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Although polymorphism has been observed in a wide variety

of crystalline substances, the nature of the relationship
between chemically identical substances, which differ only in
their lattice structure, has been little studied.

The work, comprising this thesis, has been directed

towards obtaining further information regarding the mechanism

of polymorphic transformations. Azoxybenzene has been shown

to exist in three modifications and to have a transition

(II—»I), suitable for quantitative etudy on thin polycrystalline

films. The activation energy of this transformation obtained

from the simple Arrhenius Equation, V m k e *S/RT is

17,900 oale.g.mol., appreciably less than the heat of

sublimation of metastable, form II, azoxybenzene

(c. 29,000 cals./g.mol.). If, however, the transformation ia

considered to be dependent upon the differential rate of escape
/ '

of molecules from the two lattices (as envisaged by Hartshorns),
then the apparent activation energy is found to be

22,000 - 23,000 cals./g.mol.). The close coincidence between

the latter and the metastable heat of sublimation, gives a

strong indication that this transition involves a stage in which

molecules require to attain an energy equivalent to that

required for vaporisation. From the high pre-exponential

factor (some 10^ greater than that predicted on the basis of

the Polanyl-wigner or Burgers-Eott equations), it is evident

that a small proportion only of molecules require to attain the

full activation energy. It is suggested that vaporisation, or

some equivalent process, occurs primarily in the bridging of

lattice discontinuities and/or nucleation of mosaic blocks, and

that/ Use other side if necessary.



that the remaining molecules in a block are able to reorient

themselves along the growth axes of the stable lattice with a

relatively low activation energy, possibly involving local

fusion.
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Polymorphism, or the existence of a substance

in more than one type of crystal lattice, is a

phenomenon widely observable throughout organic and

inorganic chemistry. There are two classess

monotropy and enantiotropy. In the former, which

is the more common, one crystal structure is always

stable with respect to the remainder and the

transition point or points may be described as

"virtual" i.e. existing at a temperature above the

melting point of any form. Transitions, therefore,

proceed irreversibly from a less stable to a more

stable form, resulting eventually in the formation

of the ultimate stable form. Production of metastable

polymorphs in monotropy may be effected either by

supercooling the liquid melt, or occasionally, by

recrystallisation from a solvent under suitable

conditions. In enantiotropy, each polymorph has

its own range of stability, with a reversible transition

point between adjacent forms. At any temperature,

the transition will proceed towards the modification

stable at that temperature. At the transition

temperatures, the rate of transformation is zero and

the two adjacent modifications can coexist in true

equilibrium.

It is possible to cause inversion of the

phenomena. Under high applied pressures, the

nature/

i
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nature of the equilibria between any two forms may

be completely changed, monotropy replacing enantiotropy

and vice versa e.g. at atmospheric pressure monoclinic

and rhombic sulphur are enantiotropic, but, if the

applied pressure i3 raised above 1400 atmospheres,

the two forms become monotropic, rhombic sulphur

being the stable variety.

A polymorphic transformation is a simple solid

reaction of the type:

3olidp =a solid^
which may or may not be reversible. However, the

early kinetic studies carried out on solid reactions

were of the type:

solidj_ = solid2 + gas.

As both processes are to some extent analagous,

it is of interest to consider this latter type of

reaction briefly.

In early work on the thermal decomposition of

permangajtiates and dichromates by Hinshelwood and
1 2

I3owen ' , considerable experimental difficulty was

encountered due to disproportionate variations in

surface area as the decomposition proceeded.

Temperature coefficients were obtained but it was

not possible to calculate energies of activation from them.

Subsequent to this, Garner and others carried

out a considerable amount of work on the decomposition

of hydrates which included: copper sulphate penta-

hydrate->»^» ^J
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hydrate^* * , chrome alum , manganese oxalate

dihydrate^, and potassium oxalate hemihydrate *

In general, measurements were carried out in

vacuo Oii single crystal faces. The rate of

dehydration was measured as the rate of decrease in

weight of the crystal which was fixed to a suitably

calibrated silica spring balance. Knowing the

original face area the rate of dehydration/unit area

could be calculated.

Under such conditions several factors may

control the rate of dehydration. One is the rate

of loss of water from the transition layer existing

between hydrated and dehydrated material. If this

is the rate controlling factor then, assuming that

the nature of the transition layer does not change,

the dehydration will proceed at a linear rate.

Another factor is the rate of diffusion of water

molecules through the dehydrated layer. If the

impedance offered by the dehydrated layer to the

water molecules is significant then the overall rate

of dehydration will fall off as this layer increases

in thickness. The rate of evaporation of water

molecules from the external surface of the crystal

is possibly not significant as dehydrations proceed

at a rate very much slower than that of evaporation

from a surface into a vacuum.

As such dehydrations involved the removal of

molecules from a solid surface, the semi-empirical

Polanyi/



Polanyi-Wigner equation^ was applied to the results.

This equation states that the rate of reaction at a

solid surface is:

. -s/ht
dr = Nye
dt

which is essentially the simple Arrhenius equation

with the pre-exponential constant comprised of two

factors: N the number of molecules/sq. cm. of

interface and y the lattice vibration frequency
13

calculated to be about 10 •

In the case of copper sulphate pentahydrate,
3 Aboth Garner and Tanner , and Smith and Topley founc.

that the rate of dehydration to the monohydrate fell

off to some extent with time, indicating an impedance

by the dehydrated layer to the water molecules. The

effect, although significant, was not large, the

latter authors observing a 25/* decrease in rate for

a fifteen-fold increase in thickness of the dehydrated

layer. It was observed however, that the monohydrate

was produced as a pseudomorph of the pentahydrate and

thus large intergranular spaces were present and

offered only a partial barrier to the diffusing water

molecules. The activation energy was calculated to

be 18,000 cals./g. mol., HgO which compares well with
5

a later result by Bright and Garner^ of 16,000 cals

mol. H2O. Both these values approximated to the
heat of dissociation of CuSO 5HgO, indicating that
this was a controlling factor in the rate of

dehydration/

/g.
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dehydration. Substitution of the results in the

Polanyi-.igner equation gave a normal value for Y
(c.10^). Garner1^ thus concluded that, in the

dehydration of copper sulphate pentahydrate to the

monohydrate, the mechanism of formation of the new

phase was closely connected with the mechanism of

destruction of the old phase, and little or no

energy in excess of the heat of dissociation was

required.

Chrome alum, on the other hand, gave a linear

rate of dehydration which indicated that the loss of

water from the transition layer was the rate

determining factor. The energy of activation was

calculated to be 31»000 cals./g.mol. H2O which was

considerably greater than the heat 6f dissociation

(16,000 cals.). Determination of the lattice
■

vibration frequency from the Polanyi-Signer equation
25

gave a high value of 10 . Similarly in the case

of potassium oxalate hemihydrate and calcium

carbonate hexahydrate, values for Y were obtained
13

which were significantly larger than 10 •

Garner suggested that, in cases other than

those where a pseudomorph was produced, the results

could be explained by postulating a "mosaic block"

structure for the crystalline material# A mosaic
■ *

block is a minute crystal unit with virtually a

perfect crystal structure but having slight

discontinuities at the boundaries between neighbouring

blocks/
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blocks# The dehydration within a mosaic block

could proceed at a rate governed by the heat of

dissociation but would require a higher activation

energy to bridge adjacent blocks# However, with

the experimental evidence at his disposal, Garner

was not able to suggest how this bridging occurred#

In reviewing this work on the decomposition of
10

solids Hartshorne observed that the theoretical

|
approach to the problem would be greatly simplified

in polymorphic transitions of the type:

solld^ « solid2
where there were no complications arising out of the

removal of gaseous products.
11 12

Some kinetic work ' had already been carried

out on solid/solid transitions using the difference

in density between the two modifications. Such
dilatometric methods were subject to variations in

the transition interface similar to those previously

observed in the decomposition of permanganates.
10

Hartshorae , however, measured transformations as

the rate of advance of the interface. Measurements

were carried out at various temperatures on thin

polycrystalline films, either by projecting an image

of the film on to a screen bearing a calibrated grid

and noting the time required for the interface to

advance across the squares, or by photographing the

films directly at known times and subsequently

projecting the negatives on to the grid,

from/



From the beginning, difficulty was encountered in

obtaining reproducibility although great care was

taken to obtain pure material by recrystallisation

and repeated fractional sublimation. In addition,
10

in the case of monotropic o-nitroaniline , and

mercuric iodide1^ below its transition point, the

rate of transforation, at a given temperature, fell

off with time, necessitating extrapolation of the rdte

curves to aero time with the attendant inaccuracies

therein. Shis decrease in rate occurred irrespective
of sample or film thickness and was ultimately

considered due to an increasing gap at the interface

between the phases. This view was supported by the

difference in density between the respective polymorphs.

In each case, the transformation resulted in an

increase in density possibly causing a contraction

at the interface, and rendering the transference of

molecules from one lattice to the other, more

difficult. However as mercuric iodide is enantio-

tropic, the transformation could be followed in the

reverse direction above the transition point. Wo

contraction away from the interface could occur in

this case and it was then found that the rate of

transformation was linear.

For o-nitroaniline, the plot of log (Hate)
I

against 1/T^b3 gave a straight line from which the

activation energy of the transformation was calculated

to/
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to "be 171000-13,000 cals./mol. On the "basis of

vapour pressure measurements ' , the heat of sub¬

limation of p> -o-nitroaniline wa3 calculated to be
' I

19,000 cals./mol, The coincidence of the activation

energy of transformation with the heat of sublimation

suggested that the rate determining step in a poly¬

morphic transition was governed by the ability of the

molecules to attain a free vapour state. The

transformation would proceed by a process of

evaporation from the metastable lattice and

condensation on the stable lattice passing through

a narrow vapour gap only one or two mole cules thick.
16

Langznuir's equation for the rate of evaporati

of a solid into a vacuum is given by the relationship:
r- —E/RT

V = A/Te

where V is the rate of evaporation, A i3 a constant,

E is the latent heat of sublimation axid the other

symbols have their customary significance. By use

of some approximations hartshorne obtained an

equation relating the difference between the rate of

evaporation from each lattice with the latent heat

of sublimation of the metastable form:

V1 " V2 * <K1 " K2>B_El/RT
where V-j. and Vg are the rates of evaporation of the
metastable and stable phases respectively, and K0

are constants, and Ej_ is the latent heat of sublimation
of the metastable form.

It/
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xi is also possible to calculate the rate of

evaporation into a vacuum from the equation:

V = p/K
where p is the vapour pressure and M the molecular

weight. Given this, the density and lattice

spacing of the stable form, and assuming that the

molecules pass only from the metastable to the stabile

lattice, the linear rate of transformation may be

calculated for any temperature. In the case of

o-nitroaniline at 30°C the calculated rate was 7.95®*n/hr.
some fifteen times larger than the experimental

value of 0.54 m.m./hr.

In the case of mercuric iodide, measurements

carried out on the transformation below the transition

temperature (127 C) from the yellow to the red
> .. I

modification, yielded an activation energy of 10,000-

11 ,000 cals./mol,, which is considerably less than

the heat of sublimation of either form: 22,000 (red)
axid 19,000 (yellow). The apparent activation exiergy,

based on the relative rates of evaporation of the twc

phases was determined graphically from the above

heats of sublimation and found to be 18,000 oals./moj..
This is also significantly larger than the experimental

value, and to account for the latter, Hartshorne

Suggested that the transformation might proceed

through a "mobile" transition layer which required a

lower activation exiergy than that xiecessary to cause

vaporisation/

"°
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vaporisation. Calculation of the rate of

transformation yielded a value many orders less than

the observed rate.

The studies on sulphur^*^have been much
\

more comprehensive, and the rate of transformation

measured over a wider temperature range. In this

case it was found that the rate of transformation

from the monoclinic to the rhombic form was linear,

in spite of the fact that density measurements showe
tko-t

^the contraction away from the interface should be
even greater than in the case of mercuric iodide.

It was suggested that the absence of fall in velocity

was due to contraction occurring ixx directions other

than that of growth; thus the interface remained

essentially unaltered throughout.

A coefficient of variation for the rate at each

temperature was calculated indicating a standard

deviation of + 25-30^ for each point. Taking into

account the difficulties involved in such measure¬

ments this is not unsatisfactory.

The plot of log V against l/T gave a curve which

passed through a maximum7and at lower temperatures

(0-20°C), tended to linearity with a slope corresponding

to an activation energy of 20,300 cals./mol. This

value agrees fairly well with the latent heat of

jsublimation of monoclinic sulphur obtained by
20

nn

The/

20
Neumann (22,500 cals./mol.).
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The basic theory for the transformation of
19

enantiotropic substances was further elaborated
I
and an equation relating the rate of transformation

to the heat of transition and transition temperature

was obtained. Assuming that the transformation

proceeds by a process akin to evaporation and

condensation, the rate of transformation is given by

the equation:
-1,/RT -EVRT

V = t(A^e )
when and A2 are constants, and E^ and E2 are the
activation energies of escape from the metastable

and stable lattices respectively. Since = E;l+9.»
where q is the heat of transition and knowing that

at the transition temperature To, V = 0, the

following equation may be derived:

V = iAe-El/MU - " £))
This may be shown to pass through a maximum as

re .uired by experimental observation. On taking

logarithms and rewriting in the form:

log V - log(l - e^^to " ) = -e^/ht + log a/2
a straight line equation ox' slope -E^/R is obtained.
At temperatures away from the transition point e.g.

at 0°C, ©^^To "* (hereafter referred to as X)
becomes progressively smaller and of decreasing

significance in the equation. Thus, for lower

temperatures, the simple log V against l/T relationship
is a good approximation. This approximation will

be/
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be equally valid for monotropic substances where the

transition point is virtual and presumably well above

the range of measurements.

In spite of these refinements, the plot of log

V/l-X against l/T retained its maximum. At lower

temperatures however it became almost linear with a

slope corresponding to an activation energy of

20,500 cals./iaol. The indication was that at even

lower temperatures the activation energy would

approach a limiting value of 22,500 oals./mol., the

latent heat of sublimation of moaoclinic sulphur.

On the basis of mircoscopic observations on the

advancing front of rhombic sulphur at various

temperatures, Hartshorne suggested that the activation

energy of escape of molecules from the rhombic lattice

changed with temperature. A factor <jP was introduced
to compensate for this variation. It was considered

0
such that it remained constant up to 50 C after which

it decreased, so that the plot of log V/l - <p X
against l/T was completely linear. Assuming the

true activation energy to be 22,500 cals./mol., trial
values for at 25.5°C (the mean reciprocal temperature

between 0°C and 50°C) were taken and values Hear

calculated at each experimental temperature. For

^25.5° = 1.1 the values obtained fulfilled the

requirements and the rates calculated were in accord

with the experimental values.

The/
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The general conclusion drawn from this v*ork

was that in a polymorphic transformation the true

activation energy approximates to that required for

molecules to enter the free vapour phase from the

metastable lattice.

As a consequence to this work, Dunning, in an
19

addendum to Hartshorne's paper , suggested that the

transition layer was gaseous in nature but wider th^n

that envisaged by the latter. It was suggested that

the rate of interface advance was dependent not

only upon the supersaturation of the vapour with

respect to the stable phase /out also on the

probability of formation of two dimensional nuclei

on the completed surface planes. Dunning applied

Volaer's equation for the linear rate of growth of a

crystal from its vapour, to the results. This

equation may be written in form:
, „ , T, E const,log V = log K - -

^ T(To-T)

The value obtained for the activation energy was

20,200 cals./mol., in good agreement with Hartshorn#*s

results.

Irrespective of the method of calculation, it

was found that the pre-exponential factor was

considerably higher (X10') than that calculated on

the basis of the Polanyi-Wigner equation. To explain

this high value, it was suggested that the poly-

crystalline films had a mosaic structure. The rate

of/
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of transformation within a mosaic block wa3 rapid,

and required a low activation energy. The rate

determining step.however,involved the bridging of

the discontinuities between adjacent blocks,and this

process required an activation energy approximating

to the heat of sublimation of the metastable form.

The full elucidatioii of the nature of poly¬

morphic transformations requires a knowledge both of

the crystal structure of the polymorphs and of the

kinetics and mechanism of the process. In the

present investigation, the kinetic aspect of the

problem has been examined for two principle reasons,

a) the work was dix^ected specifically towards the

energy relationships involved in a polymorphic

transition in order to throw light on the mechanism

of the process and b) the metastable form of the

azoxybenzene used was too unstable under the

conditions of experiment to allow single crystal

x-ray work to be carried out; powder photographs

were however possible.
2i

Azoxybenaene has been shown to be polymorphic"" ,

and further investigation resulted in the discovery

of a third form, the transformation of which into

the stable modification proved eminently suitable

for kinetic measurements using polycrystalline films,

A photographic procedure showed that the rate of

transformation was linear at a given temperature,

and/



15

and subsequently a fairly rapid photometric method was

developed in which the rate of transformation was measured as

a function cf rate of change of light intensity. It was found

possible to adapt a Hilger "Spekker" for this work.

The activation energy, when determined from the simple

equation, V = K e WaS foun(j be considerably less

than the heat of sublimation of the metastable form although

much greater than its heat of fusion. If, however, the transi¬

tion was treated on the basis of differential rates of escape

of molecules from the lattices (vide Hartshorne), then the

calculated activation energy compared closely with the

metastable heat of sublimation. The pre-exponential factor

was found to be high and gave a value for the lattice vibration

frequency considerably greater than that generally accepted.

Marked catalysis of the rate of transformation by blue and

ultra-violet light was observed, the cause of which has not

been established with certainty. These results are discussed

below on the basis of a mosaic structure for the metastable

phase, and the influence of light on the discontinuities

between adjacent blocks.
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EXPERIMENTAL

I. Preliminary investigation of materials suitable
for kinetio studies.

Among the many compounds in the azo- and azoxy-
21

series reported to exhibit polymorphism, two were

considered as possible starting materials for

buantitative measurements viz. azoxybenzene and

3:5-dibromo-2-phenylazopyridine. Both substances

are monotropic, the metastable form in each case

being readily produced by supercooling the liquid

melt.

Azoxybenzene was prepared by sodium methoxide
22

reduction of nitrobenzene , The crude product was

recrystallised from aq. methanol, chromatographed on

a benzene/alumina column and further recrystallised

from aq. methanol. These and subsequent operations

were carried out under a filtered red light as

azoxybenzene twas found to be extremely sensitive to

light especially in contact with solvents. The

partially purified material was then placed in a

vertical sublimation tube 1^ x 10" which was attached

to a high vacuum system ( > 10°"^ miallg ). The lower

portion of the tube was heated to 50°C in a

thermostated water bath and an upper portion cooled

by a coil through which flowed tap water (c.lO°C).
Evaporation of the molten material and its subsequent

crystallisation on the cool glass surface occurred.

The material obtained after the first twelve hours had

a/
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a slightly orange tint with a micro-melting point of

35-36.2°C, This material was carefully removed and

the distillation continued for a further 24 hrs.

The azoxybenzene obtained in the second fraction was

very pale yellow in colour with a micro-melting

point of 35*6-36,4°C. The final fraction, obtained

after a further 24 hrs., was also pale yellow in

colour, but however, was contaminated with an

unknown impurity, lowering the melting point to

32.0-35.5°C. The second fraction was therefore

found to be the purest and the most suitable for

rate measurements. The use of the micro-melting

technique is an extremely sensitive method of

detecting impurities. From experience the melting

range of 35.6-36.4°C indicates a very high degree of

purity. A considerable number of micro-melting point

determinations were carried out on "pure" samples of

materials, including "Analar" reagents, In no case

was the range less than 1-2°C, and in many cases, it

was larger.

On supercooling a liquid film of azoxybenzene,

held between a microscope slide and coverslip, to

about 0°G, crystallisation of the metastable

polymorph occurred. It appeared as well formed

sphepulites with brilliant polarisation colours and

melted at 29°C. Almost invariably, nucleation at

both the edge and interior of the film occurred, with

rapid transformation to the stable form. During this

work/
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work another modification, intermediate in stability

between the two known forms, was discovered. At a

film thickness of 0.02 num., it appeared a pale

brownish-yellow under cross nicols, in contrast to

the brilliant coloured spherulites, and the slightly

less coloured needles of the stable modification.

The final melting-point of this intermediate form was

36.2°C, only 0,2°0 less than that of the stable form.

As no reversible transition points were detectable

the relationship in each case was a monotropic one

as indicated on the following phase diagram:

The transformation of form III to forms II and I

occurred rapidly and most often spontaneously with

a preference for the transformation III—H. The

transformation II—>1 however, occurred more slowly

and, due to its lack of spontaneous nucleation, was

eminently suitable for quantitative work.

In view of the slight difference in melting-

points between the two forms, an attempt was made to

obtain/

T

FIG.I.
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obtain further differentiation by means of x-ray

powder photographs. Under normal circumstances,

the powdering of the metastable form and the

bombardment with x-rays would have resulted in its
'

transformation to the stable modification before a

satisfactory photograph could be obtained* However,

it was observed that the transformation II—>1 was

almost completely inhibited in the third fraction of

asoxybenzene obtained by slow vacuum distillation.

A powder photograph of form II could therefore be

taken using this material. When powder photographs

of form I were taken using samples of the second and

third fractions, these were seen to be identical.

The impurity in the third fraction was therefore

present in a quantity insufficient to alter the

lattice structure. I

Powder photographs were taken on a Unicam 9cm.

camera using a copper K* beam of x-rays. Lattice

spacings wore calculated from a table based on

Bragg's Law and the dimensions of the camera, and

are given belowt

Fraction 2 Fraction 3 Fraction j
(form I) (form I) (form II)

o

dA
o

dA d&
8.96 M 9.07 M 8.41 X
5.77 W 5.77 W 5.6 W
5.34 M 5.38 M 4.58 3
4.67 S 4.64 3 4.26 3
3.85 S 3.87 S 3.73 3
3.54 M 3.56 M 3.17 W
3.22 W 3.22 W 3.05 M
3.01 M 3.05 M
2.69 W 2.71 W
2.29 W

ith regard to Intensity of lines, S=strong,
M=Medium, W=Weak.
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3:5~Dibramo-2-phenylaaopyridine was prepared by

the condensation, in strongly alkaline conditions,
23

of nitrosobenzene and 2-amino-3:5-dibromopyridine

The crimson oil produced was extracted with benzene

and chromatographed through a benzene/alumina column.

The first pale-yellow runnings of the column were

rejected and the clear crimson fraction of 3s5—

dibromo-2-phenylazopyridine washed through and

collected. This was evaporated to dryness and the

crystalline material recrystallised slowly in the

dark several times from 60-80° pet. ether. The

crimson platelets thus produced had a micro-melting
G

point of 111,5-114 C. Kapid supercooling of the

liquid melt produced a iaeta3table form which appeared

as light brown spherulites with a m.ia.p. of 97-98°C.
Spontaneous transformation to the stable form was

not observed, and on seeding with the stable

modification, the transition proceeded very slowly

at room temperatures. At about 50°C, needle like

growths appeared in the raetastable phase, whether

this was due to sublimation or the production of an

entirely new modification was not ascertained. The

melting-point however, appeared to be about that of

the metastable phase.

This material was not examined further but is

probably worthy of future study for purposes of

kinetic measurements.
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II. Preliminary study of the rate of transformatior,
in azoxybenzene (form II—>1).

The densities of both polymorphs, determined by

the method of flotation in water-suli)huric acid
I

mixtures of known density, were shown to be:

Form I l«260g./c,c.
Form II 1.251g./c.c.

During the II —>1 transformation of a poly-

crystalline film, some contraction away from the

interface might therefore be expected due to the'

increase in density, A simple method of ascertaining

whether or not the rate of transformation remained

linear with time was necessary, a3 considerable

difficulty arose in calculating rates for non-linear

transformations*^
A thin film (c. 0.025 mm.) of metastable

jasoxy benzene was prepared by melting some of the

stable modification between two slides, supercooling

to room temperature, and seeding with a previously

prepared sample of the xaetastable variety. This

film was nucleated along one edge by scratching with

a sharp edge and painting with a slurry of the stable

modification (pure azoxybenzene ground up with a
.

drop of methylated spirit). Experiment showed that

use of this slurry had no effect on the transformation

other than ensuring complete nucleation along the

whole front. As the transformation proceeded the

film (maintained at constant room temperature) was

photographed/
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photographed at equal intervals of tine* The

negatives were subsequently projected by means of a4
enlarger on to a sheet of graph paper and the

successive II - I interfaces traced. The areas of

transformation obtained in equal intervals of time

were cut out with a razor blade and weighed. The

paper was shown to be of uniform weight/unit area

and thus a measure of the relative rate of

transformation could be obtained from the weights off
paper. This was founds within experimental error,

to be strictly linear. The results obtained for

two different films, of area 1 x 1§", are given

below: (See also Fig. 2)

A. Time Wt. of paper B. Time Wt. of paper
(mins.) (gma«.)» (gms.)

0 ... 0
15 0.641 15 0.259
30 1.315 30 0.523
45 1.931 45 0.789
55 2.415 60 1.070

75 1.359
90 1.668

105 -1.984
120 2.251

,

A further experiment of this nature was carried

out to determine the effect of film thickness on the

rate. A film similar to the previous oneB was prepared,

except that one edge was held up by a thin piece of

foil. A wedge-shaped film was thus produced varying

from 0.002-0.095 m.m. in thickness at right angles

to the direction of growth but of uniform thickness

along the direction of growth. The transformation

was/
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was photographed and the enlarged image traced as

before. This tracing was then divided into three

equal strips along the direction of growth, each strip

representing a different average film thickness.

The areas of transformation were again cut out and

weighed. All three sections showed the 3ame rate

of transformation arid all rates were again linear.

The results are given below and on Fig. 3.

Wt. 2 (Mediuia)gms. Wt • 3 (Thin )gms •Time Wt,1(Thick)gms•

0
10 0.099
20 0.224
30 0.354
40 0.469
50 0.576

0.103
0.220
0.335
0.465
0.588

0.108
0.240
0.391
0.515
0.648

This method is somewhat laborious and therefor

impractical for general use. An attempt was made

to measure the rate of interface advance by means of

a travelling microscope but this proved unsuccessful
.

due to the irregularity of the advancing crystal

front. A considerable difference in opacity

between the 3table and metastable forms was

observed, and an attempt made to utilise this

difference in a photometric method.

III. Photometric method of measuring transformation
rates using a Hilger "Spekker" Absorptiometer.

Consider a film of crystalline material of

uniform thickness and area a, immersed in a uniform

light beam of intensity I0 per unit area of cross-

section/
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section and total cross-sectional area aQ. If the
intensity of the beam transmitted through the film

is I per unit area of cross-section, then the total

amount of transmitted light iss

T 3 I0(aQ - a) + la
= I0a0 - a(IQ - I) (1)

If this crystalline film is held between two

glass slides a certain amount of absorption and

scatter of light will occur but this will remain

constant (= Kg)
•

• • T as ^0U0 "* a^O ) "*^Gr
* -a(I0 -I) + K (2)

( • I0a0 is also constant)
From this it is seen that the total amount of

transmitted light will decrease linearly with

increase in film area.

Let the substance under consideration exist in

two modifications such that the intensity of the

light transmitted per unit area of the metastable

form 2, is hi And that transmitted by the stable
form 1 is Ij , If a rectangular film, of uniform
thickness, of form 2 is prepared and seeded with

form 1 along one edge, transformation will proceed
U >>

along a front parallel to that edge. After times

t' and t", let areas a* and aM respectively have

transformed to the stable modification.

Then/'
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)Then the light transmitted alter t* is (from (2

T' » K - (a - a»)(I0 -Ijj) - a'(I0 - lj)
Similarly, the light transmitted after t" is:

T" = K - (a - a»)(l0 - In) - a«(I0 -Ij)
* • Change in light transmitted:

T" - ?' = (a" -a')(Ic) - ITI) - (a» - a*)(I0 - I
» (a" - a1)(It - In) (3)

• . Rate of change of total light transmitted:

- -«'>(!! -ln) (4)
t" - t*

Thus the rate of change of area transformed (i.e.

the rate of transformation) is a function of the rate

of change of total light transmitted. It should be

noted, that the area transformed in unit time is a

measure of the linear rate of transformation only if
the film is of uniform width along the direction of

growth, and if no further nucleation occurs. Thus

a material prone to spontaneous nucleation could

not be measured by this means.

The Hilger "Spekker" drum reading gives a value
of log^Q To/l wiiere i& normal usage, T is the total
light transmitted through a solution, and To is the

total light transmitted through the pure solvent.

In the measurement of transition rates, the

solution position was occupied by the transforming

film, and the solvent position by a piece of plane

glass. from the value of log_„ ^0/?» To can10 A
obtained/
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obtained.

If the value of Vf0 is x* at time t' and x" at
time t%

x * = 5LL and xM =

Tc To

• x" - x* = ' "* a' "* ^11^

• Rate of change of x =

To from (3)
(a« - a*)(Ix - Iu)

(t" - t')Tg

i.e. the rate of variation in /^q is directly
related to the rate of transformation.

A difficulty arises however, if all films used

in the measurements do not have the same thickness.

Although the rates of transformation at any

temperature might he constant, as eacjt film had
t f ' '
different values of I- and III' the rates of change
of total light transmitted would vary considerably.

This may be obviated by extrapolating the plot of,
fee / *'
/T0 against time, to the aero and final values of

l/^o. From this, the time required for that part
of the film totally immersed in the light beam to

transform completely, can be obtained. This also
;

allows for the fact that, due to slight irregularities

in the advancing front, the whole of the front does

not enter or leave the light beam simultaneously.

The expected plot of, */to against time, is therefore;
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zero

t/t.

\

-}■ final

time

fig.i*

The time thus obtained is independent of any

variation in Ij and Ijj providing these remain
constant in any one experiment.

The above method requires that the light beam

is of uniform intensity along the direction of

growth, otherwise a linear rate of transformation

would not result in a linear change in the amount of

light transmitted. Photographs taken of the
■ * 1

"Spekker" light beam showed it to be of uniform

intensity along its vertical axis. Experiments vi/ere

therefore carried out so that the front advanced

from the bottom to the top of the beam.

!

IV. Measurement of the rate of transformation.

Measurements were carried out on films of

azoxybenzene 0.02-0.1 mm. in thickness, held between

microscope slides and 11 x 25 mm. cover slides. The

light/
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light beam was 14 mm* long (vertically) and nowhere

less than 12 mta# wide. Thus a film could be

completely bathed in light across its width with a

mm# outside the beam along its length#

As difficulty was found, at first, in obtaining

reproducibility, a routine procedure for the

preparation of films was adopted. The slides and

covers were cleaned in chromic acid, washed with

hot water followed by distilled water, and dried in

an oven at c« 80°C* Under dark room conditions,

(i.e. using filtered red light) a small quantity of

azoxybenzene was melted between a slide and cover at

exactly 40°C, on an electrically heated aluminium

block. vVhen melting was complete, any air bubbles
■ '4.

trapped between slide and cover were removed by

partly raising the latter. The film was then

transferred to a cooling block through which water

thermostated at 20°C was circulated. After exactly

5 mins•, the film of supercooled liquid was seeded

along its lower edge with form II. This cooling

procedure was found to be one of the most important

factors in obtaining reproducible results; on one

occasion, a failure of the therxaostating mechanism

resulted in the films being cooled to 21.5°G, v/hich

was sufficient to cause a decrease of 30?* in the

edge of the film was then scratched with a sharp

edge/

average rate of transformation The lower
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edge and painted with a slurry of form I. Under

certain conditions, transformation of the "crust" along

the sides of the film was more rapid than that within

the film itself, causing side nucleation. To

obviate this tendency, the scratch was terminated

1 rora. from each side.

It was observed that prolonged heating at 40°C
(i.e. 10 rains.) caused some enhancement of the

rate of transformation. She melting time was

therefore kept down to a minimum i.e. 1-g mins. for

a first melt and £ rain, for a repeat melt. Only

first and second melts were used in the final

quantitative work, although no detectable increase

in rate occurred even after three melts.
i

The films wex*e then transferred to the perspex

box shown in Fig. 5. This box, capable of holding

four slides and a reference blame, was mounted on a

brass slide of the same cross-section as that which

normally carries the cell-holder. The temperature

was maintained at any desired value by circulating

water or antifreeze solution from thermostat tanks.

The mm. scale on the slide could be read by means of

the pointer fixed to the "Spekker" housing. After

some tixae, the wipers, designed to remove bubbles on
/un

the inside walls of the box, became/fiecessary.
Standard red filters (Hilger 2io.6G3) were fitted

to the "Spekker" to ensure that no light of wavelength

shorter/
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o
snorter than 60Q0A reached the films.

The films were aligned in the light beam by

means of the shadow cast on a strip of paper

inserted in front of each slide. The scale reading

of the pointer was noted for each film and also for

the blank reference slide. It was therefore a

simple matter to reposition any film by moving the

brass bar to the appropriate scale reading.
To /

During an experiment, readings of log-^Q
were taken by aligning the film in the beam, and

balancing the galvanometer by means of the

uncalibrated shutter. The blank reference slide was

then aligned and the calibrated drum operated to

obtain a further balance.

In making the polycrystalline films, the cover

slide wa3 positioned so that its lower edge would be

below the lower edge of the light beam. In this

way a zero reading could be obtained before the

interface passed into the light beam. Headings

were taken at appropriate intervals, dependent upon

the rate, and continued until the transformation had

passed outside the light beam, after which a final

reading was obtained. Under these conditions, the

theoretical requirements of Section III were'

fulfilled.

To / T /
The values of log1Q /j were converted to /«p0

and the latter plotted against time. In general,

the plots followed the curve anticipated in Fig.

and/
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and the transformation time was obtained by

extrapolation to zero and final readings. However,

due to slight variations in filra thickness and

opacity along the direction of transformation, some

plots showed curvature along the expected linear

portion. In the majority of these cases, the

curvature was slight and no difficulty was found in

making accurate extrapolations. In a few cases of

ambiguity, the runs were invalidated and additional

experiments carried out.

A typical run is recorded below and on Fig, 4.
Run No. 396

Temperature 25°C Film Position 40.8 mm.

20/4/53

Referenc
position

Time log T°/j T°4 T%0
Zero Heading 0.140 1.38 0.725
11.12 a.m. 0.141 1.38 0.725
11.21 0.148 1,41 0.709
11.30 0.172 1.49 0,671
11.35 0.201 1.59 0.629
11,40 0,241 1.74 0.575
11.45 0.291 1,95 0,513
11,52 0.351 2,24 0,446
11,55 0,391 2.46 0.407
12.00 0.440 2,75 0.364
12.05 0.475 2,99 0,334
12.10 0.500 3.16 0.316
12.15 0.509 3.23 0.310
Final Heading 0.509 3,23 0.310

Transformation Time = 39.5 mins.

Sufficient measurements were carried out at 5

intervals between 0-30°G to give an accurate

representation of the rate at each temperature. It

was not possible to measure the rate of transition

above 30°C due to incomplete nucleation, and also

melting/

e slide
11,0 mm.
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melting (at 36°C), or below 0°C due to film cracking

In general, it was observed that the chance

variation was greater at the higher than at the

lower temperatures.

For the work at 10°C and below, the whole

apparatus was placed in an air-tight box which

contained a large quantity of anhydrous calcium

chloride and which was maintained under a positive

pressure of cold dry air. In addition, jets of

cold dry air were sprayed over the sides of the

perspex box. By this means, condensation of water

vapour on the box was prevented. Access to the

apparatus was effected by two port-holes which

could be closed after each set of readings, which

were observed through the glass lid.

The transformation times in minutes (T),

together with the corresponding relative rates
Vl

(R = 10/ ) are given belows

Temp #s=0°C Temp •=5°C Temp .=10°C
T R T R T R

830 1.205 363 2.755 192 5.208
732 1.366 371 2.695 213 4.695
732 1.366 353 2.833 247 4.049
603 1.658 356 2.809 227 4.405
749 1.335 389 2.571 217 4.608
756 1.323 356 2.809 242 4.132
717 1.395 368 2.717 253 3.953
716 1.397 321 3.115 263 3.802
700 1.429 398 2.513 213 4.695
611 1.637 358 2.793 219 4.577
831 1.203 354 2.825 212 4.717
720 1.389 340 2.941 237 4.219
759 1.318 331 3.021
741 1.350 402 2.488
656 1.524
689 1.451
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Temp •=15°C Terap.»20°C Temp.=25°C
T B T E T R

131 7.63 78.5 12.74 44.5 22.47
118 8.47 55.5 18.02 54.5 18.35
121 8.26 63 15.87 55 18.18
128 7.81 69 15.65 57 17.54
117 8.55 55.5 18.02 50.5 19.80
135 7.41 50 20.00 47 21.28
140 7.14 67.5 14.82 35.5 28.57
114 8.77 61 16.39 42.5 23.53
117 8.55 79 12.66 41 24.39
113 8*85 70 14.29 46 21.74
124 8.06 60 16.67 54 18.52
118 8.47 90 11.11 31 32.26
119 8.40 57.5 17.39 37 27.03
134 7.46 59 16.95 50 20.00
123 8.13 55 18.18 41.5 24.10
113 8.85 52 19.23 56.5 17.70
120 8.33 78 12.82 50.5 19.80
115 8.70 74.5 13.42 57 17.54
132 7.58 63.5 15.75 . 61 16.39

67.5 14.82 47.5 21.05
79 12.66 30 33.33
73.5 13.61 45 22.22

104 9.62 50 20,00
67.5 14.82 51 19.61

107 9.35 39.5 25.32
69 14.49 46.5 21.51
84.5 11.83 53 18.87
75 13.33

Temj) •
m

=*3Q°C
T}

34 29.41
34.5 28.99
39 25.64
33 30,30
32 31.25
30 33.33
38.5 25.97
32.5 30.77
32 31.25
31 32.26
27.5 36.36
25 40.00
29 34 * 48
39 25.64
27 37.04
31.5 31.75
34.5 28.99
33.5 29.85
30.5 32.79
31 32.26
33 30.30
35 28.57



34

In order to obtain the most representative

(and hence correct) rate at each temperature, the

distribution of each set of results was examined.

Consideration of this distribution, and of the relatively

small number of results taken (from a statistical

point of view), indicated that the arithmetic mean

presented the fairest picture. The group mean,

which excludes values considerably above or below

the main group, and the median, which is the value

of the middle result, were also calculated. It

will be seen from the table given below that there

is little to choose between the values in each case.

Temperature Ari^—~ " " * —*
On -1

In order to obtain the best fitting line for

the plot of I0&2.Q against 1/Tabs., and some
indication of the error involved in the activation

energy calculated from such a plot, the results

were treated statistically. Per reasons which will

be given later, the rate of transformation at 30°C
was excluded from this calculation.

*
Ntr* to+~+X Ws ^

5
10
15
20
25
30

0 1.390 1.374 1.378
2.778 . 2.779 2,801
4.422 4.350 4.491
8.18 8.18 8.33
14.80 14.80 14.82
21.89 21.02 21.05
31.33 31.33 31.30



35

103/j Abs. Rate loglO
(Rate)

log1Q(Rate)
estimated

Deviation

T°C T 10^ x rain R R
ĴS R-VV

0 3.6604 1.390 0.1430 0.1583 -0.0153
5 3.5945 2.778 0.4437 0.4174 +0.0263

10 3.5311 4.422 0.6456 0.6667 -0.0211
15 3.4697 8.18 0.9128 0.9081 +0.0047
20 3.4107 14.80 1.1703 1.1401 +0.0302
25 3.3534 21.89 1.3403 1.3653 -0.0250

30 3.2981 31.33 1.4960 1.5828 —0.0868

XT/n
XT = 21.0198 XR = 4.6557

= f = 3.5033 *ZR/n . E = 0.7760
XT2 a 73.7046 £R2 = 4.6333

(XT )2 = 441.8320 ii
CMi*5£ 21.6755

If t be the deviation of reciprocal temperature
24

from the mean (t = T-T)» it map be shown that

rt2 - a2 - iHl!
n

Similarly, where r = (R-!?):

tr2 = XH2 - El!
n

and analagously,

Itr * TTR - X^'tR
n

Thus It2 = 0.0659
Ir2 = 1.0207
Xtr = -0.2591

The slope b„ of the best fitting straight line
H, (

fs given by the regression equations:

b = a;
s?

(Bjj-E) = b(X-T) (2)
where Eg is the "estixaated" value for log^^Rate)
at/

Av 9 iV rtoAdM* X 6
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at any temperature and will lie on the best straight

line*

/.. , . 0.2591From (1) b = - .

0.0659

» -3.9317.

Rewriting (2) in the form:

R » bT + - bf
E

= -3.9317T + 0.7760 +3.9317 x 3.5033

= -3.9317 T + 14.5499

the values of R„ at each temperature may be obtained.
X*

The deviation rE of estimated from observed log (Rate)
may .then be obtained (rE = B-R^)

Xr„2 a 0.0029301
JCi

The "standard error" of each value is given by

the bequation:

».B. -/I2T -/°-0029301V n-2 V 4

= 0.02707

and the S.E. of the regression coefficient, b

r^~ = 0,0029301
J(n-2)Xt A/ 4 x 0.0659

■ 0.1054

Allowing two "standard errors" of b (i.e. 2 x

0.1054) the value <£ the slope ma,y be written

b = -3.93 +, 0.21, or the range of uncertainty of the

slope lies between -4.14 and -3.72. In normal

distribution, approximately 95'^ of all results

obtained will lie within * two standard errors.

There is thus 19 to 1 chance against the slope

lying/
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lying outside the above limits, unless some effect

other than chance variation coiaes into operation.

Wow the general relationship between rate of

reaction and activation energy is
""ii/pm

Rate = X e Ki

where K is a constant, E the activation energy, R

the gas constant and T the absolute temperature.

Thus log (Rats) » -E + log K
ET

or log10(Rate} = E + lo^ £
2.303RT 2.303

which is a straight line of slope -E/2.303R
Given the slope b » -3.93+0.21—

*-

E « 17»900 + 900 cals./g.mol.
With reference to the log(Rate) measurement
o

at 30 C, it is seen from the table, that its

deviation, r^, from the best straight line through
the other six points is 0.0868, considerably larger

than any other value for r^. However, it is
necessary to consider the significance or otherwise

of this deviation. By allowing 3 x S.E. on the

slope, the odds against a purely chance variation

lying outside this range are approximately 200 to 1.

In the above case b will vary between -4.25 and -3.61.

From the equation (Rg-R) = b(T-7)
Re » 4.25 x 0.205 + 0.778 = 1.650
to to

Re = 3.61 x 0.205 + 0.778 = 1.519
The valpe obtained for R at 30°C is however,

1.496/
* Fiyl f\.
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1.496 which is outside the above range. There is

thus some justification for the exclusion of this

result from the calculation of the best straight

line. Although there is an indication of curvature

in the activation energy plot, the possibility of

experimental error cannot be entirely excluded.

At 50 c incomplete nucleation was fairly common and

this effectively reduced the rate of transformation.
.

There was thus a personal factor in deciding whether

or not individual experiments should be invalidated.

As the time of transformation was short, a few

minutes difference would represent a considerable

error.

V. Investigation of the effect of light on the
rate of transformation.

In the earlier quantitative work, considerable

difficulty was encountered in obtaining reproducible

results, although every effort was made to

standardise conditions of film preparation and

transformation. Groups or three or four runs,

carried out simultaneously, were fairly concordant,

but different groups gave variations of up to 100%.

The cause of this variation was ultimately traced

to light. Azoxybenzene is known2'1 to absorb at the

violet end of the spectrum although the first

maxima does not appear until 2»200$. There was

thus/
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thus a possibility of photochemical action which in

some way increased the rate of transformation*

Subsequent use of filtered red light resulted in

the disappearance of these effects.

A series of semi-quantitative experiments was

carried out to investigate the effect of light on

the rate of transformation. films were prepared

in the usual manner and the alines placed in close

contact with the glass wall of a thermostat

maintained at 2Q°C, She time of transformation was

taken as that between seeding the lower edge of the

film with the stable modification, and the

completion of the transformation, for films

prepared under dark room conditions, this took 180

minutes,

films of metastable azoxybenzene were irradiated

with a standard "Hanovia" mercury vapour lamp at a

distance of 30 cms, for periods of 1/2 to 10 mine,

These films were then seeded and allowed to transform
o

at 20 C in the usual manner. In all cases the rate

of transformation showed a marked increase, the rat^
of increase being most rapid at small irradiation times

and falling to zero after 5 rains., at wtiich the

transformation time reached a minimum value of 90 mins.

Irradiation periods in excess of 5 mine, gave no

further increase in rate. On remeiting and

retransformiug the films without further irradiation,

the rates of transformation tended to return to

values/
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values comparable with the non-irradiated films.

The films which had received only a small amount of

irradiation were the most affected. It would appear that

this photochemical effect is reversible on remelting

Experiments were now carried out on liquid

films of azoxybenzene, irradiation being effected

prior to seeding with the metastable form. As was

anticipated, the li giid phase was very much more

sensitive to light than the crystalline material,

and the maximum rate, corresponding to a transition

time of 100 mins., was obtained after only 10 sees,

irradiation. Longer periods of irradiation resulte

in no further increase in rate. The light effect

appeared much more permanent and several reraelts and

retransformations were necessary before any noticable

decrease in rate occurred.

It was also observed that prolonged periods of

heating the liquid phase, at 40°C and higher

temperatures, resulted in some increase in the rate

of transformation. This effect was variable and no

correlation between heating time or temperature and

rate was possible.

Tie fact that irradiation of the liquid phase

increased the rate ox transformation to a reproducible

value indicated the possibility of quantitative

measurements. preliminary experiments showed that,

with such films, cracking occurred below 10°C and

incomplete/
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Q
incomplete nueleation resulted above 20 C. A

series of runs was tnerefore carried out at 10°, 15°
and 20°C, the films receiving the same treatment as

in the previous quantitative work, with the exception

of 15 sees, irradiation prior to seeding with the

metaatable form.

The transformation times in mins. (T) together

with the rates (R = 1C?T) are given below.

Temp.=10°C Texap. =0L5°C Temp. =20°C
T R T R T R

118.0 8.47 59.0 16.95 32.0 31.3
101.0 9.90 61.5 16.26 38.0 26.3
132.0 7.58 66.Q 15.15 34.5 29.0
116.0 8.47 70.0 14.29 34.5 29.0
132.0 7.53 69.5 14.39 36.0 27.8
120.0 8.33 58.0 17.24 44.5 22.5
139.5 7.16 50.5 19.80 35.5 28.2
110.0 9.09 67.0 14.92 49iO 20.4
102.5 5.76 59.5 16.31 44.0 22.7
125.5 7.93 58.0 17.24 46.5 21.5
110.0 9.09 66 f 0 15.15 43.5 23.0
118.0 8; 47 57.0 17.54 45.0 22.2

4 66.5 15.04 43.0 23.3
62.0 16.13 36.5 27.4
52.0 19.23 35.0 28.6
68.0 14.71
53.0 18.87
62.0 16.13

The activation energy curve was calculated

statistically using the arithmetic mean rates.

10Vt.k„ hate login(Satey log, ivate) Deviation
To„ „ 3 103 X miiT1 estlHuted K-Bj.-1 0 A 11 n-c. r«

■O .U

10 3.5311 8.49 0.92139 0.3339 -0.0650
15 3.4697 16.44 1.2158 1.1873 +0.0285
20 3.4107 25.55 1.4074 1.1309 -0.0235

XT = 10.4115 XR = 3.5521 = 0.0013895
T = 3.4705/
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7 = 3.4705 I = 1.1840
TT2 « 36.1404 XR2 = 4.3218

( IT)2 = 108.3993 (IE? = 12.6174
Zt2 = 0.0071 Ir2 = 0.1160 Itr = -0.Q2S9

Regression coefficient b = ~ -Zt2 0.0071 I
= -4.1285.

The estimated log^^(Rate) at each temperature is
given by the equations

a bT + I - b?
E

= -4.1285T + 1.1840 + 4.1285 x 3.4

= -4.1285T + 15.5120.

Ihe standard error of b

Yr z
B

705

(n-2) Zt'
» 0.4424.

Allowing 2 x S.J2. as before, the slope of the
,

curve is -4.13 * 0.88 from which the activation
MM*

'

energy i3 calculated to be:

18,800 + 4,000 cals./g. mol. jjite-

VI. Determination of the Heat of Sublimation and Heat
of Fusion of asoxybenzene (form I), by means of

vapour pressure measurements.

Vapour pressure is related to Heat of Sublimation

and Heat of Vaporisation by exponential functions of

the Arrhenius type viz:
.

P/

i
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p »

From the rate of sublimation during the

purification process, it was evident that azoxy-

benzene had a fairly low vapour pressure, possibly

c. I0~^m.m. Hg. at room temperature. One of the

simplest methods for measurements over the range
-210" - 10" m.m. Hg., is that devised originally by

26
Knudsen • In this, the vaporised material is

allowed to effuse slowly through a small orifice in

an otherwise sealed container placed in a high vacuum.

The relationship of vapour pressure to the weight of
■

material effused in a specified time is given by the

equations
m /ZTtRT\i

n — ——*
Wat

/2 TfRT\i

\ * J
which may be deduced directly from the kinetic

theory of gases, where:

p is the vapour pressure in dynes/sq. cm.

a is the area of cross-section of orifice in sq. cm.

t is the time in seconds.

M is tfre Molecular Wt.

R is the gas constant in erg3/"deg"""Vmol
W is the probability that any molecule leaving

the vaporising surface will pass through
the orifice into the vacuum.

The above equation, and particularly the

probability factor W are dependent for their strict

validity on a number of factors all of which cannot

be attained completely in experimental practice.

The/
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The most important requirement is that "free

molecule flow" must occur i,e. the mean free path

of the molecules must be sufficiently large that the

Will co .lide preferentially with the walls of the

containing vessel than with one another. For this,

the mean free path must be some ten times larger than
27

the dimensions of the efi'usioraeter . With a large
"*3

molecule, the mean free path at 10 m.rn. is such

that this condition could be fulfilled only in the
jM'y

orifice itself. However, as the dimensions of the

orifice make the most significant contribution to

the overall probability factor, the error should not

e large.b

This matter has been discussed fully by C.I.
28

an who obtained

the probability factors

28
Whitman who obtained the following expression for

WA*B
W S3 —

i-u-fwB)(i-wA)
where WA is the probability factor that any molecule

>vhich has vaporised off the surface of the material

will reach the top of the vessel, Wg is the
probability that any molecule entering the efiusion

orifice will pass through into the external vacuum,

and f is the ratio of cx^ss-sectional areas of orifice

and vessel, both assumed to be circular. This

essentially kinetical approach to the probability

factor has been criticised by Rossman and Yarvifood^
who/



45

who consider that W is significantly dependent upon

the surface area and accoraiaonation coefficient of

the substance, la Whitman's derivation a suitable

choice of effusioaeter dimensions renders these

factors (apparently) of small importance. It will

be shown in practice however, that there is little to

choose between the two methods of obtaining W; the

absolute values of vapour pressure vary only by a

few per cent and no change in t,*e slope of the x^lot

of log^p against l/TAbs occurs.
The effusion vessel used in this work was

designed with the purpose of simulating ideal

theoretical conditions as far as possible. The

dimensions of the vessel were kept small in order to

approach "free molecule flow". The ratio f was also

made small, whilst retaining an orifice siae

sufficiently large to allow a measurable ..quantity of

material to effuse.

A small value for f is desirable for a number

of reasons dependent upon the distribution of molecules

entering the orifice. The probability factors W
A

and Wg, based oii the respective ratios of 1/R
(where L is the length of cylindrical tube and R the

radius), are valid only if molecules enter the tube

Uniformly over the whole face with a cosine
30

distribution of directions • Any distortion of this

distribution which occurs in the vessel itself is

minimised/
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minimised in the orifice by the latter being

centrally placed and as small as jsassible. From
28

Whitman's derivation the error in assuming the

accommodation coefficient to be unity is minimised

by making f small as long as does not exceed 0.95*

In general, it would appear desirable that molecules

effuse at a pressure close to the equilibrium value.

This will also be facilitated by a small f, as the

number of gas molecules effusing will constitute only
a fraction of those available to do so.

The values of W and were calculated from
A B

io
Clausing's tables of probability factors based on

the ratios l/R ( see above)

Radius of effusion orifice 3 0.905 mm.

Thickness of orifice foil

L/R

! * <y

Radius of effusion vessel

Length of effusion vessel

L/R

WA

f = (0.305)2
(4.7S)2

After '.Vhitiian2^:
'

w/

= *0.0140 mm.

3 0.01548

= 0.992.

3 4.76 mm.

3 9.52 mm.

= 2

3 0.514.

= 0.03614
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Vir WAWB
i-(i-fwB)(i-wA) i-( 1-0.0362 X 6.992 )

(1-0.514)
0.959.

(x = W)

2Q
After Rossman and Yarwood :

x = X .

1 + a/Ao(

where a is the area of the orifice, A is the effecti

surface area of the substance and oc its acconriodatio

coefficient. At .orat, a/A will not be greater than

f and the accomodation coefficient oc will not be less

than 0.7 (estimates of oc range between 0.7-1).
'

• • x <

ve

n

1 + 0*03614
0.7

0.951.

In practice x may be slightly higher than this since

with crystalline material a/A < f. The value,

however, will be within a very few per cent of that

derived from Whitman's equation.

Converting the expression for vapour pressure

from absolute units into ma. Hg.

P = m

Wat
/2 tr RT\*
\ m /

10
M } 980.7 X 13.595

'

I
where the symbols have their previous significance

,-2

W = 0.959

a =s 2.58 x 10 Csq.cia.
M = 198.1

R = 8.314 x 107 ergs/deg^/mol*"1
vhenoe/
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whence p » s/~L x 49*367
t

a *a /^~T± x 0.82278 where t is in
t minutes.

The effusion vessel (see fig. 8) was turned out

of brass rod with internal dimensions of 9.52 ran. in

diameter and 8,52 sua. deep. The screwed cap was a

section of threaded brass tube soldered on to which

was a piece of thin platinum foil, 0.014 mm. thick,

through which the effusion orifice had been drilled.

Due to the tendency of thin foil to tear on drilling,

it was clamped between two flat pieces of brass, and

this drilled out giving a perfectly circular hole.

The diameter was measured accurately by means of a

microscope with a calibrated eyepiece.

Some consideration was given to obtaining good

thermal contact between the effusion vessel which is

under vacuum and the surrounding thermostat tank.

The container ultimately devised was made of 1"

diameter copper tubing sealed at one end with a

copper disc soldered on, and at the other end, on to

a Pyrex B 34 "Quickfit" socket. In the bottom of

the tube, a piece of Wood's metal, with a cavity turned

out to accommodate the lower part of the effusion

vessel, was placed. By partially immersing the

container for a short period of time in boiling

water, a small amount of the Wood's metal melted and

adhered to the copper. On cooling, the metal

solidified/
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solidified, and a good thermal contact was obtained.

The copper container was fixed to the high

Vacuum line via a silvered liquid air trap upon

{which the effused material condensed. This trap
maintained the vacuum exterior to the effusion

vessel as low as possible by causing almost immediate

condensation of the aaoxybenzene. Experiment showed
•

: ■ ■

that considerable variation in apparent vapour

pressure occurred if the liquid air was omitted, a

reduction of 20)- resulting in some cases.

The vacuum system, comprising liquid air trap,

f.IcLood Gauge, and mercury diffusion pump backed by a

—6
rotary oil puxap, gave a vacuum of at least 5 x 10

la.m. Hg.

Apiezon "L" grease vsas used on all taps, cones

and sockets and was found to be perfectly satisfactory

up to the highest working temperature (49°C.).
The temperature in the thermostat tank was

controlled to +_ O.Q5°C by means of a mercury-toluene

regulator connected through an electronic relay to a

small immersion heater.

As the amount of material effusing was to be

measured by the relatively small loss in weight of

the effusion vessel, a strict procedure of weighing

was employed. Oil charging the vessel with azoxy-

benzene, the lid was firmly screwed on, and all

loose fragments of 3olid brushed off. The vessel

was/
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.

was carefully lowered into the cavity in the Wood's

metal by means of a wire hook. The vacuum line was

assembled and pumped out for about two hours which

gave time for all volatile material and adsorbed

gases to be removed. The effusion vessel was then

extracted from the container, placed in the balance

case, and weighed after 10 mins., in the case of

experiments on the solid phase, and.after 15 mins.,

in the case of the liquid phase. The effusiometer

was now ready for use and approximately eight runs

could be carried out after each charging.
'

Between the time of starting the pumps and

commencing the timing of an experiment, 5 mins., were

allowed. This enabled the vessel to come almost

to equilibrium with the themostat tank, and the vacuum
-4

to reach 10 mm. A compromise on the time lag was

obviously necessary as some loss of asoxybenzene

must occur before complete temperature equilibrium

or a high vacuum was attained. The period of 5 mins.,

Was found by experience to be a reasonable one and

(the error either way would not be large.

Experiments were carried out at 4°C intervals
*

between 19° and 35°C on the stable crystalline phase

and between 37° and 49°0 on the liquid phase.

Buring work on the liquid phase, the effusion vessel

was placed on an aluminium block at 40°G for a few

minutes prior to each run, to ensure complete

melting/
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melting of any crystalline aaoxybenaene.

U°Abs a(gms.) t(iuin3.) p(ma.Hg.)

Solid Phase (form I)

292.2

296.2

300.2

304.2

0*0105 2000 7.384 X 10-
0.0170 3365 7.105 X 10"
0.0143 2745 7.327 X 10-
0.0149 2805 7.471 X io-(
0.0145 2735 7.457 X io-

0.0102 1130 1.224 X 10-
0.0132 1452 1.279 X 10"
0.0138 1582 1.235 X 10-
0.0132 1500 1.246 X 10"
0.0137 1476 1.314 X 10"

0.0138 351 2.069 X 10-
0.0162 1081 2.136 X 10~
0.0160 1088 2.097 X 10-
0.0153 1012 2.155 X 10"
0.0167 1137 2.094 X 10"

0.0161 630 3.657 X 10"
0.0121 462 3.759 X 10"
0.0102 386 3.792 X 10-
0.0255 995 3.678 X 10"
0.0127 497 3.667 X 10"

308.2 0.019* 481 5.830 X

0.0262 607 6.235 X

0.0167 385 6.266 X

0.0145 359 5.676 X

0.0278 628 6.394 X

0.0331 738 6.068 X

T°Abs M&tis.)
Liquid Phase

310.2 0.0159
0.0153
0.0142

314.2/

4

,-4

10-4

t(mina.) p(ram.Hg.)

238
277
256

8.001 x 10~4
6.004 x 10"}
8.038 x 10~4

7.349 x 10"5

1.250 x 10"4

2.110 x 10-4

3.713 x 10'r4

6.078 x 10
-4

8.014 x 10r4



314.2 0.0106 129 1.198 X 10'
0.0165 191 1.260 X 10"
0.0194 235 1,204 X 10

318.2 0.0169 136 1.824 X 10'
0.0127 101 1.846 X 10"
0.0142 119 1.751 X 10

322.2 0.0210 110 2.820 X 10'

0.0143 83 2.545 X 10

52

."*4'

4
4

:-3

.-41.221 x 10'

1.807 x 10"3

~32.583 x 10

The results were treated statistically as before.

Considering first the vapour pressure measurements

on the crystalline phase;

iq-VtAba 10' x log ® 105 x log f> Deviation H—R.
i° -V

T

3.422
3.376
3.331
3.287
3.245

TT =

w _

d 'XT
( ity

xt2 -

R

0.8662
1,1004
1.3243
1.5697
1.7838

16.661
3.3322
55.5374

277.5889
0.01963

estimate?

HE
C,8604
1.1010
1.3351
1.5640
1.7824

21R =

=

xr2 =

XT)2 =

ir =

+0.0056
—O.OOOo
-0.0108
+0.0057
+0.0014

6.6444
1.3289
9.36085
44.14805
0.5312

IrJ => 0.00018509

Xtr a -a 10210

Regression coefficient b rtr _ _ 0.10210
0.01963

= - 5.2012

R£ = bT + I - bf
- - 5.2012 T + 18.6603

from which the appropriate values of R£ are calculated.
The/
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The Standard Error of each point » /Q.000

The Standard Error of b
(n-2) Xt2

0,05290.

n-2

0,007655.

= /0.00018509

18W,

3 x 0,0196

Allowing 2 x S.E. the slope = - 5.210 £ 0,126
from which the latent heat of sublimation of form I

is calculated to bes

AEL = 23»700 + 600 cals./g. mol. (See Pig.

Calculation of the Latent Heat of Vaporisation

10^ T^bs 10^ x log1Qp 105 x log-^p Peviation(R-R^,estimates.
T

9)

)

3.224
3.183
3.143
3.104

X2

XT2
(
rt2

R

1.9039
2.0867
2.2563
2.4286

12.654
3,1635
40.03893

160.12372
0,00800

ke
1,9051
2.0839
2.2584
2.4285

IH = 8.6761
IF = 2.1690

XR£ = 18.97085
( I R): » 75.27471
Z ~ 0.15217

E

-0.0012
+0.0026
-0.0015
+0.0001

„ 22_rc = Oi, 00001046

"51.tr =-0,03489

Regression Coefficient b = JLlE = -4,361
XV

R^ » bT +TF - b£
= 4.361 T + '1.5,9650

r . • , .
'

' ■
.

from which the appropriate values of R^ are calculated.
S.E. of each point

S.E. of 3lope b

Allowing/'

= /^rEZV(n-2)
= O.OC1253

,,„?y = 0.02557-/(n-2) "5t2



FIG.9
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Allowing 2 x S.E. the slope = -if.^6l- O.O5I,

from which the latent heat of vaporisation is

calculated to be :

AH
y = 19,890 + 25O cals./g.mol.

AH » 2},JOQ - 600 cals./g.mol. ,4-thes

value for the latent heat of fusion is:

AH p = AH - AH » 5,800 - 800 cals./
g • luOl .

Over the range required, the method used for

the determination of vapour pressures proved simple,

rapid, and reproducible, providing the precautions

mentioned previously were observed. The effect of

omitting liquid air from the silvered trap is an

interesting one. Initial vapour pressure

determinations, using a clear "Pyrex" trap showed

little or no decrease on omission of the liquid air.

Subsequent experiments however, carried out without

using liquid air, showed anomalies which apparently

coincided with the appearance of crystals of

azoxybenzene on the side walls. On thoroughly

cleaning the inside of the glassware between the

effusion vessel and the permanent liquid air trap,

attached to the pumping system, concordant results

were again obtained initially, but became anomalous

as condensation occurred. It would appear that

the azoxybenzene crystals set up a vapour pressure
in the trap, sufficient to reduce the rate of
effusion/
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effusion from tiie orifice. To obviate the

uncertainty of this effect, a silvered trap filled

with liquid air was used all the time.

On the basis of Whitman's derivation , the

probability factor involved in effusion is

independent of the surface area of the material

providing it is not less than the area of cross-
section of the vessel. It is however, dependent

on the position of the material, as this governs

the value of W .. If the substance contained inA

the effusiometer is in a powdered crystalline form,

its level will fall as successive determinations

are made, causing a lower value for W ^ and hence
W, and resulting apparently in a progressively

smaller vapour pressure. On the basis of Rossman

and Yarwood's treatment the probability factor

is dependent upon the surface area of material.
The apparent partial contradiction of these two

treatments is resolved in practice as the "effective"

surface area, i.e. the area from which molecules

can completely escape, will remain virtually

constant until the charge is almost exhausted, in

which case it will fall below the area of cross-

section of the vessel.

In the work on azoxybenzene, the effusion

vessel was two thirds filled with material

(slightly less for the liquid phase work) and

measurements continued until insufficient was left

to cover the bottom. Although the decrease in
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W was appreciable, no progressive decrease in

vapour pressure could be detected, so that it did
not appear to be a limiting factor under these

conditions. When, however, the material was

almost exhausted, the value of f (or a/A) would

inevitably rise predicting what was in fact

observed, a sharp decrease in vapour pressure.

From this it would appear that there was a

limited dependence on surface area.

The extrapolated values of log p against

1/T, for liquid and solid azoxybenzene, intersect
at c. 59° C, somewhat higher than the melting

point of the stable from (56«£°C). The small
standard error of each plot indicates that the

discrepancy does not arise from experimental error,
but rather from a factorial error in the absolute

vapour pressure of either phase, or both. An

increase of 6% in all solid phase measurements or

a corresponding decrease in liquid phase measure¬

ments is sufficient to reduce the temperature of

intersection to 56.6°C, without altering the slope

of either curve. A discrepancy in the overall

probability factor, of this order, is quite

possible, arising from an inadequate consideration
of variations in the nature of the surface

bordering the vapour phase.

Discussion/
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Discussion*

The Transformation in Red Li^,ht.

Polymorphic transformations are one of the

simplest examples of changes which can occur in the

solid state under varying environmental conditions.

Although such changes are numerous, very few

examples have bean examined quantitatively, due

primarily to the considerable practical difficulty

in finding suitable cases for study and in making

accurate measurements of the rate of transformation.

This difficulty is not confined to polymorphic

transformations, but appears fairly general in

solid reactions where small or even minute amounts

of impurity can make significant differences to

reaction rates. In the solid (crystalline) state,

there is never, even under the most favourable

conditions, a complete absence of impurities, and

the latter will tend to lie at discontinuities in

the crystal lattice and may in fact be one of the

causes of such discontinuities. This effect will

be modified in the case of solid solution, although

the accommodation of foreign molecules will subject

the lattice to some strain.

In general, it appears that nucleation occurs

at "active centres" associated with lattice

discontinuities which are either inherent in the

structure, or subsequently induced in or on the

crystal. It is known, for example, that the

normal/
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normal latent image in a photographic emulsion is

formed at discontinuities in the silver bromide

crystals where silver sulphide is present.

Although the amount of the latter is minute, its

careful removal renders silver bromide relatively

insensitive to light. In polymorphic studies,

comparatively small amounts of added imparity may

increase or retard the rate of a transformation,

as for example the effect of various added metals

on the iron polymorphs.It is possible that the

effect of impurities is to change the number or

nature of the nucleation centres,although how this

occurs is not clear.

In searching for a suitable material for

kinetic measurements, one readily obtainable in a

high degree of purity (or one with a reproducible

amount of impurity) is desirable. Further, the

nature of such impurities must be such that they

do not bring about spontaneous nucleation,

difficulty of nucleation, or anomalous transition
18

rates#

Again, the difficulties of measurement may be

inherent: these include the cracking of crystalline

material on cooling so that the transformation front

is unable to proceed uniformly, and the falling off

in the rate of transformation with time, due possibly

to a contraction away from the interface of the

two phases or some other cause. (This is discussed

later).
In/



59

In Hartsnorne? s studies in sulphur, ^ ^
the above defects appeared to be absent or

unimportant, and it was possible to carry out a

fairly thorough investigation into its rate of

transformation.

The early choice of azoxybenzene as a material

upon which to carry out rate measurements appears

to have been somewhat fortunate, for of several

other organic compounds examined later, none showed

promise of fulfilling the above necessary conditions.

If due care is taken to protect azoxybenzene from

violet or ultraviolet light, it may be prepared in

a high degree of purity. The fractional

sublimation technique (mentioned previously) yielded

a middle fraction which from the micro-malting

point was seen to contain a very small amount of

impurity. Nevertheless the suitability of the

material for rate measurements depended on its

ability to transform in a satisfactory fashion.

The first fraction, although slightly impure, would

have been suitable for rate measurements,

transforming at a slightly higher rate than fraction

2, whereas fraction ^ was entirely unsatisfactory

due to difficulty of nucleation and an extremely

slow rate of transformation.

The tto crystalline forms I and II were quite

distinct, as seen from visual microscopic

observation and also from powder photographs. The

difference in lattice spacings indicates a distinct
difference/
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difference in lattice structure.

Spontaneous nucleation in azoxybenzene

(II—»I) rarely constituted a problem; any which

was observed usually occurred at the point of

initial seeding with form II. As this point was

on the edge along which the film was seeded with

the stable modification, no difficulty arose.

The temperature range over which all operations

on the films of azoxybenzene were carried out

(0 - lfO°C), facilitated manipulation and enabled a

highly standardised technique of preparation to be

used. This factor is probably one of the most

significant in obtaining reproducible results.

The coefficient of variation of rate for each

temperature was calculated from the equations

1 / (R - R) 2
C =

R V n - 1

where R is the arithmetical mean rate, and R the

individual rate for n experiments.

T C Rate x 105 C x 100

0 1.5? 8.9
5 2.7Q 6.5
10 k-k-2 8.1
15 8.18 6.5
20 llf.8 I8.5
25 21.9 23.3
30 11.4

The coefficients of variation are generally

less than those obtained for sulphur which range

between 18 and 7>1%*
Another possible contributory factor to the

lower coefficient of variation is the measurement
of/
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of the transformation over a greater linear

distance C14- m.ra.), and a greater total "area of

transformation". The sulphur transition was

measured along a jJO ra.m. front for a distance

advance of 2 m.m. Some 1200 readings were taken

at each temperature, and each reading represented

the time of transformation for an area of

0.25 x I.5 sq. m.m. The total "area of
transformation" therefore was C.45O sq. m.m. In

the work on azoxyberj.2er.1e, the "area of trans¬

formation" measured in each run was 11 x 14- =

I54 sq. ra.m. As 12-28 runs were carried out at
each temperature, the rate was obtained from a much

larger "area of transformation" and was probably

more representative.

In addition to the preliminary photographic

experiments which demonstrated both that the rate of
transformation was linear with time and essentially

independent of film thickness over the range

0.01 « 0.1 m.m., the thicknesses of all films used

in the quantitative work were noted. No

relationship between rates of transformation and

film thicknesses was apparent, however.

With regard to the nucleation of films it was

observed that, with increasing temperature (and
hence increasing rate), an increasing difficulty

of complete nucleation, along the whole edge,

occurred. The appearance of the front indicated
that the rate of growth along one axis of the
stable/
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stable form was greater than along any of the

others. The difference in rates of growth was not

very large at the lower temperatures (0 - 15°C),
but became of increasing importance at higher

temperatures, so much so that the production of a

continuous front suitable for kinetic measurements

at }0°C was entirely fortuitous. If the nucleation

process resulted in the production of one or two

needles inclined at an angle to the edge of the

cover, transformation virtually ceased after these

needles had reached the edge of the film. Thus:

F'V ><>•
The effect was even more marked in the case of the

irradiated films whose rates of transformation

could not be measured above 20°C for this reason.

A photometric method of measuring polymorphic

transformations in thin polycrystalline films is

applicable to all transitions which involve a

change in light absorption. The present technique,

although more rapid than projection on to a

calibrated grid, is still somewhat tedious and is

capable of further improvement. A simple

development would be to record a large number of

transitions at any temperature simultaneously by

means/



63

means of cine-photographs, which could then be

measured phtoinetrically in some 3imple photoelectric

device analagous to the "Spekker". This method

would have the added advantage of being more

adaptable to extremes of temperature.

The calculation of the results statistically

from regression is a standard one and need only be

mentioned. The assumption implicit in such a

calculation is that the distribution of results

about the mean is "normal". In the case of the

transition rates for the non-irradiated

azoxybenzene, the arithmetic mean, median and group

mean lie fairly close together which is an

indication that the distribution is "normal" or

nearly so.

If the rate of transformation can be adequately

represented by an equation of the Arrhenius type viz.

V = K e a/ST^ activation energy

calculated from the plot of log (Rate) against

l/TAbs. for non-irradiated azoxybenzene is

17,900 - 900 cals/g.mol., which is significantly

less than the heat of sublimation of inetastable

azoxybenzene. Taking a value of 1000 cals./g.mol.
for the heat of transition, the heat of sublimation

for raetastable azoxybenzene is 22,Y&Q - 5&Q

cals/g.mol. Between the upper probable limit of

the activation energy and the lower probable limit

of the heat of sublimation, there is a gap of 3»^00

cals., a not inconsiderable figure. From this it
would/
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would appear that the transformation involved energy

of a lower order than that required to vaporise

molecules from the metastable lattice.

However,the use of the simple Arrhenius

equation (which here is a limiting case of

Hartshorne's equation), assumes that, since the

relationship between the two polymorphs is

monotropic, the tendency for the reverse

transformation to occur is negligible; c. f.

enantiotropic transformations at temperatures well

below the transition point. There are some

grounds for suggesting that this is not the case.

Firstly, a difference of only 0.2°C between the

melting points of the two forms, indicates that the

extrapolated vapour pressure curves would meet at

a virtual transition point only a few degrees above

the melting point of either. Secondly^the rate
measurements at 30°C give a point on the

activation energy graph which is significantly

below the straight line through the other six

points. Using all seven points, a graph is

obtained which is linear at lower temperatures and

curved at higher temperatures, indicating the

possibility of a maximum. This, however, is not

detectable as it occurs at temperatures above the

melting point of the stable form. Assuming the

curvature to be real, a situation analagous to that

of sulphur exists.

On this basis, an attempt was made to fit the
results/
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results for azoxybenzene into Hartshorne's

Equation, viz:

log. V - log (1 - x) - - S/HT + log.A/2

where x * e ^ TQ " T ^
The virtual transition point is not known,

but from the closeness of the melting points of the

two polymorphs it must be very little above either

of these. Trial values of 2f0° and 5°° C were

therefore used in the calculation of the apparent

activation energy. A rounded value of 1000

cals./g.mol., was taken for the heat of transition

which must be less than the heat of fusion of the

stable form (5,800 £ 800 cals./g.mol.). The

heat of transition was not found to be critical and

the effect of its variation will be discussed below.

Assuming T = if0°C and q * 1000 cals./g.
mol.

T°C 1 - X log.10
0 0.208 0.826
5 0.181 1.18

10 0.155
15 0.128 1.80
20 0.102 2.16
25 0.076if 2.2f6
50 O.O5O5 2.79

Plotting log10V/l - x against a
straight line was obtained, corresponding to an

activation energy of 2^,200 cals./g.raol. (see fig.
11).

If/

// X '
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If TQ * 50°C and q = 1000 cals./g.mol.

T°C (l - x) log.10 V/l - x

0 0.2if6
0.221
0.196
O.l/l
o.iif6
0.121
0.096

0.752
1.10

2.01
2.26
2.51

The plot of log^ against l/TA-ba was again
linear,corresponding to an activation energy of

23,000 cals./g.niol. (see fig. 11).
If q was reduced to 5°^ cals. or increased

to 2000 cals., the variation in E was very

slight and in all cases less than ifOO cals. Thus,

an error in assuming q = 1000 cals • would not

alter substantially the values for the apparent

activation energy.

The assumed value, Ta » 50°C, appeared to

fit the results better than the lower value from

the point of view of obtaining a linear plot.

The most striking effect of applying

Hartshorne's Equation, assuming approximate values

for q and T,,, is the close similarity of the

apparent activation energy (2j5»000 - 2lf,000

cals./g.mol.), and the heat of sublimation of the

metastable modification (c. 22,/00 cals./g.mol.).
It seems not unreasonable therefore, to consider

that the transformation proceeds by a stage in

which the molecules require to be vaporised.

The pre-exponential factor, calculated from

Hartshorne'a/
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FIG. II
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Hartshorne's Equation, where the velocity is

measured in cm/sec., is large, the value for A

being equal to J*J2 x 10 According to

Burgers A may be equated to B ^ 0 where B
is the number of molecules whose re-arrangement is

initiated by the thermal activation of one molecule,

is the lattice vibration frequency factor

( c. 10 13), and cT is the average lattice

spacing ( » 6.19 x 10 *"®cm. from ^ » 1.251g*/cm^
for metastable azoxybenzene). Prom this, B is

found to be equal to 1.2 x 10 ^ molecules.

The above calculation is given briefly below:

log ,VX ■ + log. A/2
To » 50°C, T » 20°C, Transition Time for

l.if cm. advance » JO, 2 mins.

V ~ JO,2*"xTo = 2*32 x 10 cm/sec.
" "IU° -

log i I x 38 -6.08,3

E/rt - 29,000/1 x 293 * 59*64
A = 7.72 x 10 llf

If A a B Y f
B = —7.72 jc 10 l2f, = h2 x 10 9

10 x 6.19 x 10

Rewriting Hartshorne's equation in the form

appropriate/
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appropriate to the Polanyi-Wigner Equation where

V is measured in molecules/sec,

log' 1~^T = " fil + los* ^2"
As the rate of transformation is independent

of film width and thickness let us assume both to

be unity. Then the volume of azoxybenzene

transformed/sec.

l.A cm.^
70.2 x 60

From f » I.25I g./cm.^, the average volume of
1 molecule = 2.57 x 10 "22 era.'*

Ho. of molecules transformed/sec.

= 70^2^x 60 x 2.57 x 10-22

a l.if x 10 18

x ^ = 9.61 x 1018 and ^RT = 39.&I-
N ^ - 2.61 x 10 lif

Now the average area of cross section of each

molecule * x 10 cra.2
p

i.e. H » 1 mols./cra.

5.85 x 10"15

y = 1.2 x 1022
i.e. Y is 1«2 x 10-* greater than the generally
accepted value for the lattice vibration frequency.

The Burgers and Polanyi-Wigner treatments are

entirely/



entirely analogous and lead to the same result.

Thus, in the azoxybenzene transformation, one

thermal activation, where 2 * 23,000 cals./g.raol.,

appears to result in the transformation of

c. 1.2 x 10 ^ molecules.

It would thus appear that a small proportion

only, of the total molecules in a polycrystalline

film, require to attain the thermal energy necessary

for vaporisation, and that the remainder transform

by some relatively low-energy process. Hartshcrne

has attempted, with soxae degree of success, to

explain the transition mechanism on the basis of a

mosaic structure, each mosaic block transfonaing

rapidly with a low activation energy until a

lattice discontinuity, which probably constitutes

the mosaic block boundary, is encountered. The

high activation energy is required to bridge such

discontinuities.

This matter has been considered by Dunning ,x^
who suggests that a transformation involves, not

merely the passage of vapour molecules across a gap,

but also the probability of formation of two

dimensional nuclei on the surface of the stable

modification. Surface nucleation on the stable

phase is probably of great importance. If the

degree of supersaturation of the vapour with respect

to the solid is insufficient, or if the nature of

the gap between the two phases is such as to

preclude the formation of nuclei of critical size,
the/
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the transformation must be hindered. Again, if

nuclei form at screw or edge dislocations, they may

eventually cease to be effective due to cancellatio

and the "punch-through effect" particularly

noticeable in long-chain paraffins. In either of

these cases, fresh nucleation would appear necessary

if crystal growth is to continue. The progressive

ly decreasing rate of transformation observed in
<r - nitroaniline,mercuric iodide, and one or two

organic compounds examined subsequently in this

department, may be due to some such effect.

Allowing a process such as two-dimensional

nucleation, it is possible to envisage the building

up of successive crystalline layers on both screw

and edge dislocations until effective contact is

made between polymorphs over small areas. At such

a stage, the vibration along the axes of growth of

the stable form may be capable of dislodging the

molecules in the adjacent metastable mosaic block,

causing their reorientation into the stable

configuration. Alternatively the bridging of the

gap may cause a high pressure at the interface

resulting in localised melting.

Dunning has attempted to treat the problem of

two dimensional nucleation quantitatively, and on

the basis of Volmer's equation ^3 for the linear

rate of growth of a crystal from its vapour,

represented the rate of transformation as:

V/
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V = K e -£/HI x e "A"/BT

where E is the activation energy for the

escape of molecules from the unstable lattice, K is

a constant and A" is the activation energy required

for the formation of two dimensional nuclei. Am/RT
19

may be equated to ponstan^ where the constant
o "

is dependent upon the several crystal properties

of the polymorphs. Substituting this in the above

equation:

log. V » log. K -2/RT - const./T (T0 - ^

Dunning applied this equation to Hartshorns's
results for sulphur and reported a value of

20,200 cals./g.mol. for E .

His method of calculation was to plot first

(log. V ♦ E/KT) against l/T(T0 - T) assuming

E = 22,500 cals./g.raol. The average slope obtained

gave a value for the constant of 5*5 ~ x 10^*
If,now,(log V + * Tp" ^ *s Plowed against
1/T a value of 20,200 cals. is found for E.

Two criticisms may be levelled against such a

method. Firstly, the use of S = 22,500 cals. in

the first plot assumes a knowledge of the value

which is the object of the calculation, and it is

not surprising that the value for E ultimately

obtained approximates to the one originally inserted.

If E is taken at, say }0tQ0Q cals., and the above

procedure used a value of 27,200 cals. is obtained.

Secondly, the plot of (log V + e/RT) against
1/T/
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1/T(T0-T) ia far from linear,the curve passing
through a maximum at 10°C.,and having a main slope

varying between -7.3 x 1(A and -J. 14- x 1(A. The

final plot of log. V + " yields a value

for E of 19,000 - 20,000 cals.

If this method was applied to azoxybenzene

using a value of E » 23,000 cals. and = 50°C,
a mean value of 1.4-2 x 102*" was obtained for the

constant, and the plot of ( log. V
l ^

against /T gave a straight line from which S was

calculated to be 19,200 cals.

Runnings equation may also be solved

mathematically, using the rates at any three

temperatures to give three equations in three

unknowns. Applying this method to the results for

sulphur and azoxybenzene, a variety of values for

S were obtained dependent upon the selection of

temperatures.

Sulphur; rates at 0, 10, 20°C. E * 38,900 cals.

rates at 10, 20, 30°C. S * 18,900 cals.

rates at 20, jjJQ, 4-0°C. £ * 13,100 cals.

Azoxybenzene: rates at 0, 5> 10°C. S * 4-2,000 cals.

rates at 5»10, 15°C. E » - 135° cals.

Thus, although Dunning's general conception of

the nature of polymorphic transformations appears a

reasonable one, envisaging, as it does, a vapour

gap between solid phases, and a continuous

nucleation on the surface of the stable polymorph,

the quantitative relationships involved would
require/
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require further consideration.

Hartshorne's microscopic studies on the

advancing interface showed that the sulphur

transition proceeded spasmodically,although the

average rate of advance was constant. This method

of transformation has also been observed in the

case of azoxybenzene and is probably caused by

lattice discontinuities of one kind or another.

Contrary to the sulphur work, it was observed that

visible thermal cracking did hinder the rate of

transformation appreciably and this became more

pronounced with decreasing temperature.

Fortunately, thermal cracking was not a frequent

occurrence at temperatures where quantitative

measurements were made. Where cracking did occur,

a large part of the hindering effect must be

attributed to the directional nature of the

azoxybenzene transformation since the cracks

normally occurred at right angles to the direction
of most rapid growth.

It seems inevitable that the lattice

discontinuities or sub-microscopic cracks, causing

the spasmodic nature of both transformations, are

associated, at least in part, with the mosaic

structure of the polycrystalline films, and

Hartshcme has attempted to consider the matter

quantitatively.*1"^
If the width of a mosaic block, w cms., is

considered large in comparison with that of the
discontinuity/
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discontinuity, it is possible to represent the rate

of transformation as:

2/RT«/RT + ^ x Ke
w

where c\ is the activation energy within a mosaic

block and the other symbols have their usual

significance. Providing does not exceed

10,000 cals./g.mol., where E is greater than
20,000 cals./g.mol., the approximate relationship

is valid:

w - S/KT
V « K e

Using this equation and assuming the width of

a mosaic block w * 10"^ cm., Hartshorne

calculated K to be lO""*"^ at 0°C ,indicating that

the vibration frequency of molecules in the lattice

from which the bridge is formed was lO1^ ( = ^/K),
some 10^ greater than the usual estimate of 10

A similar discrepancy of c. 10Jf was obsex-ved by

Bradley ^5 between the observed rate of

evaporation of rhombic sulphur and that calculated

from the Burgers-Mott equation, V » ^6" e

where L is the latent heat of sublimation.

If a similar value for the width of a mosaic

block ( =» 10"5 cm) is taken for azoxybenzene, the

vibration frequency of the molecules associated

with bridge formation can be calculated:

/w
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w = 10-5 cm^ 2 - 25,000 cals./g.mol.
T ® 20°C

Velocity of transformation at 20°C

» ixit cm./sec.
70.2 x 60

V - f e "^HT
.5 -g?tg00

Ldfc . = 102 e 1.98 X 295
70.2 x 60 K e

K - 1.81 x 10 "19

i.e. Vibration frequency ( = X'K) = 5.52 x 10+l8
Also at 20°C the vapour pressure of stable

azoxybenzene,

- 7.%5 x 10 "5 m.m. Hg.
* 1.06 x 10"1 dynes/sq.cm.

The rate of evaporation into a vacuum from the

surface of a solid 1

V ' MV ® p 2^ Rf

16
= 1.218 x 10 raolecules/sq.cm./sec.

From the Polanyi-Wigner relationship

V = h ^ e " ^RT
where L is the heat of sublimation * 2}tJQQ cals./

g.mol.

,161.218 x 1016 » 2.609 x 1012f xX^e

Y » 2.58 x 10 19
/An



76

An identical value for y is obtained from the

Burgers-Mott equation V « / 6 e where V

is measured in cm./sec. and 6 in cm.

The discrepancy between the generally accepted

value of V 10 ^),and the values obtained above

is c. 10^ - 10^ and is approximately of the same

order in each case. This is exactly analagous

to sulphur- As the width of a mosaic block is

assumed in both cases, the similarity between value

for the vibration frequency obtained from the

vapour pressure and mosaic block calculation cannot

be accepted unreservedly. However, the fact that

a value of w * 10~^ cm. is applicable to both

substances, is of interest.

It would therefore appear that, in the two

cases examined thoroughly, the transformation from

one polymorph to another requires an activation

energy such as would be required to vaporise those

molecules associated with the bridging of lattice
■

discontinuities present in a crystalline structure.

The method of bridging, involving two dimensional

nucleation, suggested by Dunning, appears

reasonable although there is need for further

quantitative corroboration. The "trigger"

mechanism put forward by Burgers & Mott to account

for the rapid low-energy stage in the transformation,

causing a high pre-exponential factor, need not be

dismissed if such a mechanism allows the molecules

from/
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from the metastable mosaic block to be reoriented

along the existing direction of growth of the stable

lattice. This latter proviso is necessary, as

microscopic examination of the sulphur and

azoxybenzene transformation has shown that the

growing stable crystals do not change their

orientation when crossing boundaries between

differently oriented metastable crystals.

Before the present theories regarding the

nature of polymorphic transitions can be confirmed

or elaborated, considerably more accurate

quantitative information is required, particularly

about other systems, although this may prove a

matter of some practical difficulty.

The Transformation after Irradiation with
Ultra-Violet light.

It was observed that the rate of transformation

of irradiated azoxybenzene was approximately twice

that of the non-irradiated material, although the

experimental activation energy remained of the same

order, being 18,800 - 4000 cals./g.mol., (obtained
from the plot of log V against 1/T), as compared

with 17,900 ♦ 900 cals./g.mol. for the non-

irradiated material. This increase in rate can be

attributed, either to a decrease in the activation

energy or to an increase in the pre-exponential fac¬

tor. If a reduction in activation energy occurred

on irradiation, it need only be relatively small to

account/
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account for the increased velocity (c. ifJjO cals./g.
mol.). Such a change is virtually impossible to

detect when the standard error is large. However, I

the possibility must be borne in mind that the

products of irradiation may be able to decrease

slightly the intermolecular forces in the raetastable

lattice. On the other hand, an increase in the rate

by a factor of two can be attributed to a

proportionate increase in the pre-exponential factor.

On the basis of a mosaic structure, a larger pre-

exponential factor implies either an increase in

the effective size of a mosaic block or the provision

of extra discontinuities which favour two

dimensional or similar nucleation. Impurities,

whether incorporated into a lattice or not, must

result in some strain which will favour sub-

microscopic cracking. There is some evidence to

show that sub-microscopic particle size plays an

important part in the azoxybenzene transformation.

If a film of sphertilitic azoxybenzene (form III) is

allowed to transform to form II, the subsequent

II—»I transition is considerably enhanced. The

reason for this increase in rate is not easy to

explain, but it would appear that the preliminary

III—>11 transition effectively bridges over some

discontinuities or increases the number of sites

suitable for two dimensional nucleation. An

opposite effect is observed with films of form II

azoxybenzene/
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azoxybenzene kept at room temperature for 18 bra.

before transformation; these showed a marked

decrease in rate. It is possible here that some

form of surface migration occurs which results in the

production of more perfect crystallites with fewer

discontinuities and larger interface gaps.

Azoxybenzene is more susceptible to irradiation

in the liquid than the solid phase, which would
.

appear to indicate a photochemical effect rather

than a direct alteration of the surface of the
36

mosaic blocks. It has been observed y that the

oxygen atom of azoxybenzene can move from the azo-

linkage to one of the benzene rings where it forms

a phenolic linkage. Light, heat, and strong acids

are known to bring this about to various extents

and in various positions on the ring. It would

appear that activation of an appropriate part of the

azoxybenzene molecule enables the oxygen atom to

migrate along the molecule. In systems where

conjugation can occur,the movement and interchange

of attached atoms or groups is considerably

facilitated by the TT- electron sheath which appears

to play an important part in intermediate compound

formation. ^ In addition to the production of

phenolic-azo-coinpounds, each of which is capable

theoretically of existing as cis and trans isomers,

there is also the possibility of the formation of

cis-azoxybenzene. The existence of this however,

has never been unambiguously established.

An/
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An attempt was made to isolate the "activating

constituent" in the trans formation from an irradia¬

ted solution of azoxybenzene in benzene, but this

proved unsuccessful. On passing the solution

through a short alumina column, a strongly adsorbed

orange-red band remained. The crystalline

material subsequently obtained from this band by

elution with methanol and evaporation,was not very

pure but had a final melting point of 8^°C. It

would appear to be the same material as that found

by Waters on irradiation and shown to be

cr- hydroxyazobenzene (m.p. 86°C). This material

when added to azoxybenzene in small quantities

( < 1 I ) had a definitely retarding effect on the

transformation as had azobenzene and hydrazobenzene.

Some activity was found in the irradiated benzene

solution which had passed through the column and the

crystalline material obtained by evaporation had an

enhancing effect on the rate of transformation.

However, it was not found possible to isolate this

"active" substance.

Repeated melts of the irradiated films,

particularly those where the irradiation period was

short, resulted in a gradual reversion to the

transformation rate of the non-irradiated material.

This effect could be accounted for on the basis of

the presence of the cis-isomer as the activating

influence; cis azo-compounds are known to revert to

the/
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the trans isomer on heating and it is possible

that the return to the normal transition rate is

parallelled by the decomposition of cis-

azoxybenzene.

Transformations have been observed

qualitatively ^ in azo-compounds which are capable

of existing in cis modifications but without the

complicating factor of a migrating oxygen atom.

Both 3:5-dibromo~2-phenylazQpyridine and p-iodo-

azobenzene appear to show some enhancement in their

rates of transformation, although observations are

made with difficulty due to a decrease in

transformation rate with time in each case.

Careful observation of the sulphur transition 2fl
at room temperature showed no enhancement of rate

on pre-irradiation.
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SUMMARY

The work, comprising this thesis, has "been

directed towards obtaining further information

regarding the mechanism of polymorphic trans¬

formations. Azoxybenzene has been shown to exist

in three modifications and to have a transition

(II—>1), suitable for quantitative study on thin

polycrystalline films. The activation energy of

this transformation obtained from the simple

Arrhenius Equation, V = k e ""^/RT, is 17,9°0

cals/g.mol., appreciably less than the heat of

sublimation of metestable, form II, azoxybenzene

(c. 2^,000 cals./g.mol.). If, however, the

transformation is considered to be dependant upon

the differential rate of escape of molecules from

the two lattices (as envisaged by Hartshorne), then

the apparent activation energy is found to be

22,000 - 25,000 cals./g.mol.). The close

coincidence between the latter and the metastable

heat of sublimation, gives a strong indication that

this transition involves a stage in which molecules

require to attain an energy equivalent to that

required for vaporisation. From the high
t 6

pre-exponential factor (some 10 greater than that

predicted on the basis of the Polanyi-Wigner or

Burgers-Mott equations), it is evident that a small

proportion only of molecules require to attain the

full activation energy. It is suggested that

vaporisation, or some equivalent process, occurs
primarily/
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primarily in the bridging of lattice discontinuities

and/or nucleation of mosaic blocks, and that the

remaining molecules in a block are able to reorient

themselves along the growth axes of the stable

lattice with a relatively low activation energy,

possibly involving local fusion.

The transformation is extremely sensitive to violet and

ultra-violet light, and pre-irradiation will increase the rate

at any temperature by a maximum factor of two. The effect,

which is more pronounced on the liquid phase, appears to be

photochemical in nature, and could be explained on the basis

of either a slight loosening of internolecular forces in the

lattice, or an increase in the effective size of a mosaic

block.
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