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SUMMARY .

This thesis is arranged in two parts; after an introductory
chapter on the theory of image formation in the electron
microscope, Chapters 2 to 5 are concerned with the problem of
radiation damage to the specimen in the microscope, and
Chapters 6 and 7 describe studies of crystalline paraffins by

electron microscopy.

Radiation damage to the specimen has long been recognised as a
major hindrance to image-formation and diffraction studies in
electron microscopy, especially of organic and biological
material. Changes may occur in the structure of the specimen
under the beam, leading to a false picthre of the material, or
the structure may be destroyed altogether before any detail can

be recorded.

Among the methods commonly used to counteract radiation damage
are: cooling the specimen stage of the microscope in the hope
of "freezing 1in" severed vradicals, wusing minimum dose
techniques 1in combination with 1image processing to extract
information from 1low-contrast negatives, and coating the
specimen with a thin layer of an amorphous conducting material

such as evaporated carbon.



In this study, the effect of combining some of these techniques
is dinvestigated, in particular the protective effect of an
encapsulating carbon coat at various temperatures - room

temperature down to 10K.

A group of compounds which is highly sensistive to radiation
damage is that of the crystalline paraffins. An understanding
of the behaviour of long-chain paraffins may be important to
the elucidation of the structures of some polymers and
biological 1lipids, especially when the effect of the presence

of chains of more than one length is taken into account.

In the second section of the thesis, high resolution images
have been taken of crystals of pure paraffins and of their
solid solutions, in two orientations: the 1long axis may be
viewed directly at room temperature, but image processing has
been applied to the projection of the smail (ab) unit cell
face. Defects 1in the crystal 1lattice planes have been
observed, and the wvariation in the dinterlamellar spacing
according to the composition of snlid solutions has been

measured.
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CHAPTER 1 - INTRODUCTION:

The Transmission Electron Microscope.

The Development of the Electron Microscope.

Applications,

The Lens System, and the Electron Gun.

Coherence.

The Scattering of Electrons.

The Microscope as an Electron Diffraction Camera.

Electron Crystallography.



1. INTRODUCTION: THE TRANSMISSION ELECTRON MICROSCOPE.

1.1 The Development of the Electron Microscope.

The electron microscope is analogous to the light microscope in
that it consists of a source of radfation, a specimen-stage and
a series of lenses to magnify and project an image of the
scattered beams coming from the specimen. In the nineteenth
century, Abbe realised that the resolution of the optical
microscope was limited by the wavelength of 1ight; the
resolution 1imit is not sharp but is approximately equal to
k N /A where k is a constant, N\ is the wavelength of the
illumination and A is the numerical aperture of the objective
lens. For illumination by visible 1ight, the smallest
resolvable object is about 200 nm; however, during the first
decades of the 20th century discoveries were made which led to
the invention of a microscope which exploited radiation of a
shorter wavelength than 1ight and was therefore capable of much

higher resolution.

In 1924 de Broglie formulated the relationship between a
particle's momentum and its wavelength; two years later
Schrddinger published his equation completely describing the
wave properties of matter. In 1927 Davisson and Germer showed
that; like X-rays, electrons were diffracted by single crystals
of nickel, and in the same year Busch demonstrated
experimentally that it was possible to construct a magnetic

lens for the focussing of electrons.



In 1932 Max Knoll and Ernst Ruska built their first
Transmission Electron Microscope at the Technische Hochschule,
Berlin (Knoll & Ruska 1932), and a year Jlater achieved a
resolution surpassing that of the.light microscope (5nm, Ruska,
1934). The instrument has been developed over 50 years to the
point where atomic resolution may be achieved with suitable
specimens, and it is even possible to observe the movement of
columns of gold atoms at the edge of a gold single crystal - a
video camera attached to the microscope permits recording

(Bovin et al 1985).

1.2 Applications.

The technique of electron microscopy may be applied to many
different kinds of specimens, for example negatively-stained
biological membranes, thin sections of metallurgical specimens,
metal oxides and other inorganic materials, cokes and carbons,
and organic crystals (details of the methods involved are given

in Kay 1965).

This project deals with organic crystals, and the microscopy of
these involves special problems. The irradiation of crystals by
electrons with the high energies generated in the electron
microscope causes damage to most materials in time but the
damage inflicted on organic crystals can destroy their
structure even in the short time it takes to choose an area of

specimen, bring it into focus and record an image. Consequently



the micrograph must be taken at the minimum possible electron
dose while still allowing sufficient electrons to interact with
the specimen and with the photographic emulsion to extract the
maximum possible amount of information. This will be discussed

further in the chapter on radiation damage.

A careful choice must therefore be made of beam current,
aperture sizes, magnification, exposure time and type of
photographic emulsion wused, in order to obtain the optimum
amount of dinformation on the film. Optical densitometry and
image processing facilities can extract information from noisy
images by various methods, and this reduces the necessary
exposure of the specimen to the electrons during recording.
In addition, modern microscopes often have a facility which
allows a suitable area to be selected by observation of its
diffraction pattern, then an adjacent area 1is wused for
focussing and astigmatism correction. The beam only returns to
the chosen area when the camera shutter opens, thus exposing
the crystal only while the recording is being made. The amount
of defocus can be checked afterwards. A more detailed

description of these techniques is given in Section 3.2.

1.3 The Lens System and the Electron Gun.

A schematic diagram of a conventional Transmission Electron
Microscope is shown in Fig. 1.1, and ray diagrams for the

transmission image and diffraction modes in Fig. 1.2.
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The microscope consists of a long column continuouslyievacuated
by means of rotary and diffusion pumps to a pressure of 10'6
torr or less. Electrons are accelerated from the gun at the top
of the column towards an anode at earth potential. A typical
accelerating voltage for a commercial microscope is 100 kV, but
microscopes of 200 or 500 kV are becoming increasingly more

common, and microscopes have been built with up to 3 MeVv

accelerating potential.

Having passed through an aperture in the anode, the electron
beam is then collimated by the condenser system, which consists
of an aperture to allow only the coherent electrons in the
centre of the beam to pass by, and two or more condenser
lenses. The electrons then interact with the specimen. The
undeflected beam, together with electrons scattered elastically
by the specimen, 1is then collected and magnified by the
objective lens. Further magnification (up to 106x) is effected
by the projector lens(es) and the final image is projected on
to a fluorescent screen which may be raised to expose a

photographic plate.

The electron gun is commonly a tungsten hairpin filament, but a
tanthanum hexaboride filament can give improved coherence and a
source brightness which is higher by a factor of 10 {Ahmed

1971). A field emission source, consisting of a single crystal



tungsten wire, has a brightness a hundred times greater than
the LaB6 filament, but requires a surrounding vacuum of 10'10
torr. Two important features of the electron source are its
brightness and its coherence. Brightness 1is defined as the
current density per unit solid angle (Grundy & Jones, 1976) and
is given by:

B = i /mB> [1.1]
where ic is the current density at the crossover (that is, the
spot where the accelerated electrons are brought to a focus
within the field of the electrodes) and B the semi-angular

aperture. Substituting the Langmuir formula for the maximum

value of i which can be focussed into a spot,

. 2
o ioe Ve
= K To [1.21]
into equation [1.1] gives as maximum brightness
i~eV
B= — [1.3]
Tk To

where V and T0 are the voltage and temperature of the filament

and k is Bolzmann's constant.

1.4 Coherence.

The coherence of a source of electrons refers to the ability of

the waves produced by it to interfere with each other. The



source in an electron microscope is taken to lie in the exit
plane of the final condenser 1lens, coincident with the
illuminating aperture, and each point in the aperture is taken

to be a point source of electrons.

The spatial coherence width XC is the width at the object plane
which is irradiated by the coherent illumination. The scattered
waves from two atoms separated by 1less than XC therefore
interfere and their complex amplitudes add to give a cosine-
modulated atomic scattering factor. If the distance between the
atoms is much greater than XC no interference can occur as the
electrons are scattered incoherently and the intensities add

together linearly.

The theory of partial coherence describes the intermediate

cases (Spence 1981).

The coherence width is related to OC, the semi-angle subtended
by the beam at the specimen, by the expression:
X A {1.4]
C™ 2w6, '
To obtain phase-contrast effect, Bc must be chosen so that XC
is larger than the coarsest detail of interest in the specimen,
When this condition is met, images can be formed with optimum

contrast at the Scherzer focus, defined in equation [1.16].



Elastic scattering is dependent upon the atomic number of the
scattering object, and for crystalline materials it obeys the

Bragg relationship

nAN = 2d sinf [1.5]

where d is the tattice spacing
@ is the angle of scattering

n is an integer

Elastic scattering gives rise to phase contrast which is very
dependent on the diameter of the objective aperture, as this
prevents widely-scattered beams from contributing to the image.
For thick specimens elastic scattering may give rise to
"deficiency contrast" where dark contrast is observed when the
electrons are scattered too widely to pass through the

aperture.

The total intensity transmitted can be written as

I=1,¢ %! [1.6]
where -t 1is the specimen thickness
Io is the incident intensity
O is the total scattering cross-
section and 1is related to O the
scattering cross-section for a single

atom by:



N
0. =Ng, __NoPoay [1.7]
S a =
A
where N is the number of atoms per unit
volume,

No is Avogadro's number,
p 1is the density of the material and

A is the atomic weight of the atoms.

It follows that for an amorphous specimen, if ast is constant,
no contrast will be observed, as the scattering intensities

will be constant from every part of the specimen.

Inelastic scattering occurs when the electrons transfer part of
their energy to the atoms of the specimen, undergoing a change
in their own energy and hence their wavelength. The scattered
waves contribute an out-of-focus background to the image which
reduces the contrast of the elastic image. The variation in
wavelength combines with other energy fluctuations 1in the
electron microscope to form the chromatic aberration term of

the transfer function.

If ¢(x,y) 1is the projection in the beam direction of the
potential distribution of a thin specimen, and 0=%1s the

interaction constant, the transmission function q(xy) may be

written



10

—-iod(xy) [1.8]
qxy) = e ¢

The amplitude distribution of the Fraunhofer diffraction
pattern in the back focal plane is represented by the Fourier
Transform of equation (1), which is modified by a phase factorX
to account for the aberrations inevitably present 1in the

objective lens.

‘p(u,v): }Z‘[e—iofﬁ(xy)] eiX(uv) [1.9]

u and v are reciprocal space co-ordinates, where u = x/f A\

and v = y/f \.

Where an objective aperture 1is present, equation [1.9] is
further modified by an aperture function A(u,v) which has a
value of 1 inside the aperture and O outside it.

In equation [1.9],

X=ﬁr(m9‘2-csg4 [1.10]
A 2 4
where o is the angle of scattering

Cs is the spherical aberration
constant
/\f is the amount of defocus
For thin, 1light-atom specimens, it is possible to make the

approximation
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a(xy) = 1 - ig¢p (xy) (1.11]

and the net amplitude in the back focal plane is given by:

¥

(uv) = Gy, * e, V,SinX[uv)-iOQ%uv)coszw [1.12]

This represents the sum of the tramsmitted beam (uv), and the
amplitudes of the scattered beams (the complex terms). The
amplitude at the image plane is given by the Fourier Transform

of equation [1.12] which, in the absence of an aperture, is

given by
—~ o~ [1.13]
1'I/(Xy)= 1+ f [G {uy) SN X(uv)] =i f [Gﬂuv,cos&uw]
The observed intensity of the image is then
*
- - S° (1.14]
I(xy)' Vv 1+20d>{xy)*F[ lnX(UV)]

where S represents a convolution integral.
For phase contrast imaging it is desirable that sin X should
have a value near 1 for the range of periodicities to be

resolved. Then the image intensity approximates to:

[=1+20q¢yy, (1.15]
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Sin X is called the contrast transfer function. It is
osciliatory in nature and so has different values at different
spatial frequencies; this means that on varying the defocus
value, a lattice image of a certain periodicity will undergo
variations in, or reversal of, contrast. Fig. 1.3 shows a plot
of sin X against reciprocal periodicity 1/d R'l
and it applies to a 100kV instrument with a high resolution
pole-piece (CS = 0.67 mm), the JEOL 100C microscope used in
part of this work, The diameter of the objective aperture
1imits the maximum angle of the scattered electrons which are
permitted to contribute to the image. The optimum defocus value
for normal applications of the microscope is that for which the
transfer function value is constant and near unity over the
desired range of spatial frequencies. This ensures that any
observed periodic structure within the range is imaged without

reversal of contrast. The optimum defocus value is given by
Af':=1~2v Cs>\ [1.16]

The way in which the range of spatial frequencies observable
without contrast reversal 1is limited by the CS value of the
objective is dillustrated in Fig. 1.4 in which the curves are
plotted at the optimum defocus value in each case. Eisenhandler
and Siegel (1966) calculated the Scherzer cut-off to be

1, 3
. = . 4 4
dmin = 0-65 Cs A [1.17]
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Fig. 1.4 Optimum defocus phase contrast transfer curves

for increasing spherical aberration coefficient

a) Cs = 0.7 mm ( JEOL 100C ),
b) CS = 2.8 mm, and
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It is possible to resolve structures with a periodicity outwith
the range limited by the Scherzer cut-off by choosing a defocus
value which will show the required frequency in high contrast
{(or high reverse contrast). An example of this is shown in Fig.
1.3 where 2.9 R periodicity could be imaged with high contrast
at 200 R underfocus or with reversed contrast at 0 underfocus.
It must be borne in mind when interpreting such an image,
however, that the contrast of other periodicities may be

altered, leading to false detail in the micrograph.

The source of electrons is not, however, a perfectly coherent
point source. For practical purposes it is thought of as disc-
shaped and 1incoherent, and this, combined with electronic
instabilities, imposes a "damping envelope" on the objective

lens transfer function with the form:

AlK) = PlK)exp { i X(K)} exp {-W2A2 % K4}7(vx)

2 2w [1.18]
KL
: 2 K
whereX(K)is equal tom AFAK +__C_332_>\__
K is the scattering angle:
1,
K=_sinf =(U2*'Y2) ; and

A

N~

) | 40%Ly), o %Eo)

A=C
Y 12 E2
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9%(Vo) and 02(10) are  variances in fluctuations of
accelerating voltage and lens current respectively.
Cc is the chromatic aberration constant.

The effect of this envelope function on the transfer function
is shown in Fig. 1,5, Physically the result of partial
coherence is an attentuation of contrast in regions where the
slope of X (K) is large, while contrast is preserved where the
slope is small. A full description of coherence effects is

given by Spence (1981).

1.5 The Scattering of Electrons.

Several mathematical theories have been developed to account
for the transmission of phase and amplitude contrast in the
electron microscope, the simplest being the kinematical
scattering model (Vainshtein 1964) which is quendent for its
effectiveness on assumptions which severely 1limit its
applicability. The kinematic theory explains best the
scattering from thin specimens of low atomic weight, where an
electron 1is scattered no more than once during its passage
through the specimen, and where the intensities of the
scattered beams are very small compared to that of the central
beam (Spence 1981). When these rigorous conditions are not

satisfied, the more complex dynamical model must be introduced
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by dots.
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back into the main beam. With sufficient thickness of crystal,
a dynamical equilibrium is set wup between the main and
scattered beams, and their observed intensities become
independent of crystal thickness. The correspondence between
each image point and the object point from which it arises is
no longer linear, so for structural imaging the crystals must
be kept sufficiently thin for the kinematical approximation to
apply (about 150 R for 1ight atoms, thinner when a heavier atom
is present). Dynamical scattering may be approached either by a
wave-optical formulation, in which the changes in amplitude of
the main and scattered beams are calculated, or by a wave-
mechanical calculation in which the steady-state wavefunction
describing the behaviour of an electron moving in a potential

V( L ) obeys Schrddinger's wave equation

V%M”r) +(§7%Le) [E-vwlym=o 4

02 .4 dY d%
dx? dy2 dz2
¢/is the wavefunction such that

where

¢ﬁ%s the probability of the electron being
present in a unit volume
%rfs the electrostatic potential
The two methods are a;spribed in Hirsch et al (1965), and shown

to be equivalent.
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In the two-beam dynamical theory, the changes in amplitudes of
only the main beam and one scattered beam are considered, as
they pass through a distance dz in the crystal (see Fig. 1.6.).
In this diagram, X is the wave vector "in vacuo" of an
electron with energy eE, and X' is the wave vector of the
scattered wave, and has the same magnitude as X .

X =X+ g+s where s is a small vector accounting

for a slight deviation from the Bragg reflecting position.

The values of @C and ﬁg vary with the depth in the crystal, and
waves scattered through a Bragg angle, where X =X’ or X5X ,

will be in phase with each other,.

The wave function describing the electrons propagating in a

cotumn of crystal is given as:
Yir) = ¢of2\eXD(27”2£-£ ) *@glz)exp(2mix . r) [1.20]

For more complex calculations the multi-slice technique is
used, 1in which the crystal is divided into n slices and the
propagation of the wave computed for each slice. This technique

is described by Cowley (1975).
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Fig. 1.6: Transmitted and Diffracted Waves @o and ®g,

propagating through an element dz of a column of

crystal (after Hirsch et al 1965).
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1.6 The Microscope as an Electron Diffraction Camera.

The electron microscope may be adjusted for use as a
diffraction camera simply by setting the excitation of the
projector lenses so that the diffraction pattern occurring at
the back focal plane is focussed on the viewing screen, as

shown 1in Fig. 1.2.

When the diffraction pattern from a particular crystal is
required, it is possible to choose the size of the specimen
area from which the diffracted beams are to come by inserting
an aperture below the objective lens. If the magnification of
the 1lens (usually about 40-100X) and the diameter of the
aperture (perhaps 20-100 R) are known, then the area defined
at the- specimen 1is also known, subject to the objective
spherical aberration and focussing errors (Agar 1960). Both
the specimen and the selected area aperture must be in focus on
the image plane. From Bragg's law, in order to interfere, the
waves coming from the specimen must obey the equation
n\ = 2d sinf [1.21]
where d is the lattice spacing
@ is the scattering angle
A\ is the wavelength

n is an integer
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To define the points at which scattering occurs, the "Ewald
Sphere" was constructed (Figs. 1.7 and 1.8). Where this
sphere intersects a vreciprocal Jlattice point, the Bragg
equation is satisfied and reflection occurs. The wavelength of
the electron is very small (0.037 R at 100 kV), so the
radius of curvature bX is therefore large in comparison to
the reciprocal ‘tattice spacings. For many purposes the Ewald
sphere may be thought of as a flat surface; this is not the
case for example for X-rays, where the wavelength of the
radiation 1is considerably 1larger. In a crystal of finite
thickness, reciprocal lattice points take the form of "spikes"
whose length is inversely proportional to the number of planes
in the crystal (Fig. 1.8); Vthe Ewald sphere may intersect many
of these spikes, and the diffraction pattern seen on the screen
is a projection of the intersections, To calculate spacings
on a diffraction pattern, the simple relationship

R =1L tan 20 1is applied, as illustrated in Fig. 1.9.

Since § is very small, tan 20 = 2 sinf = 260 and
combining this with the Bragg equation

[1.22]

Rd =AML
L is the effective camera length which is determined by the
operating conditions of the objective and projector lenses, but
in practice the value of L is set as a constant for given

conditions - its value is calibrated using a specimen crystal
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Fig. 1.7: Construction of the Ewald Sphere.
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Fig. 1.8: Intersection of the Ewald Sphere

with reciprocal lattice spikes



Fig. 1.9 The effective camera length for a diffraction
pattern
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of known Tlattice spacing d; R can be measured directly from a
micrograph. Spherical aberration may cause the objective focal
length to shorten for large values of @; this causes the
value of Rd to become slightly smaller for large values of R,
but if a standard dis wused which produces similar sized
diffraction rings to the unknown, then a sufficiently high
degree of accuracy should be attainable in lattice

measurements.

Unknown compounds may be identified from the characteristic
spacings and intensities of their powder diffraction patterns,
many of which have been tabulated by the Joint Committee on
Powder Diffraction Standards (Pennsylvania 1971). The
diffraction pattern gives information about the crystallinity
and orientation of the specimen - this will be demonstrated in
the chapter on paraffins, For details of electron diffraction

see Kay (1965).

1.7 Electron Crystallography.

Electron diffraction may be applied to the determination of
crystal structure in a manner analogous to X-ray
crystallography, and the technique is particularly useful for
crystals which are too.sma11 to be suitable for single ¢rystal
X-ray analysis. The narrow scattering angles of the diffracted
electrons: and the short wavelength of the dirradiating beam

compared to the values for X-rays lead to a Ewald sphere with a
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large radius of curvature which may be thought of as nearly

planar,

Unit cell dimensions are determined by measuring the spacings
on the diffraction pattern; geometrical formulae relate
observed spacings to the sets of planes for the various
possible space groups. Two dimensions of the unit cell are
usually directly observable, the third may be obtained with the
aid of a goniometer stage or by forcing the specimen to
crystallise 1in an orthogonal orientation, as described 1in

Section 4.4,

Under kinematical conditions, the intensity of a diffraction
spot is proportional to F2 where F is the "structure factor" of
a substance and is defined as

N

Flig = z frexp27ri( hx, + ky, + tzr) [1.23]
r=1

fr is the scattered amplitude from atom r and the exponential

term represents the phase of the scattered wave.

h, k, 1, are the Miller indices of the scattering planes, and

x, y and z are the co-ordinates of the atoms in the unit cell.
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Equation 1.23 may be rewritten as:

N

Fry = Zfr [cos 21r(hx + ky + lz)+ i sin 21r(hX+ ky "’12)]
r=1
[1.24]
which may be simplified to
N
Fry = rz-ff cos 27r(hx + ky +17-) [1.25]

where a centre of symmetry exists in the unit cell, causing the
second term to be cancelled by the corresponding term for the

atom at (-x, -y, -z).

The expression for the electrostatic potential at point XYZ in

a unit cell is:

0

o0 (o]
ZZZ F ol XP 2m(hx +KY + 12)

kz-w)z-o

1
Fxyn) = V h
(1.26]

and it 1is the Fourier transform of the structure-factor
expression f{equation 1.23). Hence it should be possible to
calculate the electrostatic potential, and from it the
structure, of the unit cell from the amplitudes and phases of

the scattered waves. The amplitudes may be calculated from



22

the idintensities of the reflection, but phases cannot be

calculated directly, and so a Patterson function is computed:

o -
hkO‘ cos27r(hU +kV +1W) [1.27]

c

<

s

]

<|=

Ms

Ma
M

-

This produces a map of interatomic vectors from which possible

structures may be deduced.

Refinement of the calculated structure may be carried out by
the least-squares method (as described for example in Ladd and
Pailmer, 1985) wuntil a physically and chemically feasible
structure 1is obtained, in which the observed and calculated

structure factors are in good agreement.

Descriptions of Patterson and other methods of crystal
structure analysis may be found in Vainshtein (1964). A recent
review by Dorset (1985) described the application of such
methods to thin crystals of paraffins and other small organic
molecules, taking into account the effects of crystal thickness
(n-beam dynamical scattering) and bend contours on crystal

analysis by electron diffraction.
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CHAPTER 2 - RADIATION DAMAGE.

2.1 Transfer of Energy to the Specimen.

The resolution attainable on an electron micrograph is not
dependent on electron optical and instrumental factors alone;
the irreversible changes wroughf in the structure of the
specimen by the incident ionising radiation play a crucial role
in 1imiting the amount of observed detail. In the case of
most organic crystals, the changes may take place well within
the time required to choose a suitable area of specimen, adjust
the focus and expose a photographic plate for long enough to
achieve the desired optical density. This chapter is concerned
with the mechanisms, detection and reduction of radiation

damage in the electron microscope.

When a beam of electrons hits a thin specimen, most of its
energy is transmitted, but some is transferred to the atoms of
the specimen by means of various interactions, some of which

cause ionisation and bond breakage within molecules.

The amount of energy deposited in a specimen by an electron
beam is calculated by the Bethe formula (Bethe 1933), which
must be relativistically corrected to take into account

energies of up to 1 MeV (Glaeser 1971, Reimer 1975) -

2 2 2
dE _ 01535 L Z log [T°(T+2)E5 (1-87) [2.1]
dx = B° A 212

. (1%8-(27+1))10g 2
(T+1)?
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dE
— —— = rate of energy lo
dx 9y 1oss
P = density of specimen
= atomic number
A = atomic mass of specimen
_ 2
Eo = moc
T = E/E0
I = mean ionisation potential
B = Vo, where vis the velocity of

the incident electrons.

The main features of this equation are that the amount of
absorbed energy (the amount of inelastically scattered
electrons) varies as the atomic number of the specimen atoms,
the path length (thickness and density) and the inverse square
of the accelerating voltage of the microscope. The equation may

be simplified to:
dE 2 14 2
= =('C—) [2.2]

There is much experimental evidence to confirm this dependence
of radiation damage on the velocity of the electrons, both at
around the 100kV value common to most commercial electron
microscopes (Reimer 1965, Grubb and Groves 1971) and at higher

accelerating voltages (Martinez et al 1982).
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Reimer (1975) points out that as photographic recording is also
an ionisation process it too showé a8 dependence on the square
of the voltage and therefore a highly sensitive emulsion must

be used in microscopy at high voltages.

The various interactions which the specimen may undergo on
irradiation can be summarised in the following diagram (after

Grundy & Jdones 1976)

Fig. 2.1
Back-scattered .
electrons Incident beam
) X-ray or
ETxttignzecondarY optical photons
elec
Specimen Induced effects and losses

Incoherent elastic
scattering

Inelastic
scattering

Undeviated beam Coherent elastic scattering

The interactions of most interest in conventional transmission
electron microscopy are inelastic and elastic scattering.
Elastic scattering causes negligible damage and 1is the main
contributor to imaging; inelastic scattering, where energy is
transferred to the specimen atoms, causes damage to the

specimen and an increase in background noise in the image.
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The possibility also exists that an atom may suffer a direct
hit by an electron and be displaced from the lattice. The

amount of energy transferred in a collision is expressed as

Epm = 2E(E+2m c?) in2g
M c2 2 [2.3]
wheré M and m, are the masses of the atomic nucleus and
electron respectively, ¢ is the velocity of 1ight and O is the
scattering angle. Although m0 <K M, the atom may still
acquire enough energy to escape from its lattice site. Cosslett
(1970) gives the threshold energy for the displacement of a
carbon atom by an electron as 27 keV, assuming a binding energy
of 5 keV. Such "knock-on" events are comparatively rare; the

ratio of the <cross-sections for electronic and nuclear

interactions is:

O¢ ; M T#m1 ~ 40

. e .
Un mZ Tmln [2.4]

(non-relativistic approximation) (Hobbs 1984).

n
Where T mi

in and Temin are the minimum transferable energies

involved in each type of collision, since energy transfer is

not continuous but occurs in quanta.
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Thus it s normally the ratio of elastic to inelastic
interactions which is of interest in radiation damage studies.
However Symons (1982) considers that even atomic collisions
with insufficient energy to cause "knock-on" damage may still
give rise to a local shock-wave with enough energy to cause

mass loss from the surface of the specimen.

The ratio of inelastic to elastic collisions was calculated by

Lenz who gives a ratio of

Oinelastic 20 [2.5]
n = = 7

Oglastic

for an element; an experimental value of 6 has been quoted for
the constant (Zeitler 1982). Z is the atomic number of the
element. As Z increases, the proportion of elastic scattering
increases due to the deflection of intoming electrons by the
large atomic nucleus, while for 1ight atoms this effect is

reduced by shielding by the valence electrons (Egerton 1976).

For a compound, Egerton gives as the scattering ratio n :

1,
n= 26 Z_-Zj3 N;
’ J

4,
Z§3N
i J

[2.6]

where Nj is the number of atoms of type j per molecule.
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Purely organic materials have a high value for n,
organometallic compounds a lower one due to the presence of a
heavy atom; for example, n for citric acid has a value of 3.55

while for lead citrate it is 0.93,

On irradiation, an overall reduction in n has been observed for
organic compounds which is consistent with mass spectroscopic
evidence for 1loss of hydrogen from the molecules 1leaving a

carbon residue,.

Radiolysis occurs where the ionising radiation results in an
electronic excitation which is localised over very few bonds
and has a lifetime longer than an atom vibration period (.1lps).
The potential energy of the excitation must be greater than the
displacement energy of the atom in its excited state, and a
nucleus must be able to acquire sufficient momentum from the
excitation energy to be displaced (Hobbs 1984). Organic
compounds are susceptible to radiolysis because unlike metals
they cannot delocalise the electronic excitations along a
conduction band, so a bond is 1ikely to break before the energy
can be dissipated. For this reason purely aliphatic molecules

are less stable than those with conjugated double bonds.

Where a free radical mechanism is involved in a radiation-

induced reaction, the conditions prevailing in the microscope
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may be approximated by an Electron Spin Resonance spectrometer,
although a few important differences between the two techniques
must be borne in mind. The bulk E.S.R. specimen may have
different properties from the thin film used in electron
microscopy, and the applied radiation dose in the electron

microscope might be -1025

2

eV/g for carbonaceous material as
opposed to only 6 x 10 0 eV/g in the E.S.R. spectrometer (Box

1975).

A free radical contains an unpaired electron and its reaction
with another radical (R° + R’ — Rz) is dependent on its
diffusion rate through the matrix. The radical may react with a
neutral molecule to produce another radical:

R* + M —> RM’
Anotﬁer frequent reaction is the abstraction of hydrogen from
the molecule R'H:

R* + R'=H —> R-H + R'’
This only occurs when the R-H bond 1is stronger than R'-H;
phenyl and vinyl radicals are particularly efficient at

hydrogen abstraction:
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whereas radicals in which the unpaired electron is conjugated

to a double bond are less reactive

H ~H
=" 7"
H “H N

(Henglein 1984)

Molecules and ions with a radical centre may undergo a variety
of reactions. A few examples are:
dissociation : M7 —> A" + B°
jon-molecule reaction : M** + M —-—>M2+'

disproportionation : A* + B® «—=> C + D

-

A more compiete 1ist of possible reactions is given 1in
0'Donnell & Sangster 1970, Henglein 1984, etc.

The reaction 1is terminated by the formation of a neutral
species or stable ion. A diffusing electron may also be trapped
either physically by a lattice defect or chemically by an
electron scavenger such as a sulphur or a halogen atom, which

reacts with it to form a stable ion.
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Many authors use as their measure of damage the radiolysis
yield or "G" value where G stands for the number of fragmented
molecules per 100 eV of absorbed energy (Reimer 1965, Bernsen &
Reimer 1981, Reimer & Spruth 1982, Fryer 1984).

This gives a total number of damaged molecules after
irridiation, irrespective of the mechanism by which it
occurred. Reimer (1965) gives an extensive 1list of G values for
various organic molecules. Radiolysis occurs with some
specificity; different sites of attack and leaving groups have
different G values, and this depends on the length of the
hydrocarbon chain and the nature of the side group. GH2 is at
its highest (3.8 - 5.6) for saturated hydrocarbons; unsaturated
hydrocarbons undergo polymerisation and cross-linking,
1iberating 1less hydrogen (GH2 = 0.8-1.2) but having an
extremely high G_M (the total number of changes occurring in
the molecules) of 11-104. Molecules containing a carboxy]l
group tend to have lower G values as this group is a good
scavenger of hydrogen atoms; carboxylic acids and alcohols
liberate water molecules, although GH2 > GHZO'

The 1least easily ruptured bonds are those of the aromatic
hydrocarbons, which may be a consequence of the ability of
these molecules to spread the energy acquired during excitation
over all the conjugated carbon-carbon bonds preventing one
particular C-C or C-H bond from breaking. The energy may be

dissipated by the molecule returning to its ground state as
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fluorescence, which 1is a characteristic property of many
polycyclic hydrocarbons (Friedlander et al 1964). Bond scission

generally occurs at any alkyl side-chains the ring may possess.

Aromatic molecules may also have scavenging properties towards
dissociated hydrogen atoms, and may even protect a more
radiation-sensitive molecule if a mixture is drradiated. For

example the value of G for cyclohexane drops dramatically on

H
2
the addition of benzene molecules to form a mixture (O'Donnell

& Sangster 1970) while an aryl c¢yclo-alkane appears to be

protected by its own substituent - the value of GH is linear
2

with composition in a benzene mixture,.
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2.2 Secondary Processes in the Specimen.

Once the energy of the irradiation has been deposited in the
specimen it may be dissipated in a number of ways, not all of
them destructive. There may be emission of electromagnetic
radiation in the X-ray, ultraviolet or visible regions of the
spectrum which leaves the specimen atoms undamaged and in the

ground state.

However, in many substances including the organics, the
excitation of the specimen electrons leads to the formation of
ions and radicals, causing alterations to the chemical
properties of the molecules and to the structure of their
crystal lattice. These alterations may lead to bond-scission
and mass loss, cross-linking of polymers and the diffusion and

capture of radicals.

Small gaseous molecules may be released from an organic crystal
as a result of b&nd scission, e.g. H2’ HZO’ co, CO2 and CH4.
This causes an overall loss of mass in the specimen which may
be detected simply by weighing, or by measuring the difference
in image contrast, or by measuring changes in the refractive
index of the substance caused by changes in its dinternal

structure.
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Although the specimen size required is too large for this to be
a practicable method of routine mass-loss analysis of a
specimen on a standard microscope grid, irradiation experiments
on a larger scale have been carried out on various polymers
where the change in weight was used as a measure (Bahr et al

1965, Brockes 1957).
Measurements of contrast may be offset by the formation of a
contamination Tlayer at high doses, which renders results

unreliable.

Cross-linking of Polymers.

Two main reactions have been identified when polymers are
irradiated (Reimer 1965): cross-linking, which causes an
increase in molecular weight and the formation of a three-
dimensional, 1insoluble, infusible structure, and scission,

which causes a decrease in molecular weight.

Cross-1linking reaction:

\/«yz?z\/~ \/\u?'\/a A~ AN NV O

H H

i ol 7 tH, —> [2.7]
A (A \,a\,é,\,,\ \/-,6z~;/\ A

(after 0'Donnell & Sangster 1970).
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It has been suggested that radical sites may migrate along or
across the chains until two become adjacent and react to form

a bond (Dole et al 1954, 0'Donnell & Sangster 1970).
Scission Reaction:

R-CH, CH,* - R —> R-CH, + H2C=CHR (2.8]

2 72 3

* denotes an excited or ionised molecule.

Cross-linking and scission may occur simultaneously, and the
ratio depends on the temperature, crystallinity, steric factors

and the presence or absence of air.

It has been observed that in general, for a vinyl-type polymer,
degradation usually occurs where there is a tetra-substituted
carbon atom in the main chain (0'Donnell & Sangster 1970). The
presence of oxygen may cause the formation of peroxy species,
which prevent the recombination of the broken bond and so leads

to degradation,

Examples of the behaviour of different polymers subjected to
irradiation may be found in "The Radiation Chemistry of

Macromolecules” (ed. Malcolm Dole, Academic Press 1972).
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The possible reactions of irradiated poly(vinyl chloride) may be

represented diagramatically by:

PVC Polymer

Loss of C! and H

¢(// C=C trans 1 Chain scission

C=C cis Cross-linking l,

L

Cyclisation

After D. Vesely (1984).

Vinyl

The end products appear to consist of relatively stable
compounds with conjugated double bonds - for example, the

polyene and cyclic structures.

Re-formation of broken bonds is possible, leaving the original
or near original structure, due to the "cage effect" which
holds the severed species in its place in the crystal lattice
and prevents it from diffusing away (Grubb 1974, Clark et al
1980). This effect is particularly relevant in the study of
alkyl halides, as the large size of a halide ion prevents it
from diffusing as quickly through the 1lattice as the H2
molecules formed on removal of hydrogen ions or radicals, which
are liberated in 1large amounts from organic molecules. The

substitution of chlorine or bromine at the peripheral hydrogen
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positions of phthalocyanine gives an increased lifetime with

the ratio RH : RC1 : RBr =1 : 3 : 4 (Fryer & Holland 1983).

The phthalocyanines are particularly stable to irradiation,
probably because of their ability to delocalise the energy of
the primary collision over the extended aromatic system. They
are especially suitable for damage studies because of their
crystal growth characteristics, and because their stability
allows wmolecular images to be recorded and damaged areas to be
identified from the dimages (Uyeda et al 1973, Murata et al
1976, Fryer & Holland 1983).

One such study (Fryer 1984) shows, on sequential molecular
images of hexadecabromo copper phthalocyanine, the spreading of
the damaged area outwards from an initially damaged area. It
is apparent that a crystallite is first affected where an edge
is exposed, for example, at a grain boundary, rather than at a
perfectly crystalline area, and that the rate of damage depends
on the thickness of the specimen and the nature of the

peripheral atoms of the molecule.
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2.3 Detection and Measurement of Radiation Damage.

To study radiation damage 1in the electron microscope
quantitatively, an accurate measurement of the current density
incident on the specimen is essential, and this is usually
achieved by means of a Faraday cage instalied on the image
plane of the microscope. Nicholson (1981) gives details of a
Faraday cage rod which measures the incident electrons at the
plane of the specimen, but this may not be used during an
experiment. A collector plate at the 1image plane is‘ less

accurate but may be used continuously.

The current density j on the specimen is related-to the current

I detected by the Faraday cage by the equation

i= €&1IM [2.9]
AF
where € is the collector efficiency of the
plate taking into account the back
scattering of electrons from the plate.
M is the total image magnification.

A. 1is the area of the Faraday cage.

The most commonly used units are coulombs per square centimetre,
or electrons per square Kngstrom per second:

'1C/cm2 = 624.2 e’/ﬂ2
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Measurement of j allows the determination of the total exposure
to electrons
q=jt [2.10]

time (seconds)

where t

It can be seen that for a constant current density on the image
plane (and hence on the photographic plate or other recording
mediﬁm) the beam current density on the specimen increases as
the square of the magnification. Therefore the magnifiéation
should not be set any higher than necessary for the imaging of

beam-sensitive specimens.

Microscopy of such specimens involves striking a balance
between magnification, film speed and grain size, applied dose,

resolution and contrast.

The relationship between the number of electrons interacting
with the specimen and the object contrast observed on the plate
is:

Cd > &

fchr [2.11]

(Rose 1948, Glaeser 1975)
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where C = object contrast (a typical value may be 0.1)

d = minimum object size to be seen (i.e. required
resolution)
_ ey - RZ
Ncr = critical exposure (e /A")
f = utilisation factor, which accounts for the fact that

not all the electrons interacting with the specimen
are involved in forming the image.
The constant 5 s the signal to noise ratio empirically taken

to be 5 by Rose (1948).

Even if f were unity, according to this equation, to attain a
resolution of lOR with C = 0.1 and the signal to noise ratio 5,
an applied total dose of NCr > 25e'/ﬂ2 would be required, which
is more than enough to destroy most organic specimens at room
temperature. Fortunately 1low dose recording followed by
computer averaging techniques allows this limitation to be
overcome to some extent. These techniques will be further

described in Chapter 3.

Boudet and Kubin (1982) have calculated signal to noise ratios
in terms of the number of electrons forming each pa;t of the
image and the fractions of the incident beam involved for
bright and dark field images; they conclude that for substances
with a critical dose of less than 0.25 C/cm2 (1.56 x 10° e/Rz;

this dncludes aliphatic and polymeric hydrocarbons) the
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1imiting factor for resolution is not statistical noise but the

sensitivity of the phoﬂaraphic emulsion.

There are two categories of detection method for radiation
damage in the electron microscope; firstly those which measure
damage "in situ", as a function of exposure, electron energy
and temperature. These idinclude mass 1loss, the fading of
electron diffraction patterns and lattice constrast, and
changes in certain spectroscopic properties (electron energy
loss spectroscopy, X-ray microanalysis). Then there are methods
in which a pre-irradiated sample 1is analysed outside the
microscope. For example, the rupture and cross-linking of
infra-red active bonds in organic compounds may be followed by
infra-red spectroscopy (a fairly thick specimen is required for
this), or the visible absorption spectrum may give information
where an evaporated dye has been irradiated (Reimer 1961,

1975).

Electron energy-loss spectroscopy ("E.E.L.S.") dis widely used
to measure the characteristic absorptions by the specimens of
energy lost by the electron beam during inelastic scattering
events. These can be separated and identified as T-7*

transitions, T - electron ionisation and outer shell
jonisation; for example (Isaacson 1975) the K shell ionisation

energies of carbon, nitrogen and oxygen (285, 395 and 535 eV
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respectively) show up clearly on the spectrum for thymine and
the characteristic low-1ying electron energy loss spectrum (O-
10eV) for acridine orange shows a marked difference in

intensity before and after radiation damage has occurred.

This low-lying region is due to the T - W™ transition of
the aromatic ring, which appears to be destroyed by K - shell

ionisation.

E.E.L.S. detects <changes 1in molecular structure, and so
complements electron diffraction studies which reveal changes
in crystal lattice structure. A detailed account of E.E.L.S. is

given by Egerton(1984),

The measurement of the intensity of the diffraction pattern as
it fades is one of the most frequently employed methods of
monitoring the extent of radiation damage 1in crystalline
specimens. The specimen may be a single crystal giving rise to
a regular array of spots, or it may be polycrystalline and
produce Debye-Scherrer rings. Sometimes the total dose
necessary to destroy the pattern completely is quoted; for
quantitative work a microdensitometer is used to measure the
reflection intensities from the micrograph and the dose
required to cause the spots to fade to 1/e of the value of

their original intensity is given, where e is the natural
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Togarithm base. For obvious reasons diffraction patterns in
a fading series must be recorded at an exposure below the

saturation of the recording medium.

The bending of a crystal under the electron beam causes
deviations 1in diffracted beam intensities which may give
misleading results in a fading series of the diffraction
pattern and which must be taken into account in a crysta1

structure analysis (Dorset 1980).

Different reflections fade at different rates; often the higher
order spots fade first leaving the lower resolution
reflections. Diffraction patterns of beam-damaged paraffin
crystals show the fading of the lamellar 001 spots while the
reflections due to the carbon-chain zig-zag remain 1intense
(Dorset et al 1984). The time taken for the spots to fade gives
an indication of the maximum amount of resolvable detail one is

1ikely to obtain in an image.

The fading of electron diffraction patterns as a function of
specimen thickness was measured on behenic acid films by Ohno
(1984) who found that in the range 25-100R the critical dose

varied linearly with specimen thickness.
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Provided the kinematical approximation holds, the integral
intensity Ig of a reflection is proportional to the number N of
reflecting unit cells:

Ig = C.N (Siegel 1972) [2.12]
The intensity of a vreflection 1is therefore directly
proportional to the number of unit cells remaining intact

during irradiation.

Siegel wuses classical collision theory to account for the
destruction of unit cells and derives an exponential
relationship between the applied dose Dn and” the ratio of

surviving cells to the original number of cells:

N _ ¢ %Pn [2.13]

NO
where Og is the damage cross-section. This cross-section is
shown to be equal to the sum of the ionisation cross-sections
of all the atoms in the cell; Siegel concludes that even once
the molecules have come together to form a molecule they remain
individual beam-sensitive entities, and that every ionisation
leads to dissociation. He attributes the higher stability of
the benzene ring to its shape; it requires more than one hit to

destroy the molecule.
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By studying the diffraction pattern as it fades, it is also
possible to detect <changes in lattice dimensions, and
broadening of reflections. Orth and Fischer (1965) irradiated
two polymers and a paraffin (C28 H58) and measured the width at
half the maximum height of the densitometer traces of the
diffraction spots. With paraffin, the diffraction spots faded
without broadening or shifting position; it appears that the
lattice structure remains unchanged although changes similar to
thermal effects occur in the immediate vicinity of the damaged
bonds. The polyoxymethylene pattern behaves similarly; it is
believed that here the radiation causes breaks in the main
chain liberating large radicals and formaldehyde which diffuse

through the lattice leaving voids and destroying the structure.

The polyethylene pattern on the other hand not only decreases
in intensity but undergoes broadening and shifting of
reflections. This 1indicates changes in the 7lattice vectors
caused by cross-linking leading to a loss of long range order

in the crystal.



47

2.4 The Reduction of Radiation Damage in the Electron

Microscope.

The consequences of radiation damage in the electron microscope
cannot be completely eliminated, but much research has been
conducted into ways of reducing them as much as possible,
particularly by attempting to reduce mass loss and to slow down
the secondary reactions which lead to loss of crystallinity and
the destruction of molecular structure.

The primary cause of radiation damage, the initial transfer of
energy to the specimen, can be inhibited to some extent by the
use of a high accelerating voltage, which reduces the frequency
of inelastic scattering events; however, the theoretical curve
of specimen 1lifetime against accelerating energy, calculated
from equation 2.1, reaches & maximum just above 1 MeV and

begins slowly to decrease thereafter (Glaeser 1971).

The 1ifetime of certain organic substances has been shown to be
increased by a factor of 3 on increasing the voltage from 100
kV to 1 MeV (Kobayashi and Sakaoku 1965, Cosslett 1978). The
Bethe equation (equations 2.1 and 2.2) predicts a variation
in critical exposure with [32, although some investigators e.g.
Howitt et al (1976) obtain a closer approximation to 33, using
the amino acid 1-valine as their sample. Smith et al (1982)
report that working at 500 kV allows the observation of szs3

at higher magnification and longer observation times than at

100 kv,
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Martinez et al (1982) report experiments on l-valine, leucine
and pentacene with up to 2.5 MeV electrons, in which the
specimen lifetime is extended by high voltages (by a factor of

9 between 100 kV and 2.5 MeV in the case of 1-valine).

The influence of specimen contamination on radiation damage is
not certain; Glaeser (1975) considers that under normal
operating conditions residual gases would not affect the
specimen significantly. However, Hartman et al (1974) réport
that lattice fringes of indanthrene olive T were still visible
after 20 minutes idrradiation at high vacuum (three days
pumping) whereas they were destroyed by the same current
density in 5 minutes in the presence of residual gases (2 hours

pumping). Gas pressures and crystal thicknesses are not quoted.

Halide Substitution.

The improvement of specimen 1ifetime by the substitution of a
halide at the peripheral hydrogen positions of an organic
molecule has already been mentioned (Section 2.2). Molecular
images of chlorine and bromine-substituted copper
phthalocyanines have been published by Fryer (1984) and Uyeda
et al (1972). Clark et al (1980) studied chlorine substituted
copper phthalocyanines by X-ray microanalysis and concluded
that chlorine atoms and fragments containing chiorine are lost
from the edges of the molecules; the diffusion of the fragments

is hindered by the cage effect except where the latter is
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interrupted by previous damage or by a crystallite boundary.

Kobayashi and Reimer (1975) compared the end-point doses of
hexabromobenzene C6Br6 and tetrabromoquinone CGBr402 and noted
a decrease in radiation resistance of an order of magnitude on
substituting oxygen atoms for two of the bromine atoms. Uyeda
et al (1974) have published images in which the 4.1 R lattice
planes of tetrabromoquinone have been resolved; hence it

should be possible to resolve lattice planes of

hexabromobenzene in a goniometer stage.

Protective Coatings and Encapsulation.

Initial interest in the effect of coating a microscope specimen
in order to protect it from damage arose from the belief that
the specimen underwent a large rise in temperature upon
irradiation (Reimer 1959). In spite of the high energies
involved, however, it has been demonstrated that it is possible
to image successfully crystals with a melting point of 400-SO°C
(Keller 1961). It would appear that although the temperature of
the specimen and its environment does influence the rate of
structural damage, direct local heating by the beam is not a
primary cause of such damage provided the specimen is in
contact with a carrier‘ foil of good thermal and electrical
conductivity which allows rapid dissipation of energy (Grubb

1974).
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Knapek and Dubochet (1980) found that crystals of organic and
biological materials mounted on carbon support films were more
resistant to radiation damage than those mounted on collodion,
which has a lower thermal conductivity. Heide (1982) suggests
that beryllium or beryllium oxide films should reduce local
electron beam heating, and he has also calculated the rise in
local temperature as it varies with beam diameter and current

density at 4.2 K; provided these parameters are kept low a

specimen temperature rise of only a few degrees is expected.

Experiments in which the specimen is backed with a conducting
coating on both surfaces have been carried out by Salih and
Cosslett (1974) who measured a three-fold improvement in
specimen 1ifetime when <coronene crystals were sandwiched
between aluminium layers, and a five-fold improvement when gold

was used as the coating material.

A number of different evaporated organic fiims were
encapsulated with carbon (Fryer and Holland 1983) and the
"protection factor" varied between 3 and 12 depending on the
structure of the specimen. The most marked improvement on
encapsulation occurred for the halogenated molecules,
supporting the theory that the larger peripheral fragments are

held in place by the cage effect while the smailer fragments
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can diffuse away. A similar effect was observed with an Si0
coating by Holland et al (1983) who also suggest that as the
protection of the specimen was independent of the nature of the
covering film, it was not a consequence of charge dissipation
(see also Fryer and Holland, 1984).

The prolonging effect on the specimen 1lifetime when an
inorganic halide was included 1in the sandwich between the
specimen and the carbon fiim was investigated by Fryer et al
(1984) who concluded that chloride or bromide ions combined
with the activated molecules of the crystal, thus preserving

them from further damage.

Low Temperature Microscopy.

It is apparent from Electron Spin Resonance studies of organic
substances that many of the effects of ionising radiation are
curtailed at low temperature. At room temperature the oxidation
and reduction processes (loss and gain of electrons) taking
place in the specimen 1lead to bond rupture, migration of
fragments, cross-linking etc. At 4.2 K, while the same primary
oxidation and reduction processes still occur, the products do

not degrade until the specimen is warmed up; for example, a
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peptide linkage suffers ionisation but does not break at Tow

temperature:

v
1
~C~-C-N-
! I
R H (Box 1975)

Intramolecular proton and electron transfer are reduced at low
temperature, as 1is the migration of open valences, .which
hinders cross-linking between molecules. Changes in
conformation of damaged molecules are prevented (Box and
Freund, 1966). Atomic migration and the diffusion of severed
fragments are halted; The particles are "frozen in" to their
place in the lattice and the chances of bond reformation are

increased.

Orth and Fischer (1965) carried out an investigation on organic
polymers and a paraffin in which the temperature of the
specimen was raised; 1in each case the damage rate was

accelerated.

One of the first experiments 1in which organic crystals were
examined in the temperature range 4-300 K was carried out by
Siegel (1972), who used a paraffin (C32H66) and tetracene as
examples of aliphatic and aromatic compounds respectively. The

destruction of the crystal lattice was measured by the fading
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of the diffraction patterns, and with the specimen cooled to
1iquid heljum temperature, Siegel observed a "latent dose"
during which the intensities remained constant, and after which
they started to diminish. The 1lifetime of the crystals was
extended by up to five times on cooling from 300K to 4 K, and
this was ascribed to the slowing down of secondary damage,

although primary reactions continue regardless of temperature.

An initial increase in intensity of the reflections, including
the undeviated beam, from the paraffin specimen was attributed

to mass 1o0ss.

Another method of monitoring radiation damage applied by Siegel
is the observation of the destruction of the extinction bands
on a paraffin crystal. It was observed that, on irradiation at
4 K the crystal remained stable until the latent dose had begn
delivered, but on warming up to 300 K the effect on the
extinction bands was the same as if irradiation had taken place
at room temperature. These results were interpreted as
indicating the "freezing in" of damaged particles at 1low
temperature and their subsequent release on warming; after the
latent dose has been absorbed however, there are sufficient
detached particles present 1in the lattice to cause its

disintegration.
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Results of 1low temperature studies vary widely; some authors
found very 1little change in radiation sensitivity at 1low
temperatures (Glaeser 1971, Venables & Bassett 1967). Others
have c¢laimed spectacular results, for example Knapek and
Dubochet (1980) and Dubochet et al (1981), who recorded a
thirty-fold improvement in radiation resistance at 4 K for
paraffin and phenylalanine, a factor of 70 for 1-valine and one
of 400 for ATP. However a group including Knapek and Dubochet
stated in a later publication (Lepault et al 1983) that their
previous results were not reproducible, and that the
improvement at low temperature was not so great as had been

claimed.

Most results show a protection factor at low temperatures of

about 3 - 5 times. Some examples are:

Author Specimen T(K) Gain
Grubb & Groves(1971) Polyethylene 18 3
Siegel1(1972) Paraffin 4 5
Tetracene 4 5
Salih & Cosslett(1975) Anthracene 20 3.5
Coronene 20 3-4
Glaeser & Taylor (1978) Catalase 150 3
Hayward & Glaeser (1979) Purple membrane 153 3.5-11

Chiu et a1(1981) Crotoxin 4 10
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There is some disagreement among authors as to whether it is
necessary to use liquid helium temperatures ("4 K) or whether
most of the protection offered by cooling the specimen s
already achieved by 1liquid nitrogen (77 K). Siegel (1972)
observed a significant increase in latent dose below 77 K as
well as an over-all increase 1in protection at very low

temperature.

Salih and Cosslett (1975) found that the improvement in
specimen 1lifetime for <coronene was greater below 1Tiquid
nitrogen temperature than between 293 K and 77 K, and suggest
that two different mechanisms are involved at different
temperatures: at 1low temperatures, while the particles are
frozen into place, deterioration of the diffraction pattern is
due to damage to individual molecules, while at higher
temperatures thermal agitation prevents bond healing and

accelerates damage.

Downing (1983) plotted the <critical exposure Ne against
temperature for five fatty acids between 4K and room
temperature, and found that cooling with liquid helium doubled
the lifetime attainable with liquid nitrogen cooling. Although
the increase appears to be a continuous function of
temperature, it 1is possible that there may be a discontinuity
at the point, somewhere below 10 K, below which electrons are

no longer mobile in the lattice.
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In contrast to the above results, Wade (1984) found that a plot
of the gain in specimen 1lifetime against temperature for
paraffins reached a maximum of 3-4 at about 70K then levelled
off, giving no additional gain on cooling to 1iquid helium

temperature.

The International Experimental Study Group, in a collaborative
review (1986), also casts doubt on the 1likelihood ‘of a
significant improvement in protection at very low temperatures,
although uncertainty in the measurement of temperatures below
20 K makes this a more complex experimental problem than had at

first been imagined.
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CHAPTER 3: EXPERIMENTAL TECHNIQUES.

3.1 Microscopes used for Room-Temperature and Low-Temperature

Studies.
At Glasgow, microscopy was carried out with a JEOL 100C
electron microscope fitted with a high-resolution pole-piece
(CS=0.7mm). This microscope has a top-entry specimen stage
and for radiation dose measurements a copper collector plate

was placed on the image plane.

A JEOL 1200 EX was also used for room-temperature studies.
This operates at 120kV and has a side entry stage. An image
intensifier was used as an aid to focussing and astigmatism

correction.

Microscopy at temperatures below room temperature was carried

out on three different instruments:

(a) The JEOL 100B at the Medical Foundation of Buffalo
was fitted with a side-entry stage. A specimen
holder cooled by liquid nitrogen and incorporating
a heating coil to provide a range of specimen
temperatures down to about 120K was available,

as well as a conventional tilting holder.

(b) The microscope used in Berlin for low-temperature
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(<15K) high resolution work was built at the
research department of Siemens A.G. in Munich, and
has a prototype helium-cooled superconducting lens
system incorporating the objective and an
intermediate lens.

This microscope is described by Lefranc et al
(1982), and a diagram of the lens is shown in

Fig. 3.1. The instrument operates at an
accelerating voltage of 100kV, and has a 1attiée
resotution of about BR. A minimum dose system is
incorporated to reduce the exposure of the specimen

to the beam (see section 3. 2).

(c) A microscope was also available in Berlin in which
the temperature of the specimen could be varied
between room temperature and 8K, This was the
"Deeko 250", designed to operate at up to 250kV
but which was used at 100kV to allow comparison of
results with those from other sources. The
resolution of this instrument was poorer than that
of the Siemens microscope, being about ZOR. The
design of this microscope is described in detail by

Heide (1981).

3.2 The Minimum Dose System (MDS).

Micrographs of beam-sensitive materials were taken using a



Fig. 3.1 The helium-cooled superconducting objective
lens with side-entry stage (Lefranc et al).
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minimum dose technique. Accounts of the development of this
technique have been published by Williams and Fisher (1970),
Unwin and Henderson (1975) and Fujiyoshi (1980). Images of
anthanthrene crystals have been published in which the minimum

dose method was applied (Fryer 1978).

The specimen is searched with the microscope in the diffraction
mode, thereby reducing the dose rate necessary to see by eye a
good crystalline area. Once such an area has been found; the
beam is switched by a deflector coil away from the chosen area.
In a microscope fitted with an MDS facility (for example, the
JEOL 1200 EX) the lens settings for imaging the chosen area may
be stored in the memory and brought back to the screen when
required. The focus and astigmatism are corrected in the image
mode on a nearby area, possibly at a higher magnification than
required on the final dimage, and the electron beam is only
returned to the chosen area once the shutter is open. This
ensures that the specimen is subjected to radiation damage only
for the length of time necessary for recording. The amount of

defocus can be checked after the micrograph has been taken.

In the cryomicroscope in Berlin, the search for a suitable area
was carried out by defocussing the diffraction pattern and
using an image intensifier to magnify the low-magnification,
bright-field image found in the diffuse centre spot. The beam

was then blocked by a shutter installed above the specimen
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plane until the deflector coils were switched on.

The JEOL 100C has no MDS facility, but it was possible to
deflect the beam away from the chosen area by switching to the
dark-field mode, pre-aligned to irradiate a different area to

the bright-field.

3.3 Densitometry and Digitisation of Images.

Diffraction patterns for fading series were- analysed with a
Joyce Loebl Mk III densitometer, the operation of which is
described in section 5.6. The slit width for sampling was

kept as narrow as possible (a typical value was 1.0 mm.)

For image processing, densitometry was carried out by means of
an Optronics rotating drum microdensitometer with a 25!‘ X ZSH
sampling aperture, the smallest available. Wherever the
detail on the micrograph was too small for this aperture size
to process, a 5x enlargement on to E.M. film was made, and
this was analysed. This caused a reversal of contrast in the

processed image.

Improved resolution was obtained when a Datacopy series 600
flat bed microdensitometer was used for scanning images. This
had a 13 y4 sampling aperture and was linked to an IBM 16 bit

personal computer.
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3.4 1Image Processing.

When a 1low-dose micrograph 1is taken, no periodic detail is
visible at all due to the low signal-to-noise ratio, and the
micrograph appears a uniform 7light grey. Information s
contained in the emulsion, nevertheless; it is necessary,

however, to extract by means of image processing.

For a transmitted image, a signal-to-noise ratio of g is
related to the statistical probability p that a structure can
be distinguished from its background, by:
p=gq/ (1+q) (3.1)
(Misell 1978)

For the purpose of the Rose equation (equation 2.11), a minimum
signal-to-noise ratio of 5 is considered acceptable, although a
periodic structure tlowers this figure by a factor proportional
to the square root of the number of repeating units in the
sample (Fryer and Smith 1982). When the signal-to-noise ratio
is less than unity, a technique such as Fourier filtering must

be applied to interpret the information.

In electron optics the Fourier Transform is the mathematical
expression used to analyse the variation in electrostatic
potential of the specimen. Similarly in image processing the

variation in optical density j(x) of the photographic plate
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with position x is written:

j(x) =Z‘Jh exp ( 2 7r1'hx)
h

L
=ZJh cos 2 hx) + 3 sin{27hx
h { 2 )

Each component sinusoidal wave has frequency V= h /{ , where/
is the periodicity of j(x), and Jh is a weighting factor known
as the Fourier coefficient. A high frequency represents high
resolution detail; thus the transform provides a measure of
the resolution of a micrograph. The Fourier coefficients are
complex numbers requiring both amplitude and phase information

for their calculation, and the expression for the coefficients

is:
L
I = l/i’.Jj(x) exp(-27r1'hx)dx
{
0

In terms of amplitude and phase,

Jp = IJhI exp (i)

The phase information is lost in an optical diffractogram, in
which the intensity of the peaks is proportional to |J|2; a
numerical transform preserves both the amplitude |J| and the

phase w.
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A more general form for the Fourier transform is:
J(v) =Jj(!_‘_) exp (-27i v .r) dr
where r is a vector representing co-ordinates (x,y) in the

image and 1y represents two dimentional frequency 1in the

transform. Its inverse transform is:
itr) =JJ(U) exp (2 7 i y_.r_) dv.

When a direct transform is followed by an inverse transform,

the original function is obtained:

iy o = T oo = aw).
A modified Fourier Transform equation, the Fast Fourier
Transform (FFT) is applied when the transform is calculated

numerically (Misell 1975).

Fourier filtering is based on the fact that the transform of a
periodic structure contains the structural information
(amplitude and phase) concentrated in the peaks of the
transform, These peaks together represent a projection of the
reciprocal lattice. The noise on the other hand is

distributed at random over the whole transform, and this may be
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excluded by means of a mask, thus allowing the image to be

reconstructed from the signal only.

Fourier filtration may be carried out at an optical bench.
Monochromatic 1light from a laser source 1is diffracted by a
specimen micrograph, and the unwanted noise from the resultant
diffraction pattern is filtered out by means of a cardboard
mask with holes cut out at the positions of the diffracted
beams (Taylor and Lipson 1964). The 1image 1is then
reconstructed by means of lenses and projected on to a screen.
An  analogous filtering technique may be carried out
numerically: the intensities of the 1image micrograph, as
measured by microdensitometry, are digitised and stored on
magnetic tape. The "power spectrum" 1is then calculated
mathematically from the digital data. The numerical transform
calculates both |J| and w , the amplitude and phase of the

Fourier Transform.

The two components making up the total Fourier Transform are

the signal S(v) and the noise N(u). Thus:
J(v) =S(v) + Nuyp)

The original image may not be visible above the noise but the
peaks of the power spectrum stand out clearly from the
background. The 1image transform is then multiplied by a

"mask" M(U). This is a function of unit value at the peaks
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of the transform, and zero elsewhere. M(u) is a convolution
of a reciprocal lattice function L(y) and a "window function"
W(Y ) which describes the mask hole. The image transform then

becomes:
J(Q,) x [L( v ) ¥ w(.y)] (Misell 1975)

For a perfect lattice, the window would be defined by only one
lattice point, and the average would then be taken ovef the
entire image. However, lattice distortions and imperfections
in sampling cause broadening of the peaks (as they do in
optical or electron diffraction) and so the holes in the mask

are made larger, limiting the degree of averaging of the image.

When an inverse transform 1is performed on the modified image

transform, the reconstructed image has the form:
i(r) % [1(r) x wir)l,

where 1(r) is the lattice periodicity and w(r) is a measure of
the number of units averaged, and sk denotes convolution. A
large window size corresponds to averaging over a small number

of unit cells in the specimen,

A practical example of the technique of dimage processing is

shown in Plate 1. The top left-hand picture shows an area
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Plate 1 : The four stages of the Fourier reconstruction

by the Imagic programme:
(a) The digitised image,
(b) The power spectrum,
(c) The masked peaks of the
power spectrum,

(d) Thereverse transform.
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of digitised image, 128 x 128 picture elements in area, of a
specimen of a substituted phthalocyanine. Its numerical
transform 1is shown in picture (b). Two peaks can be

distinguished among the noise.

The mask function is superimposed in picture (c), the radius of
the "windows" having been chosen to include as much of the
information contained in the peaks as possible, while excluding

the background noise.

The inverse Fourier transform is shown in the fourth picture,
The background noise has been removed, leaving an image in

which the structure is visible.

It must be borne in mind that diffuse scattering carrying
information about the structure may be 1lost in the masking
process along with the random noise. A second pitfall of this
type of image processing is that a mask superimposed on random
noise alone will generate a spurious image, since a periodicity
is imposed by the spacing of the mask windows. The random
noise within each window is multiplied by one and undergoes the

inverse Fourier Transform, creating a mislieading image.

3.5 The Optical Bench.

As mentioned in Section 3.4, an optical bench may be used for

the filtering and reconstruction of images. This type of
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reconstruction was not necessary in this work since numerical
methods were available; however, diffractions patterns
obtained on an optical bench with a 1mW He/Ne laser source were
used frequently as a measure of resolution of micrographs, to
detect crystalline areas in low-dose images and to measure
lattice spacings as images from their optical diffraction

patterns.

A diagram of the optical bench is shown in Fig. 3.2.

Fig. 3.2 The Optical Bench.

: 1 mW He/Ne laser

¢ Laser objective

: Pinhole

Collimator lens
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CHAPTER 4: EPITAXIAL PREPARATION OF SPECIMENS.

4.1 Epitaxy.

An epitaxial layer is one in which an overgrowth is arranged on
a substrate so that all of dits crystals have the same
orientation. Epitaxy may occur in many systems - for example,
certain metals upon alkali halides, silicon upon sapphire,
quartz, spinel or silicon, alkali halides upon other alkali

halides or mica, and many others (Matthews 1975).

When the vapour of the overgrowth material meets the face of
the substrate, nucleation must occur before a thin film will
form. This involves the adsorption of sufficient molecules to
form a nucleus of a critical size which is stable enough to

grow before desorption occurs.

Nucleation tends to occur most readily at a defect in the
substrate crystal, and the formation of stable clusters appears
to depend on the rate of deposition, the temperature of the
substrate and the energy relationship of the deposition process

(Ueda and Mullin 1975).

Once clusters have been formed, they may grow by migrations of
incoming atoms over the surface of the substrate to form
islands of overgrowth material which eventually join up to form

a continuous film.
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For epitaxy to be energetically favourable, the lattice spacing
of the overgrowth should correspond to a multiple of the
lattice spacing of the substrate. The first monolayer of the
overgrowth may become distorted to achieve this correspondence,

or dislocations may occur between it and the substrate.

In 1949 Frank and van der Merwe studied epitaxial growth and
concluded that the lattice of the overgrowth will deform to fit
the substrate provided the degree of misfit is less than 9%. It
is still possible, however, to deposit a monolayer at up to 14%
misfit, forming a metastable state, provided the temperature is
sufficiently low that the overgrowth does not acquire enough
activation energy to form dislocations. The degree of misfit

was defined as

- - [4.1]
ﬁs b -a

where a and b are the 1lattice spacings of substrate and
overgrowth respectively. It was also pointed out that the exact
critical misfits would vary according to the substrate and

overgrowth material.

The orientation of the overgrowth also depends upon the nature
of the substrate and overgrowth, and, in the case of molecular
crystals of planar molecules, upon the angle which is made by
‘ the molecules with their column axis. Crystals may be

orientated with their column axes paraliel, perpendicular, or
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at an angle to the substrate, depending on the interactions of

crystal with substrate (Fryer 1979).

4.2 Preparation of Expitaxial Films by Evaporation.

Thin films of phthalocyanines and other polycyclic organic
molecules were prepared under vacuum in an Edwards coating
unit., Freshly-cleaved 100 faces of potassium chloride were
suspended above & molybdenum boat containg crystals of the
substance, and the chamber of the unit evacuated to about 10"6
torr. The boat was then heated to red heat until all the
crystals had evaporated. It was found that when the substrate
was warmed prior to evaporation, the proportion of evaporated
molecules adhering to it varied considerably, making the fiim
thickness difficult to estimate. When the crystal substrate was
coated at room temperature the sticking of the film to the KC1

face was more predictable, and the thickness of the film could

be calculated from the formula

t= m [4.2]
4mr2p

("Techniques for Electron Microscopy" ed. ‘H. Kay, Blackwell

1965).

where t thickness of film

distance from boat to substrate

-
"
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mass of material in boat

3
]

°
"

density of material

The crystal with the film could then be heated slowly to
provide the energy for the molecules of the film to arrange

themselves epitaxially.

The crystal could subsequently be covered with a layer of
evaporated carbon by replacing the boat by a pair of carbon
rods held together by springs and heated electrically to white
heat; the crystal film with its carbon coat were then floated
off on distilled water, washed and picked up on microscope

grids,

For evaporated layers prepared in a similar manner in the
Balzers coating unit in Berlin, a quartz thickness monitor was
mounted in the belljar, level with the KC1 substrate. This
monitor consisted of a quartz crystal disc, the characteristic
vibration frequency of which changed on being coated with an
evaporated layer. A second crystal outside the system acted as
a reference, and the frequency difference was displayed on a
meter. An empirical relationship between thickness t (),
frequency difference A f(Hz) and overgrowth density was given

by the manufacturer as:

t=bDf [4.3]
P
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The quartz thickness monitor gave very different results from
the thicknesses calculated by the mass of the evaporated
crystals. Usually a Tlower thickness was registered by the
quartz crystal, which is reasonable given that the formula
yields the maximum thickness obtainable assuming that all the

material sticks to the substrate on evaporation.

A 1ink was observed between a material's density and the
discrepancy between the calculated maximum thickness and the
thickness registered by the monitor. Five types of material

were prepared at room temperature by evaporation:

Table 4.A

Density  Thickness by Calcn. "Sticking
Thickness by Af coefficient”

Fully chlorinated
Cu phthalocyanine 2.1 8.20 +1.46 0.12
(4 samples) »
8.6% C1-Cu-Pc "1.6 3.36 f0.15 0.30
(3 samples)
2.2% C1-Cu-Pc “1.6 3.22 +0.36 0.31

(4 sampies)

Copper phthalocyanine 1.6 3.20 0.31
(1 sample)
Metal-free Pc 1.4 1.23 +0.40 0.81

(15 samples)
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With five samples representing three different densities, the
exact relationship between the sticking coefficient and the
density of the crystals could not readily be derived; a linear
dependence does not seem to apply. The amount of material
adhering to the substrate probably depends on many factors such
as the temperature of evaporation and of the substrate, the
rapidity of heating, and the fineness of the powdered crystals

in the boat, as well as the nature of the materials involved.
However, the grouping of results from the quartz thickness
monitor according to density does indicate consistency in the

readings from the monitor,

4.3 Thickness measurement of Epitaxial Films in the "Deeko

250" Microscope

Thickness determination was carried out using the relationship

quoted in Reimer (1975):
Transmission T = I/I0 = exp (- x/xk), {4.4]

where I and Io are beam intensities with and without the
specimen respectively, x is the mass thickness (= pt, where p
is the density and t the thickness of the specimen) and X\
depends on the objective aperture, the electron energy and the

atomic number of the material. This is only valid for simple
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scattering and provided the density of the specimen is the same
as that of the bulk material, but it is used here in its simple

form:

Thickness = X\ n IO/I [4.5]

For the "Deeko 250" (see section 3.5) with the 50p objective

aperture inserted, the value of x, has been calibrated as 29.

k
A specimen of metal free phthalocyanine on carbon film with a
second half-covering was chosen, Its thickness was 1108 by
formula, and 100R by the quartz thickness monitor,. Current
densities were measured in the image plane, and Io' IS and Id
refer to intensities at a hole in the specimen, at an uncoated

area and at a coated one respectively. The results obtained

are shown in table 4.B

Table 4.8.

Intensity Measurements and Thickness Calculation for Metal-free

Phthalocyanine, Specimen K2

( pA) Tog log ug/cm2 R

e

o s Iy L/l 1/l Pty pty te Y4

0.31 0.29 0.27 0.067 0.138 1.943 4.002 138 286
1.0 0.94 0.875 0.062 0.133 1.794 3.872 128 276
1.0 0.93 0.87 0.073 0.139 2.117 4.031 151 288
2.6 2.40 2.25 0.080 0.144 2.320 4.176 166 298
6.1 5.65 6.30 0.077 0.141 2.233 4.089 160 292

mean 149 288
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The thickness of the ovalene film

used for the fading-series at

different temperatures (Section 5.5) was measured in a similar
manner:
) -11

Current at hole (I ) = 3.2 x 10 A.

Current on film (1) = 2.7 x 10'11A.

L= X, 3.2 = 4.93 x 1070 pg/ pn’

2.7
p= 1.89/cm3
¢ =X = 4.93x107°x10% = 0.027 pm
P 1.8
= 2708

The thickness of the ovalene film was estimated at 70-1002;
the thickness of the carbon film would partially account for

the difference in values.

4.4 Preparation of Paraffin Specimens.

(a) The hk0 orientation.

Lozenge-shaped crystals of paraffin,
axes are normal to the
dissolving the paraffin crystals
depositing small

coated electron microscope grids.

in which the chain
lozenge face were prepared by
in warm n-hexane and
drops of the solution on to carbon-

The concentration of

the solution was adjusted until an even distribution of

monolamellar crystals was obtained. The thickness

these crystals was thus equal to the chain length,

the electron beam passed parallel

and

to the c-axis of the



(b)
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unit cell to form an (001) projection on the image plane,

as illustrated in Fig. 4.1.

Y
Electron
beam
Fig. 4.1 : Solution-grown crystal of a paraffin.

The Ok1 orientation.

Simple solution <crystallisation does not produce a
paraffin crystal which can be viewed 1in the 0kl
projection in the electron microscope, that is, with the
long chain axis parallel to the support grid,

perpendicular to the beam.

This is achieved by an epitaxial preparation method, as
used for paraffins by Wittmann et al (1983) and Dorset
(1985) and for several polymers by Wittmann and Lotz

(1981) and Wittmann and Manley (1978).



The substrate used for this application was benzoic acid
(m.pt. 122.4°C) which may be recrystallised to form large

flat crystals with {001} planes uppermost:

% ,f

2

(after Wittmann et al 1983).

A

s,

Fig. 4.2.

To prepare the specimens, crystals of the required
paraffin were mixed with benzoic acid crystals, with the
latter greatly in excess. The mixture was then sandwiched
either between two glass microscope slides or between two
freshly divided sheets of mica. An aluminium bar was
heated at one end to form a temperature gradient, and the
sandwich was s1id slowly up and down the bar causing the

crystals to melt and solidify. On cooling, the benzoic
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acid crystallised from the melt first, and the paraffin
then formed 1lath-shaped crystals on the newly formed
(001) faces of the acid. The paraffin chain axis Tlies
parallel to the a-axis in Fig.4.2 (Wittmann et al 1983).

The mismatch between the paraffin and the benzoic acid b-

axes is
P0 = bpar - bBA x 100 = 4,96 - 5.14 x 100 = -3.5%
bBA 5.14

The mismatch in the a-direction is calculated using two

paraffin subcells (chain zig-zags) as the repeating unit:

Po = 2csubce11 - g X 100 = 5.08 - 5,52 = - 8.0%

agp 5.52

Once cool, the two slides or mica sheets were separated
and coated with carbon and the combined film was floated
off on a distilled water surface to be picked up on
electron microscope grids. An alternative method was to
include some carbon-coated grids in the sandwich, Once
the slides had been cooled and separated they were placed
under vacuum overnight to remove the benzoic acid by
sublimation. The grids could then be peeled off the

slides and used immediately.
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The resultant crystals were orientated orthogonally to
the solution-grown crystals enabling all three unit cell

dimensions to be examined by microscopy:

Y

Electron
beam

Fig. 4.3 : Epitaxially-grown crystal (after Dorset 1985)

- Solid solutions of pairs of paraffins were prepared by
mixing together the components in the desired
proportions, then melting the mixture in an o0il bath for
two hours to mix the components thoroughly. After
cooling, the -epitaxial preparation was carried out
exactly as for single-component systems. The structure of

solid solutions of paraffins will be discussed in Chapter

6.
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Paraffins Used in Experimental Work.
Source Purity % M.Pt. M.Pt.
(1abel) (label) (Obs.)
Aldrich Chem. Co.  97% 68-70°  68-700
Fluka AG Pure * 69-71°
Fluka AG Pure 70-73°  71-73°
Aldrich Chem Co. Recryst 74-76°
Fluka AG V.Pure (>99%) 77-79°  77-79°
Fluka AG Pure 77-79°  77-79°
Ventron GmbH 96% 84-86°

* Theoretical melting point 71.8°% (Piesczek).
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CHAPTER 5.

RADIATION DAMAGE RESULTS and DISCUSSION.

5.1 Radiation Damage Measurements at Room Temperature.
5.2 Extinction Dose Results for Metal-free Phthalocyanine.
5.3 Extinction Dose Resuits for Coronene and Ovalene.

5.4 Results of Extinction Dose Measurements at Very Low

Temperatures (<15K).

5.5 Radiation Damage Results from the Variable-Temperature

Electron Microscope "Deeko 250".
5.6 Calculation of De for Metal-Free Phthalocyanine.

5.7 The Dependence of Radiation Sensitivity on the Number of

Layers in a Langmuir-Blodgett Film.
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CHAPTER 5: RADIATION DAMAGE RESULTS and DISCUSSION.

5.1 Radiation Damage Measurements at Room Temperature

Room temperature studies were carried out on specimens of
coronene, ovalene, and metal-free phthalocyanine, whose
structures are shown in Figs. 5.1, 5.2 and 5.3 respectively.

Specimens were prepared as described in Section 4.2. Lattice
images of coronene and ovalene are shown in Plates 2 and 3;
the crystals are orientated with the ac face in the .1mage

plane.

In each case the specimen film was coated with evaporated
carbon while still on the KC1 substrate, then the coated film
was floated off on a distilled water surface. Attempts were
made to turn the film over on the water with a glass slide, in
order to pick up the film on grids with the carbon 1layer
between the specimen and the grid, but this was prevented by
the surface tension of the water in spite of attempts to reduce
interaction by means of a surfactant. The films were then
washed, picked up on clean grids with the carbon uppermost,
dried, and given a half carbon coat on the reverse side by
masking half of the grid during evaporation, as depicted in

Fig. 5.4.

The radiation dose necessary to destroy the Tlowest-order

diffraction spots was measured by judging by eye the point at



a
Fig. 5.1 CORONENE.
C24H12 mol. wt. = 300.3 density = 1.377
monoclinic unit cell, P21/a; 2 molecules/unit cell
a = 16.10 R b = 4.695 R c = 10.15 R B = 110.8°

J.K. Fawcett & J. Trotter, Proc. Roy. Soc. A289 (1965) 366

J.M.Robertson & J.G. White, J. Chem. Soc. (1945) 6.7



Fig. 5.2 OVALENE.

C32H14 mol. wt, = 398.4 density = 1,496

monoclinic unit cell, P21/a; 2 molecules/unit cell

19.47 R b =4.70 R c = 10.12 R B = 105.0°

a

R.G. Hazel & G.S. Pawley, Z. Krystallogr. 137 (1973) 159

D.M. Donaldson & J.M. Robertson, Proc. Roy. Soc. A220 (1953) 157



N
H
\

N

L ;
N N
™

Fig., 5.3 METAL-FREE PHTHALOCYANINE.

C32H18N8 mol. wt., = 514,55 density = 1.445
monoclinic unit cell, P21/a; 2 molecules/unit cell
a = 19.85 R b=4.72 8 c=14.81R B = 122.25°

J.M. Robertson, J. Chem. Soc. (1936) 1195

]
o I—— 00" Co
specimen — -

Fig. 5.4 Specimen prepared for radiation damage experiments.



PLATE 2

PLATE 3

Lattice 1ma§e of coronene in an ac projection
x 1,950,000
Lattice spacings: 14.5 R

4,478

Lattice image of ovalene in an ac projection
x 1,950,000
_Lattice spacings: 18.7 R
8.6 R
.4,31R
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which the diffraction pattern was completely déstroyed, and a

stop-watch was used for timing.

This electron dose will be referred to in the following results
section as the "extinction dose” as this is the term used by
Holland (1984); it is not to be confused with De’ the electron
dose required to cause the diffraction spots to fade to % of

their original intensity (see Section 5.6).

The radiation was measured by means of a copper collector plate
which was situated in the plane of the viewing screen and
linked to a milliammeter. The electron dose rate incident oﬁ
the specimen plane could then be calculated by the following

formula:

Dose rate = Magm‘fication2 x current (mA)
area of collector plate

and converted into cou1ombs/cm2. A back-scattering factor of

30% from the copper was assumed (Nicholson 1981).

5.2 Extinction Dose Results for Metal-Free Phthalocyanine.

The specimens used were prepared as described in Chapter 4, and
half-coated with evaporated carbon (approximately 100 R thick,
measured by quartz thickness monitor). They were examined in
the JEOL 100B at the Fritz-Haber-Institut, which was fitted

with the same copper collector plate on the image plane as was
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used in the JEOL 100C at Glasgow for similar experiments on

coronene and ovalene (Section 5.3).

The exact boundary between the coated and the uncoated halves
of the grid was not visible, but at least ten fading-times were
measured for each of the six areas spread over the whole grid -
a noticeable difference in specimen Tlifetime was expected to
indicate the position of the carbon 1layer. The results are

shown in Table 5.A.
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Table 5.A. Results of Extinction Dose Measurements of

Metal-free Phthalocyanine (JEOL 1008)

Room Temperature

(i) Specimen P2 (Thickness, by weight only, 60 R).

Position on Specimen Monitor Area Mean ext-dose (C/cmz)

1 0.107 +0,001
2 0.095 +0.007
3 0.108 +0.022
4 0.093 +0.018
5 0.099 +0.013

6 0.089 +0.017

(ii) Specimen M4 (Thickness by weight 1403, by Af 1408).

1 0.124  +0.008
2 70.102  +0.013
3 0.108  +0.011
4 0.126  +0.021

5 0.108- +0.013
6 0.124 +0.01
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5.3 Extinction Dose Results for Coronene and Ovalene

Similar measurements were made on specimens of coronene and
ovalene, sampling areas from the periphery and nearer the
centre of the grid. The variation in beam-sensitivity at
different areas did not appear to be significant; no two
distinct groups of values were observed which might delineate a
carbon-coated and an uncoated semi-circle (see Tables 5.B and
5.C). However, the specimens did appear to contain local

variations in thickness.

The ovalene in this experiment appears to be Tess stable under
the beam than the coronene. This is likely to be a consequence
of a difference in film thickness, as the 1larger aromatic
system would be expected to sustain a larger electron dose.
The phthalocyanine is more stable to the beam than the coronene
or the ovalene, but a quantitative comparison cannot be made
here because of uncertainty in the thicknesses of the coronene

and ovalene samples.

Discussion.

In contrast to the results of Holland (1984) and Fryer and
Holland (1983), there does not appear to be a significant
difference between one area of a grid and another, and there is
no obvious boundary between the sandwiched area and the area

with carbon on one side only.
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Fryer and Holland also measured "Protection Factors” of between
3.0 and 1.4 for carbon coated metal-free phthalocyanine,
depending on the thickness of the film (80-200R). This
protection factor decreases as specimen thickness increases,
leading to the conclusion that the thick film acts as a
“coating" on itself and that the effect of the extra layer of

carbon becomes less significant.

One of the main objects of the present radiation-démage
experiments was to determine whether the protection factor
postulated by Fryer and Holland in their room-temperature work
was still effective as the temperature of the specimen was
lowered, or whether the "freezing in" effect of the 1low
temperature prevented secondary damage effects in the specimen
to such an extent that the carbon coat made no further

difference.

However, the above measurements do not show any evidence of the
protective effect of a carbon coat, even at room temperature,
although it is clear that variations in the specimen thickness
do have a marked effect. If the carbon coat has no sigificant
effect on damage rates at room temperature, it is unlikely that

it will have any effect at low temperature!

Nevertheless, the studies of half-carbon coated organic

specimens were continued at lower temperatures.
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Tabie 5.B Results of Extinction Dose Measurements of Coronene

at Room Temperature (JEOL 100C)

(i) Specimen 1 (Thickﬁess unknown, estimated 100-200 R)

Position
on Specimen Monitor Area Mean ext-dose (C/cmz)
1 8.09 x 1072 +0.55 x 1072
2 14.38 x 1002 +4.06 x 107
3 12.03 x 1072 +1.59 x 1072
4 11.91 x 1072 42,07 x 1072
5 11.05 x 1072 +2.15 x 107°
6 10.98 x 1072 +2.46 x 1072
7 10.09 x 1072 +0.99 x 1072
(ii) Specimen 2 (As above).

1 10.19 x 1072 +2.79 x 107°
2 13.05 x 1072 +1.46 x 1072
3 10.92 x 1072 +1.60 x 1072
4 12.27 x 1072 +5.28 x 107°
5 8.98 x 1072 +0.90 x 107°

2 41.05 x 1072

6 10.05 x 10°
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Table 5.C Results of Extinction Dose Measurements of QOvalene

at Room Temperature (JEOL 100C)

(i) Specimen 1 (approx. 1008 thick).

Position
on Specimen Monitor Area Mean ext-dose (C/cm?)
1 7.13x 1072 +1.11 x 1072
2 2.24x 1072 +2.63 x 1072
3 7.67 x 1072 +2.15 x 107°
4 8.31x 107 +2.13 x 1072
5 7.27 x 1072 +0.39 x 1077
6 6.91 x 1072 +0.47 x 107°
(ii) Specimen 2 (approx. 1008 thick)
1 9.44 x 1072 +2.58 x 1072
2 7.37 x 1072 +1.28 x 1072
3 6.47 x 1002 +0.82 x 1072
4 7.38x107% +1.76 x 1077
5  8.55 x 1070 +1.66 x 107°
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5.4 Results of Extinction Dose Measurements at Very Low

Temperatures (<15K)

In the room temperature experiments, the grids were not placed
in the specimen holder with the carbon-coated half in a
predetermined orientation, as it was expected that the position
of the carbon-coated semi-circle would be clear from the dose-
measurements as described by Holland (1984). As it became
clear that this method of finding the carbon coat was not
reliable, all further experiments were carried out witﬁ the
carbon-coated half clearly marked on the rim of the grid and

positioned in the specimen stage in a known orientation.

The electron doses required to destroy completely the
diffraction patterns of metal-free phthalocyanine, coronene and
ovalene were measured at approximately 10K in the helium-cooled
stage of the cryomicroscope in Berlin, and the results are

tabulated in Table 5.D.

The differences in results between the coated and the uncoated
specimens do not appear to be significant. Approximate
protection factors are given for the effect of Towering the

specimen temperature from 300K to = 10K.
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Table 5.D Results of Extinction Dose Measurements at Very Low

Temperatures (<15K).

(1) Metal-free Phthalocyanine.

Specimen, Thickness Ext-dose C/cn®  Ext-dose C/cm®
(coated) (uncoated)
Q3 By wt. 100R,Af60R 0.609 + 0.054  0.739 + 0.052
J1 By wt. 1008, Af60R 0.684 + 0.036  0.688 + 0.050
33 By wt. 100R,A f60R  0.695 + 0.048  0.755 + 0.052
K1 By wt. 110R,Af1008 1.106 + 0.074  1.130 + 0.107

Protection factor [compared to room temperature result, Table

5A(i)] of the order of 7.

(ii)  Coronene (approximately 1008 thick)

Ext-dose (coated) Ext-dose (uncoated)

0.55 + 0.06 C/cn®  0.62 + 0.12 C/cm®

Low-temperature protection factor ~ 5.3 (ref. Table 5.B)

(iii) Ovalene (approximately 1008 thick)

Ext-dose (coated) Ext-dose (uncoated)

0.60 + 0.03 C/cm®  0.70 + 0.07 C/cn’

Low-temperature protection factor = 8.5 (ref. Table 5.C)
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5.5 Radiation Damage Results from the Variable-Temperature

Electron Microscope "Deeko 250",

This microscope has a specimen stage which can be set at any
temperature between room temperature and 9K. Measurements

were made with an accelerating voltage of 100 kV.

Specimens studied were:
(a) Ovalene, evaporated on to a cold substrate, annealed for

30 minutes at 150°C. Thickness by formula 703.

(b) Coronene, evaporated on to a cold substrate and annealed

for 30 minutes at lOOOC. Thickness by formula IOOR.

(c) Metal-free phthalocyanine, evaporated on to a cold
substrate and annealed for 30 minutes at 200°c.
Thickness by formula = 1408; thickness by quartz monitor

= 140R, and

(d) Metal-free phthalocyanine, prepared as in (a). Thickness

by formula IOOR, thickness by quartz monitor 608.

Tables 5.E and 5.F and Figs. 5.5 and 5.6 show the results
obtained for the measurement of the time taken for complete
destruction of the first order diffraction spots for ovalene

and coronene respectively, at a series of temperatures from
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300K down to 9K. Standard deviations are not shown as
insufficient data were collected to make these significant.
However, the results 1lie on smooth curves with little apparent
difference between the values for the coated and uncoated
halves of the specimens; certainly there is no evidence for a
protection effect of the carbon at high temperature which

diminishes as the temperature is lowered.

Table 5G and Fig 5.7 (a and b) 1illustrate the correspoﬁding
results for the two samples of metal-free phthalocyanine;
again, there s 1little evidence for protection against
radiation damage by a carbon coating at any temperature,
although the protection afforded by lowering the temperature is
apparent. As discussed in Section 2.4, there 1is some
controversy over whether a significant gain in specimen
1ifetime is obtained by cooling to below 1iquid nitrogen
temperature; the gains obtained in the above experiments are

shown in Table 5H.
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Table 5.E. (see Fig. 5.5)

Extinction Dose Results: (Deeko 250).

Ovalene
Temperature(K) Qigmz coated c/cm® uncoated
295 0.333 0.347
200 0.504 0.503
150 0.536 0.496
100 0.873 0.854
50 1.212 1,415
10 4,004 4,243
Table 5.F. (see Fig. 5.6)
Coronene
295 0.359 0.444
250 0.650 0.480
200 0.547 0.457
150 0.651 0.557
100 0.809 1.057
50 1.176 1.194
10 1.761 1.818
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Table 5.G (Deeko 250)

Results for Metal-free Phthalocyanine.

(i) 140R by weight and byAf.

Temperature. Qigmz coated C/cm2 uncoated
295 0.319 0.320
250 0.357 0.369 |
200 0.484 0.464
150 0.439 0.526
100 0.648 0.676
50 0.860 0.846
10 0.919 0.999
(ii) 60R by weight only.
295 0.148 0.187
250 0.233 0.204
200 0.289 0.287
150 0.430 0.429
100 0.400 0.503
50 0.770 0.810
10 0.966 1.117
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Table 5.H.

Gain in Lifetime on Lowering Temperature.

Overall RT to 150K 150K to 10K
OVALENE 12.0 1.5 8.0 |
CORONENE 4.5 1.5 3.0
PHTHALOCYANINE (1) 3.0 1.7 1.8
PHTHALOCYANINE (2) 6.2 2.6 2.4
PHTHALOCYANINE * 5.4 2.3 | 2.4

* calculated from De measurements (Section 5.6)
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5.6 Calculation of De for Metal-free Phthalocyanine.

The fading of phthalocyanine diffraction patterns was observed
at seven different temperatures as before, but instead of
estimating the dose required to destroy the crystallinity
completely,the diffraction patterns were recorded as they faded
and the intensities of the first-order diffraction spots were
measured with the aid of a Joyce-Loebl flat-bed

microdensitometer.

This s an dinstrument in which the photographic plate is
mounted on a sliding glass stage between a 1light source and a
photomultiplier detector. Part of the light beam is directed
through the specimen, part through a grey glass "wedge" whose
optical density varies linearly along its length. The signal
generated by the difference in intensity between the reference
4 beam and the beam passing through the specimen operates a
servo-mechanism which slides the calibrated wedge until the two
transmitted intensities match. A system of pulleys connects
the sliding wedge to a chart table where the variation in

intensity of the specimen negative is plotted.

This system is not ideal for use with diffraction patterns due
to the sharpness of the variation in intensity at each spot;
however if the negative is carefully aligned on the specimen
table so that the diffraction spots are centred, and a very

narrow slit-width is selected to sample a small area at a time,
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the area under each peak can be considered proportional to the

intensity of the spot.

An example of a fading series of diffraction patterns of metal-
free phthalocyanine, along with the densitometer traces for its

(002) reflections, is shown in Fig 5.8.

Intensity measurements were made for every diffraction pattern
in each fading series, and the peak areas were ca1cu1ated and
plotted against the dose for each temperature. Only those
traces were used where Friedel symmetry conditions were met -

that is, where the (hk0) and (hk0) reflections were the same.

The fading curves are shown for coated and uncoated films in
Figs. 5.9 and 5.10. The electron doses required to reduce
the dintensities of the spots to 1/e (that is, to 0.368) of
their original values were obtained from the curves and plotted

against temperature to give the graph shown in Fig. 5.11.




Fig. 5.8 Microdensitometer traces of(002)reflections of metal-free
phthalocyanine with increasing electron dose, at 200K.
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DISCUSSION:

It appears from the curves of Fig. 5.5 to 5.7 that an almost
equal increase in specimen lifetime can be obtained by cooling
to liquid helium temperature from 100K as by cooling from room
temperature to 100K. An International Experimental Study
Group (1986) quotes a range of 3 - 5 as being the protection
factor obtained on cooling organic crystalline specimens to
150K, but reports a wide variation in results below' this
temperature. The results 1in this section (Table 5H) give a
range of 1.5 to 2.6 for 150K, with egual or higher factors
possible on cooling from 150K to 10K, especialiy for ovalene,
although the reason for this very high protection factor is not

known,

The point at which the protection factor for further cooling
becomes less then that already obtained appears to have been

reached by about 100K for ovalene, coronene and phthalocyanine.

Although the overall gain 1in 1lifetime varies widely from
specimen to specimen in Table 5H, the proportion of the gain
achieved by 150K appears constant for the three phthalocyanine
specimens, and differs for the ovalene and coronene. If the
temperature at which a certain gain in lifetime is achieved
depends on the substance, a possibie future experiment would be
to relate these; it may be the size of the diffusing fragments
which is affecting the temperature at which diffusion is

inhibited.
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5.7 The Dependence of Radiation Sensitivity on the Number

of Layers in a Langmuir-Blodgett Film.

To confirm the dependence of radiation sensitivity upon
specimen thickness, end-dose measurements were made as before
on three samples of acetyl pyrene prepared by B. Eyres (I1.C.I,
pic) by the Langmuir Trough method (described by Roberts et al
1981). The layers were deposited separately from a water
surface, the efficiency of deposition being monitoréd by
measuring the change in area of the monolayer floating in the
trough compared with the area of the substrate on which the

layer was picked up.

The three specimens consisted of a monolayer, a four-layer film
and a six-layer film. The four- and six-layer films tended
to produce diffraction patterns corresponding to disordered
layer structures; single crystal areas were sometimes to be
found in the "monolayer" specimen but only areas believed to be
true monolayers were considered in this experiment, The doses
required for the complete destruction of the diffraction
pattern in each case are shown in Fig. 5.12. There appears to
be a linear dependence of critical dose upon the number of
layers present (or specimen thickness), at least for this order

of thickness.
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This is 1in agreement with the results of Ohno (1984) who made

similar measurements on layers of behenic acid [CH3(CH COOH]

2020
and found a linear relationship for the thicknesses between 25
and 1003. Ohno, however, defined the critical dose in his
experiment as De,the number of electrons required to reduce the

intensity of the diffracted beam to 1/e of its original value.

In contrast to the result shown here, the plot given by Ohno
consists of a straight 1ine passing through the ofigin.
Extrapolating the line through the points of Fig. 5.12 a value
of 2.6 e'/ﬂ2 is obtained at zero thickness. This may be a
consequence of the aromaticity of the acetyl pyrene molecule;
a layer of the molecules can withstand a higher radiation dose
than would be predicted by the thickness alone. Behenic acid
on the other hand is a linear molecule built up of uniform sub-
cells (disregarding the CH3 and COOH end groups); the
radiation sensitivity is more 1ikely to be directly retated to
the number of sub-cells and hence to the 1length of the

molecule.

Fryer and Holland (1983) and Holland, F.M. (PhD Thesis 1984)
also found a linear dependence of end-dose on specimen

thickness for thin evaporated films of copper phthalocyanine.
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Plot of extinction dose against number of layers
for tetra-tertiary-butyl copper phthalocyanine,
prepared by the Langmuir-Blodgett method.
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CHAPTER 6: THE PARAFFINS - INTRODUCTION.

6.1 Growth of Paraffin Crystals.

"Paraffin" 1is the common term for an extensive homologous
series of saturated, unbranched hydrocarbons with the empirical
formula CnH2n+2. The series ranges from the gaseous molecules

at room temperature where C = 1-4, through volatile liquids and

waxy solids, to very long chains of C8 or more, which form

0
white lozenge-shaped crystals, The simple molecular structure
of the paraffins has made them a popular model for more complex
but related materials, for example fatty acids and 1lipids
[Dorset 1978,‘1983 (a + b)] and the higher members of the

series may in some respects be considered as polymers of 1low

molecular weight.

The growth mechanism of paraffin crystals was studied by Dawson
and Vand (1951), who shadow-cast n-hexatriacontane with
palladium and examined the crystals by electron diffraction and
electron microscopy. The crystals were grown from solution
and lay with their {001} faces on the substrate. They were
found to be orthorhombic, with a- and b-axes in close agreement
with the X-ray values published by Muller (1932). Micrographs
of single «crystals indicate a spiral growth mechanism
originating at a screw dislocation; complex spirals occur when

more than one dislocation is present.
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When two dislocations of opposite sense occur close to each
other the spirals may cancel each other out and the crystal
appears to consist of discrete steps. The steps of the
spirals may be one molecule high, or more than one; in the
latter case subsidiary dislocations are evident. Dawson and
Vand's results supported the theory that crystals may grow only
where there 1is a dislocation, aithough they did not support

previous theories of long-range surface migration of molecules.

Anderson and Dawson (1953) postulated that the height of the
growth steps depends on the size of molecular aggregates in
solution. The preferred step height for C39H80’ which 1is not
associated with other molecules in solution, is monomolecular,
whereas stearic acid, which forms bimolecular aggregates in

soiution, crystallises with a bimolecular growth-step.

Further studies were conducted by Keller (1961), again with

C by light and electron microscopy. Heating stages were

3674
used in both types of microscope, and striations on the
crystals were observed along the lozenge diagonals at elevated
temperatures which remained when the crystals were cooled
again. These were ascribed to shear planes arising from

translation of stacks of molecules in the direction of the

c-axis of the unit cell.
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6.2 Packing Behaviour of Paraffins.

Solid paraffins exist in several polymorphous forms, all of
which have the chain axes of the molecules arranged parallel to
each other, and the way in which the chains pack depends both
on the temperature and on the length of the chains

(Kitaigorodskii 1973).

Studies of paraffins by diffraction methods have been carried
out since the very early days of these methods, and the
existence of polymorphs was observed in1930{(a)by Miller, who
recorded two sets of X-ray reflections from a sample of
ercosane (C20H42) as it cooled from the melt, first to a

transparent solid and then to a white opaque one.

Miller demonstrated that the 1longest spacing of the unit cell
showed a constant increase with n, the number of carbon atoms
in the chain, The two shorter (a and b) axes remain almost
constant for the orthorhombic form, although Muller observed
(1930b) some variation occuring between the spacings for long
and short chains, which he ascribed to the lateral interaction

of the chains.

The ab face of the orthorhombic cell of paraffin is shown in
Fig. 6.1. The dimensions of this plane have been measured by
Teare (1959) as:

a=7.42R ; b = 4,968




Fig. 6.1 The ab face of a paraffin unit cell
a=7.428 b= 4.96R
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These X-ray results are in good agreement with those of an
early electron diffraction experiment of Rigamonti (1936) who
measured the spacings of orthorhombic C31H64’ and who also made
more detailed measurements of H-C-H bond distances and angles

than had previously been available.

In contrast to Miller's results, more recent studies show a
variation in the a and b dimensions of 1less than %% for
differing chain lengths in their orthorhombic form, the fofm in
which the chain axis lies exactly along the c-axis of the unit

cell (Nyburg and Potworowski 1973).

The tlength of the c-axis depends on the number of carbon atoms
in the molecule, and there is a siightly different relationship
depending on whether the number, n, is odd or even.

2.546n + 3.75R

H

where n is odd, ¢

where n is even, ¢ = 2.540n + 3.693R

This is a consequence of a difference in symmetry betwen cells

containing odd and even chains, which will be discussed below.

However, the length of the chain does determine the packing
. <

arrangement favoured by the molecules. With n (even) -26, a

triclinic packing occurs, as described by Miller and Lonsdale

(1948) for the case of C An orthorhombic unit cell was

18M38°
observed near the melting point for the material (27°c), or if
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impurities of C16 or C20 paraffins were present, but at room
temperature the pure substance formed a triclinic arrangement
with:

a=4,28R ; b=482R ; c=23.001R

a=9%' ; B=92%" ; 7v=107%"

Only one molecule was observed per unit cell, implying that,
unlike the orthorhombic arrangement, the planes on which the

carbon atoms lie are all parallel,

Fig. 6.2 shows the "inter-layer distance" for a range of

paraffins from C16 to C3 (after Kitaigorodskii 1973). This

6
is the distance between the planes passing through the chain-
ends of the molecules. The series A represents the odd-
numbered carbon chains which pack in an orthorhombic unit cell;
hence the distance is a linear function of the number of carbon

atoms in the molecule, and corresponds to the length of the

carbon backbone.

The 1lower even-carbon chains (series B) pack obliquely in
triclinic cells; hence the distance between the 1layers is
slightly shorter than that for the orthorhombic form of the

same material.
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Fig. 6.2 The "inter-layer distance" for pure paraffins
(after Kitaigorodskii)
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The chains may not lie at any tilt angle, but must assume a
value in which the zig-zags of adjacent molecules are displaced
by an integral multiple of Cy If the chains are displaced in
such a way that a CH3 end-group is in contact with methylene

groups of adjacent chains, then the packing density is lowered.

In the monoclinic form of the higher even paraffins (C 2 28,
series C of Fig. 6.2), the angle 6 is 119°, the molecules lie
at an even more obligue angle than those of the triclinic
paraffins, and the perpendicular separation of the chain-ends
falls even further short of the actual length of the molecule.

The dimensions of the monoclinic form of C36H74 are:

a=5.5R ; b=7.428 ; ¢ =48.358

8

0

119 (Kitaigorodskii 1973).

Detailed X-ray structural studies on representative members of
each type of paraffin have been carried out by Nyburg and Lith

(1972) (C n-even, triclinic); Shearer and Vand (1956)

18138

(C n-even, monoclinic); Teare (1959) (C36H74 n-even,

36"74

orthorhombic); and Smith (1959) (C n-odd, orthorhombic).

23748
The chain packing of each of the three types of subcell is
shown in Fig. 6.3. In the monoclinic and triclinic
modifications the planes containing the C-C bonds of the chains
are all parallel; this is not the case with the orthorhombic

structure.




molecules:

aaaaaaaaaaa
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Kitaigorodskii (1973) assumes the tetragonal subcell to be
slightly more energetically favourable than the orthorhombic,
being slightly denser; this energy difference becomes 1less
important as the molecules increase in length, concerning as it
does only the packing of the end-groups. For this reason at

n > 26, the orthorhombic configuration becomes stable.

Near their melting points, some paraffins undergo a phase
transition in which the symmetry of the unit cell changes from
orthogonal to hexagonal. This is a consequence of rotational
disorder about the axes of the chains leading to a circular
average cross-section instead of an orientated one. The
chains themselves pack as cylinders and the angle ¢/in Fig. 6.4

becomes 60° (Miller 1932).

Three possible models for the disorder experienced by paraffin
molecules at the pre-melt phase transition are discussed by
Dorset et al (1984a ) These are (a) the rigid rotor in which
the whole alkyl chain rotates about its axis, (b) a helical
configuration as observed in polytetrafiuoroethylene, and (c) a
kinked chain, with defects either distributed at random or
grouped together. It was found that diffraction studies of
paraffin molecules in the hkO orientation (that is, the
projection 1looking down the chains) could not distinguish
between the three types of disorder as the resultant

intensities could be accounted for by any of the three models.




Fig. 6.4

The orthogonal-hexagonal phase transition ip a
paraffin near its melting point (after Muller).




However, by crystallising n-hexatriacontane (C ) in the 0K

36774
orientation (a description and references are given in Chapter
4) a distinction could be made and a mechanism postulated.
The changes in observed intensity ratios do not support either
of the first two conformations, but a model was constructed for
the third, kinked structure, from which it was found that the
average density of defects at voids at the chain-ends have a

modulating effect on the low-angle 001 reflections which agrees

with experimental observation.

A hysteresis effect was also observed in which the chains did

not immediately return to their defect-free conformation on
cooling the crystal; on re-warming, the phase transition
occured at a temperature about 30 lower than when first warmed.
The kinked structure was illustrated as shown in Fig. 6.5.
Crystals of polyethylene were also observed to undergo an
orthorhombic-hexagonal phase transition on heating (Ingram

1970).

Fig. 6.5 Model of n-hexatriacontane constructed by Dorset to
evaluate the average contribution of undistorted
and kinked chain segments to total diffraction
patterns.
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A similar, but irreversible, "quasi-thermal” effect was found
for paraffins irradiated in the electron microscope (Dorset et
al 1984b Dorset and Zemlin 1985), Thermal effects are
attributed to “gauche-trans-gauche'l" kinks occuring in the
chains which produce voids in the chain-ends and cause the
fading of the 001 reflections. Irradiation on the other hand
may cause the formation of trans-vinylene bonds which would
have a similar attenuating effect on the diffraction pattern;
g-t-g -1 kinks may also be present (Dorset, Holland & Fryer

1984).

The phase behaviour of a large range of n-paraffins, from C5 to

C has been studied by Schaerer et al (1956), who found that

36
(a) the phase behaviour of short-chain n-alkanes is monotropic,
and changes 1into an enantiotropic behaviour for compounds with
Tonger chains, and (b) odd and even series differ in that the
change of phase behaviour occurs at very different chain
lengths. These authors constructed the diagram shown in Fig.
6.6., which shows the stability range of each phase at a series
of temperatures, for both odd and even hydrocarbons. For the
odd alkanes, the phase change %3-——> Scx’ where SB is the
solid phase which is stable at low temperature (tetragonal,
monoclinic, or orthorhombic) and S, is the solid hexagonal
phase, only occurs below the melting point (S5 —> L) for

chains of nine carbon atoms or more, and the range of stability

of the hexagonal phase increases as the chain length increases.
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For even-numbered hydro