2.G.l)
in which:
a is the deflection of the bolanee, a = 0 conesponding to the equilibrium position of the bolanee,
F g is the gravitatienol force acting on the balance,
1

1

is the distance between the centre of gravitation and the ce.ntre of
rotation,

F

is the unknown force after partlal compensation with a compensation force F c and

12

is the distance between the werking point of F and the centra of
rotation.

In reality the value of F fellows from the frequency of the free
vibration, and so the measurement of F is based on the measurement
of a time interval. We shall describe another experiment differing from
the original one in order to base the measurement of F on the maasurement of an angle. The hypothetical experiment we have in mind
is the following: Two identical pendula are vibrating in phase and
with equal amplitude, both without any ether than gravitatienol farces
acting on them. At the time t = 0 both pendula have a reversal point

22

and the unknown vertical force starts acting, but only on the second
pendulum. The deflection angles of the two pendula become for t » 0:
and

(2.8.2)

(2.8.3)

in which:
a

0

is the amplitude of the vibrations, small enough to permit the
substitution sin a =a
0

a

l

0

is the momentary deflection of the first bolanee

a 2 is the momentary deflection of the second balance.

As may he seen from equations (2.8.2) and (2.8.3) an increasing
difference in phase exists after t 0.
When:

and

(2.8.4)

(2.8.5)

it fellows from (2.8.2) and (2.8.3) that:

(2.8.6}

The best choice fort is one for which a 1 and a 2 are very near to the
equilibrium position, so that:
(2.8. 7)
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Equation (2.8. 7) shows that F can be calculated frorr, the measured
value of a 1 - a 2 • We thus succeeded in modifying the experiment to
one in which the basis of the force rr:.easurement was changed from a
time rr:.easurement into an angle measurement,
When calculating y we have to use an expression for tv, :

(2.8.8)

The most obvious difficulty is the tirr:.e dependency of the moment
M which is related to the constant unknown force F.
An acceptable way out of this difficulty would be to use the maximum
valu~ of M (t) or the r.m.s. value of M (t) in the expression for y.
Another difficulty arising when equation (2.8.8) is used for the calculation of y is of a more serious nature:
For the sake of simplicity we have given the equations of the different
methods with the symbol M instead of F. This did not cause ariy trouble until now, as the forces F were always related in the same way to
their moment M:
(2.8.9}
The factor a 0 , which is restricted to small values, now appears in
equation (2.8.8). This factor a 0 causes a small value of Min comparison to the value of M the same force F would deliver if one of the
other methods was used.
Where the ability to measure farces is discussed this has to be taken
into account.
We have done this by.introducing the qucmtity y*, in which the equation (2.8.9) is used for M, being the expression for M which would have
been obtained had one of the other methods been used. This leads to :

y*

and

(2.8.10)

(2.8.11)
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in which:
{2.8.12)

2.9. Comparison of the different methods.
In the preceding paragraphs we have calculated y and tm for the
different methods of measuring moments. This was clone because we
are looking for a method combining a high value of y with a low value
of tm. These demands cannot be dealt with separately as there are
parameters on which both y and tm are dependenL
We shall start the comparison, giving for each metbod a relation be-tween y and t rn resulting from the elin;ination of one of the parameters.
In some cases this eliminatien concerns one of the parameters of the
methocl's equation of motion,,in others it concerns the parameter td.
In method I0 the only parameter that can be eliminated is the parameter C, the eliminatien results in :
(2.9.1)

y

In order to simplify the comparison of the other methods with method
Ia, we shall, if necessary, modify the equations to the general form:

Q

2

J

m

y =-t

(2.9.2)

In table 2.9.1 these relations may be seen both as resulting from the
eliminatien and as after this modification.
We shall call the non-dimensional quantity Q the quality factor, When
two balances based on different methods have the same value of J,
the value of Q shows which of them permits of better combinations of
y and tm.
The expressions for Q for the different methods may be seen in table
2.9.2, tagether with a rough estimate of the values of Q.
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Table 2.9.1.
Method

Re1ation between y and tm

yJ

I

tm2

2
172

yJ

1

tm2

217 2

yJ

1

tm2

417

yJ

1

tm2

2

Modified relation between y and tm

- - - - -2

II

lila

yJ

tr

tm

tm2

tm

IV

1
C 4
y = -I -t 2 + 24I jtm
2 J m

yJ

V

!__!__l_Vi
t - 10 c

yJ

IIIb

yD

m

VI
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1

(tr

J

= -)
D

17 2 t m2
I +
-=2
6 tv2
tm2

tm2

I

= 2017 -

tv

tm

ao tvib
417 tm

---

(tv

217~)

Table 2.9.2.
Method

Ia

Expression for Q

Value of Q

2

5

I

1

1

2rr 2

20

1

1

II

lila

40

1

1

2

2

1

<-

IIIb

N

2

172 t2
1
-+--...!!!.
2
6 t2
V

V

VI

1

tv
20TT tm

--

ao tvib
4u tm

----

>2
1

<60

1

<100
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Chapter 3
THE APPARATUS

3.1. lntroduction.
For ourown balance, we decided upon the indifferent equilibrium
method, a rotating bolanee measuring a horizontal force. The arguments for these decissions, given below are not always easily seperated from one another.
l. The Q factor of the indifferent equilibrium methad has a high
value.
2. As far as we know halonces following this methad have not been
used before. Such halonces might find application in other physical
fields, experience gathered from our experiments could then find
wider application.
3. The absence of a restoring force means that we need ncit toneem
ourselves with the constancy of the parameter C of equation (2.2.1~
However, it must be said that in the case of method IIIb the constancy of the parameter D has to he taken care of when determining
the difference between the unknown force and the compensation
force.
4. The measurements of non-horizontal forces would have involved
compensation for gravity. Such compensation is easily disturbed
by external influences and require extra precautions, particularly
when the gravity is large in comparison with the force to be measured.
5. It is difficult to combine the translational character of a balance
with the demands for measuring a horizontal force.
6. A rotational bolanee measuring a horizontal force can he put into
practice by hanging it from a suspension strip.
If the centre of inertia is vertically underneath the suspension
strip, gravity does not deliver an extra moment, 'whiè:h could have
the character of a restoring moment, requirinq a: carelul elimination befare starting an experiment.
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7.

The damping term of a rotational bolanee is easily obtained with
the !.elp of viscous forces of a damping liquid. This is in contrast
to translational balances where the liquid is pushed away by the
front side of the damping body, exerting extra farces of too complicated a character on the balance.

3.2. A short description of the apparatus.

A schematic drawing of.the apparatus may be seen in fig, 3.1. The
bolanee is suspended from a suspension strip ( 1). The torsion constant
of this strip is so small that the restoring, moment can be neglected,
Four horizontal arms (2), (3), (4) and (5) are attached to the lowest
damp of the suspension strip,
The sample (6) is attached to the end of the longest arm (2), When the
bolanee rotates crbout the longitudinal axis of the suspension strip, the
sample moves in the gap of an electramagnet (7). The direction in
which the sample can move we shall call the x direction, The adjustable mounting of the sample on the bolanee makes it possible toensure that this movement coincides with a horizontal line in the plane
of symmetry between the pole pieces in the first place and that the
horizontal line connecti ng the axis of rotatien with the sample is at
right angles to the x direction. We shall call this the z direction, which
coincides with the direction of the magnetic field in the plane of symmetry,
In this way we have satisfied the second and the third ,_;:Jndition of
Foraciay's methad (see par, 1.3).
The first is the most difficult condition to satisfy.
We eliminated the error caused by the dimensions of the cuvet by using
equal cuvets both when measuring unknown susceptibilities as when
calil:rating the apparatus with the help of a sample of a known susceptibility. Of course the same preeoution has been taken when
measuring the empty carrier correction.
It is preferabie for the position of the sample to coincide with the
maximum of Hz Hz I x in the plane of symmetry. For that reason
the magnet too is adjustable in the x direction.
A small oven (8) surrounding the sample is attached to the magnet. The
temperature of this oven is measured with a Pt-Pt Rh thermocouple.

o

o

A counterweight is ploeed on the opposite arm (3) and the moving
part of the displacementmeter is attached to the end. This rnaving
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A) Vertical and B) horizontal view of the apparatus
( schematically ), For the meaning of the numbers
sëe text.

part consists of two ferroxcube rods (9) extending perpendicular to
the arm and opposing one another. As may be seen in fig. 3.1. there
are two coils (10) separate from the bolanee and into which the rods
partly stick. When the bolanee rotates, these rods vcrry the coefficients
of selfinduction of these coils. This enables us to make a recording
of the deflection of the bcrlance {see par. 3.3).
To one of the remaining arms (4), a coil (11) moving through the
gap of a permanent magnet (12) is attached. A current sent through
this coil brings crbout a Lorentz force used for the compensating moment. One of the leads to this coil is the suspension strip. The second
lead is a strip drooping crlongside the suspension strip. The second
strip does not bring crbout a notabie restoring moment either.
The remaining arm (5) is used for equilibrating purposes only.
The lowest part of the bcrlance is a damping cylinder (13) made of
aluminium. The axis of this cylinder coincides with the axis of rotatien. This cylinder hangs in a vessel, the bottem of which is a flat
ring. Two cylinders conçe!ltric with the damping cylinder constitute
the walls of the vessel.
This vessel contoins a 'liquid of high v1scosity. The resistance of
such a damping unit to rotatien is small in comparison with its resistance to ether movements of the balance. It thus gives us a fixed
point of the balance.
The apparatus is mounted ·on a stone slab, resting on six rubber
halls. This arrangement conciderably reduces disturbances caused by
the vibrations of the building.

3.3. The displacementmeter
In chopter 2 the calculations were based on the existence of a displacementmeter independent of the bcrlance and not influencing the
parameters of the bcrlance. This displacementmeter had a constant.
value of Aa, being the smallest detectable angle.
In reality a displacementmeter always influences the bolanee be- .
cause some part of it has to be mounted on the balance and so con~
tributes to the momenturn of inertia.
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In order to reduce this contribution, mirrors in combination with
photocells are frequently used.
The large dimensions of the electramagnet we employed made it desirabie to use a bolanee with long arms to diminish the influence of the
parasital magnetic field on the ferroxcube rods. This resulted in such
a high value of the momenturn of inertia that our choice was not limited to such optical displacementmeters.
Displacementmeters, based on the mensurement of a linear displacement were chosen. Their sensitivity can be characterised by ~ u,
being the smallest detectable linear displacement. This sensitivity is
related to the angular sensitivity ~a in the following way:
~a

(3.3.1)

in which 13 is the distance between the rr;oving part of the displacementmeter and the axis of rotatien of the balance. When a linear displacementmeter is used we shall introduce the specHic angular deflection y and the
linear deflection y given by:
1
u

(3.3.2)

F

in which:
u is the displacement of the moving part of the displacementmeter
caused by the force on the sample and F is the force on the "'u·'''uH::.
Combining equations (2.1.1) and (3.3.2) leads to the following relation
between y and y :
1
(3.3.3)

y

in which:
12 is the distance between the sample and the axis of rotatien of the
balance.
Combination of the equations (3.3.3L (2.5.8) and (2.5.9) leads to the
following result for method IIIa :

!!:'

2
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l 1

~tz
J m

q

t2

m

(3.3.4)

the last equation defining q. We shall call this factor the linear quality factor, because of the foet that for a chosen value of tm Yl is
proportienol to q.
Thus when designing a bolanee 12 and 13 must be chosen within the
practical limits in such a way that q has its maximum value.
The first thing we have to do when making the calculations concerning
this maximum, is to develop an expression for the dependenee of J on
12 and 13 •
The calculations for this maximum will he given in the next paragraph
where we shall discuss the moment of inertia in more detail.

Our displacementmeter was based on the foet that the coefficient
of selfinducation of a coil partly filled with a rod of high permeability
material is dependent on the position of the rod.
lnductive displacementmeters are widely used but are, as far as we
know, always based on the varlation of a coefficient of mutualinducUon. They are known as differentiel transformers.
As we expected that the selfinduction displacementmeters would do
just as well, we made an attempt with them.

signal
generator

wave
analyzer

rectifier

13Kc

recorder

F i gure 3.2.

The electranies of the displacementmeter.
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In fig. 3.2 our displacementmeter may be seen.
The coils (10) of fig. 3.1 can be found in fig. 3.2, in this case with
the electrical connections of an impedance bridge: The alternating
current is supplied by a signa! generator. As zero point indicator a
wave analyser is used. Usually the bridge is equilibrated only once
a day, befare storting the measurements. Oefleetiens of the bolanee
result in deflections of the wave analyser. These deflections are
registered by a recorder to enable us to analyse the movements of the
bolanee afterwards.
An example of such a registration may he seen in fig. 3.3.
A disadvantage of our displacementmeter is the fact that the alternating current in the coils exert forces on the ferroxcube rods. These
forces are eliminated by the method of measuring the susceptibilities;
we measure the total moment acting on the bolanee both withand without magnetic field. Small variations in the output of the signal generator however would disturb this elimination. So we made use of still
another eliminatien method, based on the fact that when the two rods
stick into their coils to an equal extent the forces on the rods would
compensate each other. This arrangement also causes the influence
of small variations of the room temperature on the coefficients of selfinduction to be eliminated.
In almast all measurements we chose the amplification of the wave
analyser in such a way that l~t deflection of the moving part of the
displacementmeter corresponded to full scale deflection of the recorder. About half a percent of this full scale deflection is detectable.
Thus giving:
(3.3.5)
It might he possible that such displacementmeters allow sensitivities which are a factor 10 better. As will be seen later on in this chopter, the sensitivity given by (3.3.5) is good enough for our purpose.

3.4. Tbe arms of tbe balance.
As mentioned before, the most important condition arising from the
practical arrangement was that the arm to which the sample was attached had to be larger than 0.6 m.
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The second practical condition was that we had at our disposal aluminium tube with an internol diameter of 4 rr:rr. and an extemal diameter
of 6 mm. At first sight such a tube seemed suitable, so we básed the
following calculations on the use of this tube. At the end of this
paragraph comparison with an idealised bolanee will show that the
tube did not disturb the quality of the baiance too much.
The contribution of such a tube (see fig. 3.1} to the momenturn of
înertîa is given by:

{3.4.1)

in which 1 is the lenght of the arm.
If we îgnore other contributions to the momenturn of inertia than those
of the probe, the ferroxcube rods and the arrns ~upporting thern, we get
the followîng expression for the momenturn of inertia :

(3.4.2)

in whîch:

rns is the rnass of the sample with its attaching device and
rnd is the rnass of the ferroxcube rods with theîr attaching device.

If we introduce in equation (3.4.2) the values for rns and md which are
about 3.10- 3 kg and LI0- 3 kg resp., we get the expression:

(3.4.3)

It has to be noted that equation (3.4.3) is only valîd as long as 12 and
13 are not too large. In the case of large values for 12 and 13 , we
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should be forced to use strortger and thus heavier tubes in order to
avoid inconvenient bending of the arms.
This would involve a strenger dependenee of J on 12 and 13 thcrn the
one given for the arms in the last two terms of equation (3.4.3). As
mcry be seen from the rest of this paragraph, length of the arrr:s in excess of 0.6 m has not been taken into consideration. The bending of
the aluminium tube described above is not unacceptible in this case.
As explained in par. 3.3., 12 and 13 must be chosen in such a way that
the quanti ty q has a maximum.
With the help of (3.4.3) it fellows from (3.3.4) :

{3.4.4)

q

(31~ + I~ + 151~ + 151~).10- 3

F or practical reasens we had to state the additional equation :

(3.4.5)

12 >...- 0.6 rr:.

The maximum condition leads to 12

0,6

1

12
13

0.994 and q

46.

We did not obtain this value of q with our bolanee for two reasous:
l. we. could not avoid other contributions to the moment of inertia
(damping arrangement, counterweights etc.), amounting to O.S.l0- 3
2. we reduced the value of 13 to 0.2 m in order to reduce the total
dimensions of the apparatus.
This led to the following value of q :
q
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24 •

(3.4.6)

One might be interested in the maximum value of q without taking
account of the additional equation (3.4.5).
As much smaller values of 12 and 13 will than come into consideration,
the contributions of the moments of inertia of the arms to the total
moment become relatively small when these arms are chosen shorter.
This leads to the following equation for q:

q

{3.4. 7)
(31~ + 1~) .10- 3

12
13

0.6 resulting in

This q is maximal when-

250 •

{3.4.8)

Oomparing equations (3.4.8) and (3.4.6) we may conclude that our
balance differs by a factor 10 from an ideal balance of this type.
With a better arm design a factor of about 4 would seem to be attainable.

3.5. The suspension strip.

The balance is· suspended from a strip instead of from a wire as
was the former practice, because when both have to carry the same
weight, the strip delivers a smaller torsion moment per unit of angle
deflection. The torsion moment of a suspension strip is given by the
following equation
bh 3

b2

G+-F>a
31
12 1

(3.5.1)
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in which:
1

is the lenght of the suspensionstrip,

h

is the shortest side of the rectangular cross sectien of the strip,

b

is the longest side of this cross section,

G is the modulus of rigidity,
F

is the force exerted by the weight ot" the bolanee and

a

is the angle of deflection.

We had at otlr di sposol a Pt- Ni torsion strip of the following dimensions:
1

=

b
h

3.10- 2 m

5.10-4
5.10- 5

m
m

The total mass of the bolanee (arms, sample, counterweights etc.)
amounts to 0.2 kg, so the value of F in equation (3.5.1) amounts to 2 N.
Unfortunately we do not know the value of G of our suspension strip,
but an estimate of 4.10 10 Nm · 2 is reasonable.

0.6.10" 6

Introducing in equation (3.5.1) for a the value - - -

0.2

3.10-fi

being the rotatien of the bolanee corresponding with a full scale
deflection of the recorder (see par. 3.3. and 3.4.), we find for Mr the
value 0.9.10- 10 Nm.
The smallest detectable force is 3.10 -lo N (see par. 1.3.) which combined with 12 = 0.6 m delivers the smallest detectable moment of
2.10· 10 Nm.
So we may conclude that the restoring moment the suspension
strip delivers when the recorder shows a full scale deflection is
smaller than the smallest moment we want to be detectable , so the
resorting moment may be neglected when measuring and the condition (2.5.l Y for the indifferent equilibrium methad is satisfied.
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3.6. The frictional resistance term.

The damping arrangement is explained in par. 3.2., the construction is so simple that we shall only give a few details:

10 cm
4 cm

outer diameter of the vessel:
inner diameter of the vessel:
diameter of the damping cylinder:

7 cm

The contribution of the damping cylinder to the momenturn of inertia
amounts to 0.4.10- 3 kg m2 •
As damping liquid we used a silicon oil. There are silicon oils
available covering a very large viscosity range and so the value of
D and tr can be chosen out of a correspondingly large range.
Two arguments .exist concerning the desired value of tr. On the one
hand we want to deal with metbod IIIa, invalving a high quality factor.
This means that tr must be chosen larger than the necessary value
of tm.
On the other hand, proper limitation of parasitical movement of the
bolanee is favoured by a high viscosity of the liquid, cortesponding
to a small value of tr.
As a campromise we have chosen an oil of such a viscosity that
tr = 2 tm.
In order to calculate tm we shall use the following data and equations:

q

24 miN

llu =

so.w-10

(3.4.6)
m

llF == 3.10- 10 N ,
Yl = !12
llu

q

u
F

t2

m

I

--=-:::::: yl.

llF

(3.3.5)
(par. 1.3)

(3.3.4)
(3.3.2)
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It follows:
1.2 sec.

(3.6.1)

That tr is about twice as large as tm was checked in an experiment ;
see fig. 3.3. which gives a reproduetion of the line drawn by the
recorder during the experiment.
During this experiment the balance was at rest until t = t 0 • This may
be seen from the recorded line which is horizontal until t = t 0 •
At t = t 0 the campensatien force is suddenly vcrried to a rtew constant
value.
The movement of the balance is then described by equation (2.5.3)
D

a

=

MJ
02 e

--t

J

+

M

D

JM
t -

(2.5.3)
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F i gure 3.3. Reproduetion of a line drawn by the recorder. At t= t0
the compensation force is varied.
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This results in a deflection u:
D t
__

1

au=-e
D

1

+t

1

(3.6.2)

D

in which:
J
tr = - and
D

g is a constant in which we are not interested.

For large vcrlues of t we get from (3.6.2) the asymptot:
(3.6.3)
This asymptot is drawn in fig. 3.3. as the line AB.
The value of tr is represented in fig. 3.3. by the length of OA and is
2.6 sec.

3. 7. The magnet, the homogeneity of Hz

SH

z .
Sx

As explained in par. 3.2., the position of the sample coincides

SH

with the maximum of Hz __z in the plane of symmetry.
Sx
There are several reasons for this arrangement.
le The force has its maximum value.
2e When changing the sample, this coincidence is easily reproduced.
3e The magnetic force does not have the character of a restoring
force on the situation of its maximum.
The pole pieces were filed, until the variatien of the force by a
2 mm displacement of the sample in the x direction, storting from the
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maximum force situation, did not bring about a larger variatien of the
magnetic force than 1%. By analogy with par. 3.3 it may be seen that
this satisfies the third condition.

3.8 Some control experiments

1. Calibrations were carried out with different standard matericris
at the same field strenght. This resulted in the condusion that
absolute vcrlues of the s usceptibilities measured with our apparatus have an uncertainty characterised by a standard error of the
order of 1%.
2. The relative sensitivity for rreasuring diamagnetic susceptibilies
was derived from the measurements described in chapter 5. lt
proved to be of the order of 0.01 percent. This value is somewhat
dependent upon the vessel used.
3. Our thermocouple was checked at the melting points of pure metals. The deviations between the temperatures calculated from
the calibration table of the thermocouple and the melting points
were of the order of 1 °C.
4. The sensitivity of the balance for measuring other than magnetic
torces was checked with the help of a gravitational force. This
force was obtained with a large weight which could be brought
close to the sample. The horizontal component of this force
amounted to about 6.10- 10 N, this value resulting from a rough
calculation. The compensation current through the coil belonging
to the permanent magnet proved to be dependent upon whether
the weight piece was present or not. The difference between
these compensation currents was measured several times and
reproduced within a standard error of 30%. This corresponds to a
standard error of 2.10- 10 N.
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C hapt er 4
MEASUREMENTS ON PURE MnCO 3 ,
PURE MnO AND DISSOCIATING MnC0 3
4.1. lntroduction.
Measurements are reported of the rr.agnetic susceptibilities of
pure MnC0 3 , pure MnO and the solid products of MnC0 3 , dissociated
in different degrees. The ratio of MnC0 3 and MnO in the sample was
varied by rr.eans of the following chen:ical reactions :
MnO + CÛ:l
MnC0 3 •

I
Il

Our aim was to collect data crbout the magnetic behaviour of the pure
substances as well as to study the reactions I and II.
In order to avoid disturbances of the bolanee caused by interchanging the probes we .Iet the reactions proceed in a container pern:anently attached to the bolanee during the whole experiment (see
fig. 4.1). Therefore the original pure MnC0 3 was put in a glass bulb,
connected to a rnuch larger one in which the co2 was stored; both
bulbs were attached to the balance. The first glass bulb was able to

]~[
Fig. 4.1

Arrangements for the measurements of chapter 4.
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move in a the furnace between the pole pieces of the magnet while
the bulb containing the co2 was ploeed outside both furnace and
magnetic field. When the temperature is raised, reaction I dominates,
while lowering of the temperature favours reaction 11. We were thus
able to vary the dissociation ratio.
As neither of the susceptibilities of the pure solicis is better
known than 1% and on the other hand calibration of our bolanee with
a better known substance introduced a comparable error, the higher
accuracy as suggested by the data given, hos significanee only for
the relative vcrlues of all the data presented bere.

4.2. Measurements.
Measurements were started on a sample of MnC0 3 in the evacuated bulb. The curve of the susceptibility of MnC0 3 versus temperature was measured several times. This curve is shown in fig. 4.2
{curve I). These data and all susceptibility data following in this
paper have been corrected for the diamagnetism of the glass bulb,
for the paramagnetism of the surrounding air and also for the diamagnetic part of the susceptibility of the sample. As long as 370°C was
not exceeded, this curve reproduced. As we did not expect any equilibrium that would adapt swiftly to a dissociation degree cortesponding to the temperature, we concluded that no dissociation had taken
place so far. When the temperature was raised above 370°C, dissociation started according to reaction I. This was concluded from the
variations of the measured susceptibility. at constant temperature.
When after a dissociation period at a temperature above 370°C
the sample is kept at a temperature below 370 °C, recombination oeCuts according to reaction II. This recombination was thoroughly stuclied at room temperature. In order to obtain information conceming the
dependenee of the susceptibility of mixtures of MnC0 3 and MnO on
the temperature during the recombination at room temperature, short
interruptions were introduced several times. During each interruption
the temperature was raised up to about 300°C and lowered again to
room temperature. The susceptibility measurements taken while raising
the temperature were plotted and a curve was drawn through the
points. Data gathered during the lowering of the temperature corresporided to points belonging to the same curve. This led to the condusion that these interruptions did not effect the structure of the
mixture, thus allowing its x-T-curve to be determined. Several subsequent dissociations and recombinations were carried out with the
same sample.
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Fig. 4.2

400

600

Inverse susceptibilities versus temperafure for MnC03
(curve I) and MnO (curve II). The lines drawn conneet our
own measurements indicated by X. Other points. are from ·.
0 Krishnan (4.1), IQ) Bizette {4.2), · B.irckel
(4.3), ~ Honda (4.4).

45

100

OfoMnO

~

!

I

i

75

I

I

''

50
25

'----Fig. 4.3

10

20

30

40

The dissociation ratio versus the time throughout the whole
experiment; points are measured during recombinations at
room ternperature, except points given by the symbol 0
which were measured during recombination at 250 °C.

The last dissociation period was taken at 500°C. This ternperature
was maintained until the susceptibility remained constant, indicating
that the whole . sample was transformed into MnO. This complete
dissociation was checked by further raising of the temperat ure, no
indiention of a further dissociation being found in this way. Later
on we got another check by X-ray analysis. The susceptibility of
this 11/mO is plotted as a tunetion of tempermure in fig. 4.2 (curve
II). These measurerr.ents were taken in a similor way as described
above. Again the curve proved reproducible. This curve too will
he discussed later on. With the help of the susceptibility curves
of pure MnO and pure .tv'll1CÛ:l we are now able to calculate the dissadation ratio of our sample at any time of the experiment. This
can be clone at every temperature by presupposing linear additivity
of the susceptibilities of the corr.ponents at that temperature. The
complete experiment can now be described with the help of fig. 4.3.
In this figure, the ratio Çlf dissociation during the whole experiment
is plotted against time.
Several dissociation ratios plotted there were calculated from
susceptibility measurements at different temperatures between room
tempermure and 370°C without any indication of the temperature
influencing the dissociation ratio during the short time of measuring
as explained before. The heating periods during which dissociation
occurred, can be found as discontinuities of the curve in fig. 4.3.
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The forrr. of the recornbination curves indicates that two pro.cesses with quite different time constanis play a role. The dissociation period is always directly foliowed by a relatively fast recombination of limited extent and duration, and later on by a relatively
slow recombination. A part of the last recombination was carried out
at 250 °C.

4.3. Results and discussion

In this paragraph we shall give the magnetic moments both in
Bohr magnetons as in Weiss magnetons.
I. Th e temper at ure dependen c e of t he sus c e p ti bil it Y
of MnC03 •
According to the Curie-Weiss-Law the 1/X'k:mol versus T curve for a
paramagnetic· substance should he a straight line given by
3k (T- 0)

3 k ( T- 0)

l
P.o

P.o

N ~2 p.~

N f?2

p.2

(4.3.1)

w w

in which:

M)(,
M is the. molecular weight,

Ykmol

=

k

is the Boltzmann constant,

N

is Avogadro's nurnber,

p. 8 is the Bohr magneton,
P.w is the Weiss magneton, 4.96 P.w
~

=

p. 8 •

is the effective nurnber of Bohr magnetons,

Pw is the effective nurnber of Weiss magnetons, Pw = 4.96
()

~

and

is a constant, characteristic for the substance.

In fig. 4.2 (curve I) the results of our measurement are plotted after
corrections mentioned in Ji)ar. 4.2.
Our graph shows a straight line in the case of MnC03•.
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The X-ray experiments showed that the original MnC03 consisted of large crystals. After each heating period 9% of the total
amount of Mn ions formed small MnO crystals. The fast part of a
recombination resulted in the formation of 9% of small crystals of
MnC~ and eliminatien of the smal! MnO crystals.
This led us to the following suggestion crbout the reaction mechanism: An original MnC~ grain consists of large crystals. By heating
the surface layer of the grain can be easily dissociated; small WmO
crystals are formed. The central part of the grain can only be affected
by more extensive heating.
The small 11/mO crystals in the surface layer when in contact with
gas at room temperature can easily recombine to form smal!,
crystals of MnC0 , the MnO crystals at the inside of the grain recom3
bine much more slowly.

co2
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Chapter 5

DETERMINATION OF THE PARTlAL VAPOUR PRESSURE
OF DIATOMIC SULPHUR IN THE SATURATED VAPOUR
The aim in this research was to detennine the partial pressure
of the S2 -component of the saturated vapour of sulphur up to 600°C
from the magnetic susceptibility,
The vapour density measurements of Preuner and Schupp (5.1)
have shown the existence of S2 -molecules in sulphur vapour, In these
measurements the pressure did not exceed 120 cmHg; the maximum
temperature at which information crbout the saturated vapour was
obtained was crbout 450 oe.
By camparing with 0 2 it can be assumed that diatomic sulphur
molecules are in the 3 .I state and are thus paramagnetic, Th is has
been confinned by spectroscopie data and by Stern-Gerlach experimènts (5.2). Neel (5.3) and Scott, A.B. (5.4) have rneasured the susceptibility of sulphur vapour. Their measurements gave reliable
results at temperatures between 600 oe and 900 oe at total pressures
low in comparison with the saturation pressures.
The apparatus was used as shown in fig. 3.1, the sampleholder
was made of quartz. Some sulphur was placed in this vessel, just
enough to ensure saturation of the vapour up to 600 oe. The walls
of this vessel were thick enough to withstand pressures up to 40 atm.
The vessel was evacuated and attached to the balance.
The force F exerted on this sample by the magnetic field was
measured in dependenee upon the temperature. This force had to he
corrected for the paramagnetism of the surrounding air. This term
can be expected to he proportional toT~ because of Boyle-Gay Lussac
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and Curie laws. This correction was much greater than the effect
it was desired to mensure. The way in which this correction has been
carried out may be seen from fig. 5.1, where the variatien of the total
force on the sample is plotted versus ; 2 , At low temperatures the
points are in a straight line. This straight line is extrapolated to
higher temperatures. The deviation from this straight line, denoted
by ~ F, was attributed entirely to the paramagnetism of the diatomic
sulphur molecules. This rnearrs that the difference between the susceptibilities of the different diamagnetic sulphur components of the
vapour and of the liquid present in the vessel has been neglected,
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Fig. 5.1 Variatien of the force F acting on the sample in arbitrary
units versus ; 2 • The straight line corresponds to the
correction for the paramagnetism of the surrounding air.
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The measurements on liquid sulphur support this assumption (see
chopter 6).
From equation ( 1.3.1) it follows:

{5.1)

in which:
/j.

F is the difference between the magnetic force acting on the
sample and the force obtained from the straight line in fig. 5.1
at the same value of

ms
2

Vs2

1-z ,

is the weight of the S 2-component of the vapour expressed in
kmoles and
is the molar susceptibility of the diatomic sulphur.

A second assumption was made: The paramagnetism of the S 2-molecules can he described by S =- 1. This assumption can he regarcled
as p1ausible because of the fact that at low vapour pressures it
brings about a good agreement between the results of Preuner and
Schupp (5.1) and those of Scott, A.B. (5.4).
This means that for v the following equation can he substituted:
s2

4 N S (S + 1)

p.;

3 k T p. 0

(5.2)

in which:
N is Avogadro's number,
S

is the spin-moment of the S2-molecules, taken as l,

k

is the Boltzmann constant and

p, 8 is the Bohr magneton.
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Fig. 5.2 The partial vapour pressure p of S2 in satured sulphur
vapour in cmHg.
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To these equations was addéd:

V

273

P

= 22.4 • 76 •

(5.3)

T

in which:
V is the volume of thè vessel in m3 and
p

is the partial vapour pressure of S2 in cmHg.

From equations (5.1), (5.2) and (5.3) it follows by elimination of
ms and Ys:
2

2

p

LlF
3kT
= 8p~N •

1

--

22.4

T

V

273.

76

(5.4)

aH
ax

The value of Hz ~ was determined by experiments on samples
of known susceptibility and thus equation (5.4) made it possib1e to
find the temperature dependenee of p. (see fig. 5.2). The data thus
1
obtained were plotted in a ln p versus - graph. The points plotted

T
in this graph were found to conform to a straight line according to

equation:

In p

12.5 . 10 3

=- - - - T

+ 18.37

(5.5)

Deviations from this line, caused by non-systematica1 errors are of
the order of 1 cmHg. The systematical error arlsing from the correction for the paràmagnetism of the surrounding air is less.
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in which:
~ )( =

)(T -

xT, Tr being a reference temperature chosen such that
r

the liquid can be expected to consist entirely of s8 molecules,

x c h a1n.

and

x r 1n g

are the susceptibilities of the liquid consisting

entirely of respectively polymers and

s8

molecules and the last term

corresponds with the paramagnetical contribution of the atoms at the
end of the chains.
N is Avoqadro 1 s number,
JJ. 8 is the Bohr magneton,

k

is the Boltzmann constant and

S

is the spin moment, having the value of Y2.

In the following is has been assumed that

x c h a1. n

and

xring

are in-

dependent of the temperature, so that x r1n
. g = xTr .
Equation (6.1.1) is based on the assumption that other sulphur modifications (e.g. six rings and large rings) are only present in such
small amounts that their contribution to the susceptibility may be
neglected,

6.2. Measurements

For the measurements described in this chapter, the. apparatus
as may be seen in fig. 3.1. was used,
The sulphur used was purified in the following way, First it was
boiled in open air for one day and tl-1en distilled several times under
high vacuum. About half a gramme of the sulphur was put into a quartz
vessel, filling the vessel to about 60%. The vessel was evacuated,
The walls of the vessel were thick enough to allow pressures up
to 40 atm. ~X was measured in dependence on the temperature, the
value of 394 °K was chosen for Tr.
Corrections had to be made for:
l. the temperature dependence of the susceptibility of the surrounding air,
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2. the paramagnetism of the sulphur vapour above the liquid. For
this correction the results given in chapter 5 were used. The
thermal expansion of the liquid had to be taken into account.
The measured points are plotted both in fig. 6.1 and fig. 6.2.

6.3. Discussion of the results.
Substitution of expressions for the temperature dependenee of l2l
and p in équation (6.1.1) makes comparison With the measured points
possible.
The expressions for l2l (T) and p (T) are based on the following
chemica! reactions as indicated by Gee (6.3)
(6.3.1)

(6.3.2)
in which an asterisk indicates a chain-like molecule and 11 H4 and
!:!H5 are the heats of the forward reactions.
It is clear that in the first attempt the discussions on l2l (T) and
p (T) arebasedon the assumption that !:!H4 and .1H5 are independent
of temperature. Under certain conditions as indicated by Gee (6.3)
this leads to:

el

!:!H 4 1
1
1 - exp - ( - - -)
R
Trzl
T

p

p1

\jff;

I

11 H1 -1)
5 (-exp 2R T
T1

in which T1 may be chosen arbitrarily,
01

results from substitution of

~

in equation (6.3.3) and

Tr6 and p1 are integration constants.
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(6.3.3)

(6.3.4}

Measurements of the specific heat of liquid sulphur (6.2) resulted
in an indication of a non-negligible temperature dependenee of aH 4•
The most probable expression for 0 (T) derived from recent, as
yet unpublished specHic heat measurements, was kindly made available by Prof. G. Gee:
10
T R
7500 1
1
1- (-)
exp. - - - ( - - - )
(6.3.5)
432

R

432

T
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_.,.. t ·c
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Fig. 6.1 Change of the magnetic susceptibility of liquid sulphur
from 120. °C upwards.
0 experimental; (a) and (b) show the first attempt to caltculate the diamagnetic and paramagnetlc contribution; (c)
= (a) + (b).
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rooo~----~----~------~----~------n

11

AX.10

t

0

4~~~---+~--~--~~

~001~----~-------r

300
Fig. 6.2 Change of the magnetic susceptibility of liquid sulphur from
120 °C upwcrrds.
0 experimental; (a} and {b) show the second attempt to
calculate the diamcrgnetic and paramagnetic contribution;
(c) = (a) + (b).

In fig. 6.1 and 6.2 two different attempts are shown to compare
equation (6.1.1) with the measured points.
First attempt..
Curve c in fig. 1 corresponds to the expression resulting from
substitution of equations (6·.3.3) and (6.3.4) in equation (6.1.1). Curves a and b in this figuie show contributions to 11x of the two terms
in equation (6.1.1) separate1y.
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The following val ues for the parameters of the equations gave the
best fit to the measured points,
L\H4 = -3.8 kcal/mol

1'\Hs

=

34.9 kcal/mol

TIZI

=

423 °K

v h
"c ain

xnng
. = 2.36.10" 10 ,

which has to be compared with

xnng
.

=

9

5.8.10"
l\ = 874 cortesponding with T1

= 851

°K and

0

1

= 0.90

In fig. 6.3, curve l shows 0 (t) as resulting from the above-mentioned
vcrlues of the parameters.

100.-------r-----r----.,.....------r---.....
~in%

2

100

200

300

400
0
_____..,.t c

Fig. 6.3 Calculated weight fraction of polymer in liquid sulphur.
(l) according to the first attempt.
(2) according to the second attempt,
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In fig. 6.4, curve 1 shows p (t) as resulting from those values. Those
points plotted in fig. 6.4 which belong to curve 1 are calculated from
the difference between the measured points in fig. 6.1 and the curve
g of this figure.

Second attempt
Curve c in fig. 6.2 corresponds to the e:xpression resulting from
substitution of equations (6.3.4) and (6.3.5) in equation (6.1.1). Again
the contributions of the two terms of equation (6.1.1) are shown
separate1y.
Here we are left with only three parameters with which to fit
curve c to the measured points. This results in:
i\ H5

= 34.6

Xcha!n -

P1

=

kcal/mol.

Xring

=

3.21.10-10

537 corresponding to T1 == 851 °K and es1

=

0.59.

In fig. 6.3, curve 2 corresponds to equation (6.3.5). In fig. 6.4,
curve 2 shows p (t) as resulting from the above-mentioned values ·
of the parameters. Again the points plotted in fig. 6.4 indicate the
vcrlues of p (t} as resulting from the duferenee of the measured points
in fig. 6.2 and the curve g of this figure.
.

The discrepancies in the neighbourhood of T!ll between the calculated curves and the measured points are also to be found in other
experiments on liquid sulphur (6.1). It is assumed that they are caused
by the formation of large rings (6.1).
Apart from these discrepancies it may be seen that the agreement
between experiment and theory in fig. 6.2 is not worse than in fig. 6.1
in spite of the fact that the numbet of parameters the value of which
could be adapted was smaller in the second attempt.
It seerris doubtful whether it will ever be possible to derive the
ternperature dependence_ of !2! (T) from susceptibility measurements
only as long as the value of x cha!n - Xring is not known from independent measurements.
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The value of ~H 5 is only slightly dependent on the basic assumptions for ~ (T) as long as ~ (T) is nearly constant in the temperature
interval from which ~H 5 is calculated, This was the case both in
the first and in the second attempt: The value of ~ H5 found seems
to be reliable.
7~----~-------r------~------~----~
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Fig. 6.4 Mean chain lenght of polymer in liquid sulp_hur,
0
-

calculated frorn ~Xparamagneuc = ~Xexperimental ~ xdiamagnetic in which ~xdiamagnetic is calculated from

the first atternpt.
A the same for the second attempt.
(l) calculated with the help of all the parameters from the

first attempt.
(2) the same for the second attempt.
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There is good agreement with the results of Gardner et al (6.4)
giving as a result of their paramagnatie resonance experiments:

6. H5

33.4 kcal/mol.

There is only qualitative agreement with the susceptibility measurements of Tobisawa (6.5). The quantitative difference is probaly
due to the fact that no corrections are made by this author for the
paromagnetic s2 component in the vapour.

64

SAMENVATTING

In dit proefschrift worden het ontwerp van een magnetische susceptibiliteitsbalans en enige metingen met deze balans besproken.
Het invoeren van een dimensieloze grootheid Q maakte het mogelijk verschillende typen van susceptibiliteitsbalansen te vergelijken.
Op grmd van deze vergelijking werd voor de te bouwen balans een
methode gekozen die gekenmerkt is door het ontbreken van een richtkoppel.
Het toepassen van een elektronische verplaatsingsmeter maakte
het mogelijk een relatieve gevoeligheid van 0.01% voor diamagnetisme
te bereiken.
Metingen bevestigen het vermoeden dat MnO bij hogere temperaturen afwijkingen vertoont van de Wet van eurie-Weiss. Metingen
aan ·dissocierenJ Mne03 legden de grondslag van een hypothese
betreffende het reactiemechanisme van de dissociatie.
Metingen aan zwaveldamp maakten het mogelijk de pcrrtiele dampspanning van de twee-atomige zwavel in de verzadigde zwaveldamp
te bepalen tussen 400 oe en 600 oe.
Metingen aan vloeibare zwavel resulteerden in een getalwaarde
voor de reactievvarmte bij het openbreken van kettingvormige zwavelmoleculen (.~ H5 = 34,7 Kcal/mol).
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Lager onderwijs genoot ik aan de Openbare Lagere School te
Rotterdam welke onder leiding stond van de heer R. A. C. Sneep,
Op deze school ontving ik in de hogere klasf;en les van de heer
L. C. Vaross.ieau. Van 1939 tot 1944 doorliep ik de Libanon H.B.S.
te Rotterdam. Mijn belangstelling voor de natuurkunde werd .daar
gewekt door de natuurkundedocent dr. G. J. v. d. Berg.
In 1945 volgde rr.ijn inschrijving aan de Rijks Universiteit te Leiden,
waar ik in 1951 het doctoraal examen aflegde.
De laatste jaren van mijn studie tot 1953, werkte ik bij prof. dr.
C. J. Gorter aan para- en antiferromagnetische resonnantie.
In 1948 verwierf ik de Bataafse studieprijs, waardoor ik o.m. in staat
werd gesteld vele buitenlandse reizen te ondernemen,
Van 1953 tot 1958 werkte ik aan de Technische Hogeschool te Delft
als wetenschappelijk ambtenaar op het propeadeutische- en later op
het derdejaarspracticum.
Tezamen met ir. L. J. Poldervaart verdiepte ik mij in het ontwerpen van susceptibiliteitsbalansen. Deze samenwerking werd voortgezet aan de Technische Hogeschool te Eindhoven, waar wij beiden
sedert 1958 in de afdeling der algemene wetenschappen werkzaam
zijn.
In de sectie instrumentele analyse, onder leiding van prof. dr. P. van
der Leeden, konden wij een gevoelige susceptibiliteitsbalans laten
bouwen. De uitvoering geschiedde door de werkplaats van de C. T.D.
onder leiding van de heer H.M. Silvester. Vele technische problemen
wer,Jen opgelost door dE: heer J. P. Guliger, Het snel gereed komen
van de balans was slechts mogelijk door intensieve belangstelling
van de C. T.D. en door adviezen van wetenschappelijke specialisten
van alle afdelingen van deze Technische Hogeschool.
Bij de voorbesprekingen van de metingen met de balans en bij de
discussies over de resultaten is het contact r;,et de hoogleraren van
de afdeling der scheikundige technologie en hun medewerkers van
groot belang gewee;~t.
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In de periode waarin de apparatuur werd be;:.roefd en waarin proefmetingen werden verricht, verleende de heer A. A. Beerens waardevolle
hulp. Bij de metingen die in dit proefschrift worden besproken, had
de heer C. H. Massen een groot aandeel in de werkzaamheden; de
heer A. G. L. M. Weijts bood hierbij eveneens belangrijke hulp. Zijn
medewerking was mogelijk dankzij een toelage van het Eindhovense
Hogeschool Fonds,
Dankzij een toelage van het Eindhcvense Hogeschool Fonds zal
het rliogelijk zijn in september a.s. over onze onderzoekingen een
voordracht te houden op een conferentie in Japan.
Als neventaak had ik o.m. zitting in de commissie voor het Studium Generale welke onder voorzitterschap staat van prof. dr. ir.
F. Ph. A. Tellegen,
Met ingang van 1 september 1961 heb ik een tijdelijk "lectureship" aanvaard aan de Universiteit van Bangor (Wales), welke functie
kan worden gecombineerd met voortzetting van het wetenschappelijk
werk in Eindhoven.
Aan de totstandkoming van dit proefschrift droeg mej. B. Hendriks
bij door het typen van het moeilijke manuscript; mevr. A. C. M. J.
Duffhuis vervaardigde de tekeningen, De Engelse tekst werd gecorrigeerd door mr. A. Smith-Hardy M. A.
De technische uitvoering en vermenigvuldiging van dit proefschrift
werd verzorgd door de reproduktiedienst van de Technische Hogeschool te Eindhoven.
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