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SUMMARY.

This thes is  is  arranged in  two pa r ts ;  a f t e r  an in t r o d u c to r y  

chapter on the theory  o f  image format ion in  the e lec t ron  

microscope, Chapters 2 to  5 are concerned w i th  the problem of 

r a d ia t i o n  damage to  the specimen in  the microscope, and 

Chapters 6 and 7 descr ibe stud ies of  c r y s t a l l i n e  p a ra f f i n s  by 

e lec t ron  microscopy.

Radia t ion damage to  the specimen has long been recognised as a 

major hindrance to  image-formation and d i f f r a c t i o n  studies in 

e lec t ron  microscopy, e s p e c ia l l y  of  organic and b io lo g ic a l  

m a te r ia l .  Changes may occur in  the s t ru c tu re  of  the specimen 

under the beam, leading to  a f a ls e  p i c tu re  o f  the m a te r ia l ,  or 

the s t ru c tu re  may be destroyed a l tog e th e r  before any d e ta i l  can 

be recorded.

Among the methods commonly used to  counteract  ra d ia t i o n  damage 

are:  coo l ing  the specimen stage of  the microscope in  the hope

o f  " f ree z ing  in "  severed ra d ic a ls ,  using minimum dose 

techniques in combinat ion w i th  image processing to  e x t ra c t  

in fo rm at ion  from low-con t ras t  negat ives,  and coat ing the 

specimen w i th  a t h in  layer  of  an amorphous conducting mater ia l  

such as evaporated carbon.



In t h i s  study,  the e f f e c t  of  combining some of  these techniques 

i s  i n v e s t ig a te d ,  in  p a r t i c u l a r  the p ro te c t i v e  e f f e c t  of  an

encapsulat ing carbon coat at  var ious temperatures - room 

temperature down to  10K.

A group o f  compounds which is  h igh ly  sens is t i ve  to  ra d ia t i o n  

damage is  t h a t  of  the c r y s t a l l i n e  p a r a f f i n s .  An understanding 

o f  the behaviour of  long-chain  p a ra f f i n s  may be important  to 

the e lu c id a t io n  of  the s t ruc tu res  of  some polymers and

b io lo g ic a l  l i p i d s ,  es p e c ia l l y  when the e f f e c t  of  the presence 

o f  chains o f  more than one length is  taken in to  account.

In the second sect ion of  the th e s is ,  high re s o lu t io n  images 

have been taken of  c r y s ta l s  of  pure p a ra f f i n s  and o f  t h e i r

s o l i d  s o lu t i o n s ,  in two o r ie n ta t i o n s :  the long axis may be

viewed d i r e c t l y  at  room temperature,  but image processing has 

been app l ied to  the p ro je c t io n  o f  the small (ab) u n i t  c e l l

face . Defects in  the c r y s ta l  l a t t i c e  planes have been 

observed, and the v a r ia t i o n  in the in te r l a m e l l a r  spacing 

according to the composi tion o f  s o l i d  so lu t ions  has been 

measured.
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1. INTRODUCTION; THE TRANSMISSION ELECTRON MICROSCOPE.

1,1 The Development o f  the E lectron Microscope.

The e lec t ron  microscope is  analogous to  the l i g h t  microscope in 

t h a t  i t  cons is ts  of  a source of  r a d ia t i o n ,  a specimen-stage and 

a ser ies  o f  lenses to  magnify and p ro jec t  an image of  the 

sca t te red  beams coming from the specimen. In the nineteenth 

century ,  Abbe rea l i sed  th a t  the reso lu t ion  of  the op t ica l  

microscope was l im i te d  by the wavelength of  l i g h t ;  the 

r e s o lu t i o n  l i m i t  is  not sharp but is  approximately equal to 

k X /A where k is  a constant ,  \  is  the wavelength of  the 

i l l u m i n a t i o n  and A i s  the numerical aperture of  the ob jec t ive  

lens.  For i l l u m in a t i o n  by v i s i b l e  l i g h t ,  the smal lest  

reso lvab le  ob jec t  is  about 200 nm; however, dur ing the f i r s t  

decades o f  the 20th century  discover ies  were made which led to 

the inven t ion  o f  a microscope which exp lo i ted  ra d ia t io n  of  a 

sho r te r  wavelength than l i g h t  and was the re fo re  capable of  much 

h igher r e s o lu t i o n .

In 1924 de Brog l ie  formulated the r e la t io n s h ip  between a 

p a r t i c l e ' s  momentum and i t s  wavelength; two years l a t e r  

Schrodinger published h is  equation completely descr ib ing the 

wave p rope r t ies  of  mat ter.  In 1927 Davisson and Germer showed 

t h a t ,  l i k e  X-rays,  e lec trons  were d i f f r a c te d  by s ing le  c ry s ta ls  

of  n i c k e l ,  and in the same year Busch demonstrated 

exper imen ta l ly  tha t  i t  was possible to construc t  a magnetic 

lens f o r  the focussing of  e lec t rons .
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In 1932 Max Knol l  and Ernst  Ruska b u i l t  t h e i r  f i r s t  

Transmission E lec t ron Microscope at the Technische Hochschule, 

B e r l in  (Knol l  & Ruska 1932), and a year l a t e r  achieved a 

r e s o lu t i o n  surpassing tha t  of  t h e . l i g h t  microscope (5nm, Ruska, 

1934). The instrument  has been developed over 50 years to the 

po in t  where atomic r e s o lu t i o n  may be achieved with  su i tab le  

specimens, and i t  is  even poss ib le  to  observe the movement of 

columns of  gold atoms at  the edge of  a gold s ing le  c rys ta l  - a 

v ideo camera at tached to  the microscope permits recording 

(Bovin et  al 1985).

1.2 A p p l i c a t io n s .

The technique of  e lec t ron  microscopy may be app l ied to  many 

d i f f e r e n t  kinds of  specimens, f o r  example nega t ive ly -s ta ined  

b io lo g ic a l  membranes, t h i n  sect ions of  m e ta l lu rg ic a l  specimens, 

metal oxides and o ther  inorgan ic  m a te r ia ls ,  cokes and carbons, 

and organ ic c r y s ta l s  ( d e ta i l s  of  the methods involved are given 

in  Kay 1965).

This p ro je c t  deals w i th  organic c r y s ta l s ,  and the microscopy of  

these invo lves special  problems. The i r r a d i a t i o n  of  c r y s ta l s  by 

e lec t rons  w i th  the high energies generated in the e lec tron 

microscope causes damage to  most mate r ia ls  in t ime but the 

damage i n f l i c t e d  on organic c r y s ta l s  can destroy t h e i r  

s t ru c tu re  even in the shor t  t ime i t  takes to  choose an area of 

specimen, b r ing  i t  in to  focus and record an image. Consequently
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the micrograph must be taken at  the minimum poss ib le  e lec tron 

dose wh i le  s t i l l  a l low ing  s u f f i c i e n t  e lec trons to  in te r a c t  wi th  

the specimen and w i th  the photographic emulsion to  ex t ra c t  the 

maximum poss ib le  amount of  in fo rm at ion .  This w i l l  be discussed 

f u r t h e r  in  the chapter on ra d ia t i o n  damage.

A ca re fu l  choice must the re fo re  be made of  beam cu r ren t ,  

aperture s izes ,  m agn i f i ca t ion ,  exposure time and type of  

photographic emulsion used, in order to obtain the optimum 

amount of  in fo rm at ion  on the f i lm .  Opt ica l  densi tometry and 

image processing f a c i l i t i e s  can ex t ra c t  in fo rmat ion  from noisy 

images by var ious methods, and t h i s  reduces the necessary 

exposure o f  the specimen to  the e lec trons  dur ing recording.  

In a d d i t io n ,  modern microscopes of ten have a f a c i l i t y  which

al lows a s u i ta b le  area to be selected by observat ion of  i t s  

d i f f r a c t i o n  pa t te rn ,  then an adjacent area is  used fo r  

focussing and ast igmat ism c o r re c t ion .  The beam only re turns to 

the chosen area when the camera shu t te r  opens, thus exposing 

the c ry s ta l  only wh i le  the recording is  being made. The amount 

of  defocus can be checked af te rwards.  A more de ta i led

d e s c r ip t io n  o f  these techniques is  given in  Section 3.2.

1.3 The Lens System and the Elect ron Gun.

A schematic diagram o f  a convent ional Transmission Electron

Microscope is  shown in Fig. 1.1,  and ray diagrams fo r  the

transmission image and d i f f r a c t i o n  modes in Fig. 1.2.
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The microscope cons is ts  of  a long column cont inuous ly  evacuated
c

by means o f  r o ta r y  and d i f f u s io n  pumps to  a pressure of  10 

t o r r  or  less .  E lec trons are accelerated from the gun at the top 

o f  the column towards an anode at  ear th p o te n t ia l .  A t y p ic a l  

acce le ra t ing  vo l tage fo r  a commercial microscope is  100 kV, but 

microscopes o f  200 or 500 kV are becoming in c rea s ing ly  more 

common, and microscopes have been b u i l t  w i th up to 3 MeV 

acce le ra t ing  p o t e n t i a l .

Having passed through an aperture in the anode, the e lec tron  

beam is  then co l l im a ted  by the condenser system, which consists  

o f  an aperture to al low only the coherent e lec trons  in the 

centre of  the beam to pass by, and two or more condenser 

lenses. The e lec t rons  then in te ra c t  w i th  the specimen. The 

undef lec ted beam, together  w i th e lec trons scat tered e l a s t i c a l l y  

by the specimen, is  then co l lec ted  and magnif ied by the
g

o b je c t i v e  lens.  Further magn i f ica t ion  (up to 10 x) is  e f fec ted  

by the p ro je c to r  lens(es)  and the f i n a l  image is  pro jected on 

to  a f luo rescen t  screen which may be ra ised to  expose a 

photographic p la te .

The e lec t ron  gun is  commonly a tungsten ha i rp in  f i la m en t ,  but a 

lanthanum hexaboride f i lamen t  can give improved coherence and a 

source br ightness which is  higher by a fa c to r  of  10 (Ahmed 

1971). A f i e l d  emission source, cons is t ing  of  a s ing le  c rys ta l
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tungsten w i re ,  has a br igh tness a hundred t imes greater  than 

the LaBg f i l a m e n t ,  but requ ires a surrounding vacuum of  1 0 " ^  

t o r r .  Two impor tant  featu res of  the e lec t ron  source are i t s  

b r igh tness and i t s  coherence. Br ightness i s  def ined as the 

cur ren t  dens i ty  per u n i t  s o l i d  angle (Grundy & Jones, 1976) and 

is  given by:

B = i c/7rjS2 [1 .1 ]

where i i s  the cur ren t  dens i ty  at  the crossover ( th a t  i s ,  the 

spot where the accelerated e lec t rons  are brought to  a focus 

w i th in  the f i e l d  of  the e lec trodes)  and /3 the semi-angular 

apertu re .  S u b s t i tu t i n g  the Langmuir formula f o r  the maximum 

value of  i which can be focussed in to  a spot,

2

[ 1 .2]
ip e V j8 

k T0

i n to  equat ion [1 .1 ]  gives as maximum br igh tness

' o e vB = — ----------------- [ 1 .3 ]
IT k T0

where V and Tq are the vol tage and temperature o f  the f i lamen t  

and k is  Bolzmann's constant.

1.4 Coherence.

The coherence o f  a source of  e lec trons  re fe rs  to  the a b i l i t y  of  

the waves produced by i t  to  i n t e r f e r e  w i th  each o ther .  The
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source in  an e lec t ron  microscope is  taken to  l i e  in  the e x i t  

plane o f  the f i n a l  condenser lens,  co inc iden t  w i th  the 

i l l u m i n a t i n g  aper tu re ,  and each po in t  in  the aperture is  taken 

to  be a po in t  source o f  e lec t rons .

The s p a t ia l  coherence width Xc is  the width at  the ob jec t  plane 

which is  i r r a d i a te d  by the coherent i l l u m i n a t i o n .  The scat te red  

waves from two atoms separated by less than Xc the re fo re  

i n t e r f e r e  and t h e i r  complex ampli tudes add to give a cosine- 

modulated atomic s c a t te r in g  f a c to r .  I f  the distance between the 

atoms is  much greater  than Xc no in te r fe re nce  can occur as the 

e lec t rons  are sca t te red incohe ren t ly  and the i n t e n s i t i e s  add 

together  l i n e a r l y .

The theory  o f  p a r t i a l  coherence descr ibes the in te rmedia te  

cases (Spence 1981).

The coherence width is  re la ted  to 0C> the semi-angle subtended 

by the beam at the specimen, by the expression:

x
x c  =  T ~ l   C1-4:lc  2 i r 6 c

To obta in  phase-contrast  e f f e c t ,  0 must be chosen so th a t  Xc 

is  l a rg e r  than the coarsest d e ta i l  of  i n t e r e s t  in the specimen. 

When t h i s  cond i t ion  is  met, images can be formed w i th  optimum 

con t ras t  at  the Scherzer focus, def ined in equation [1 .1 6 ] .
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E la s t i c  s c a t te r in g  is  dependent upon the atomic number of  the 

s c a t te r in g  ob jec t ,  and f o r  c r y s t a l l i n e  m a te r ia ls  i t  obeys the 

Bragg r e la t i o n s h ip

E la s t i c  s c a t te r in g  gives r i s e  to  phase con t ras t  which is  very 

dependent on the diameter of  the o b jec t ive  aperture ,  as t h i s  

prevents w ide ly -sca t te red  beams from c o n t r i b u t i n g  to  the image. 

For t h i c k  specimens e l a s t i c  s c a t te r in g  may give r i s e  to 

"d e f i c ie n c y  con t ras t "  where dark con t ras t  i s  observed when the 

e lec t rons  are scat te red too w ide ly  to  pass through the 

a p e r tu re .

The t o t a l  i n t e n s i t y  t ransm i t ted  can be w r i t t e n  as

n X = 2d s in  6 [ 1 .5 ]

where d i s  the l a t t i c e  spacing

6 is  the angle of  s c a t te r in g

n is  an in teger

[1 .6 ]

where • t  is  the specimen th ickness

I is  the in c ide n t  i n t e n s i t y

(j is  the t o t a l  s c a t te r in g  cross-

sect ion and is  re la ted  to oca the

s c a t te r in g  c ross-sec t ion  f o r  a s ing le

atom by:
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[ 1 .7 ]
A

where N is  the number o f  atoms per u n i t

volume,

Nq is  Avogadro's number, 

p  is  the dens i t y  o f  the mate r ia l  and

A is  the atomic weight of  the atoms.

I t  fo l low s  th a t  f o r  an amorphous specimen, i f  o st  is  constant ,  

no con t ras t  w i l l  be observed, as the s c a t te r in g  i n t e n s i t i e s  

w i l l  be constant from every par t  of  the specimen.

I n e la s t i c  s c a t te r in g  occurs when the e lec t rons  t r a n s fe r  par t  of  

t h e i r  energy to  the atoms of  the specimen, undergoing a change 

in t h e i r  own energy and hence t h e i r  wavelength.  The scat tered 

waves con t r ibu te  an ou t -o f - focus  background to  the image which 

reduces the con t ras t  of  the e l a s t i c  image. The v a r ia t i o n  in 

wavelength combines w i th  other  energy f l u c tu a t io n s  in the 

e lec t ron  microscope to form the chromatic aberra t ion  term of 

the t r a n s fe r  func t ion .

I f< / ) (x ,y )  is  the p ro je c t ion  in  the beam d i r e c t io n  of  the
7r

p o te n t ia l  d i s t r i b u t i o n  of  a t h in  specimen, and<T = - ^ i s  the 

i n te r a c t io n  constant,  the t ransmission func t ion  q(xy) may be 

wri t ten
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— i <T0(xy) [ 1 .8 ]
q(xy) -  e

The ampl i tude d i s t r i b u t i o n  of  the Fraunhofer d i f f r a c t i o n

pa t te rn  in  the back foca l  plane is  represented by the Four ie r  

Transform of  equat ion (1 ) ,  which is  modi f ied by a phase f a c t o r X  

to  account f o r  the aberra t ions i n e v i t a b l y  present in the

ob je c t iv e  lens.

*<u ,v )=  F f e - ^ x y ) ]  e i X ( u v )  Ci-93

u and v are rec ip roca l  space co -o rd ina tes ,  where u = x / f  \  

and v = y / f  \ .

Where an ob jec t ive  aperture is  present ,  equat ion [ 1 .9 ]  is

f u r t h e r  modif ied by an aperture func t ion  A(u,v)  which has a 

value of  1 ins ide  the aperture and 0 outs ide i t .

In equat ion [ 1 . 9 ] ,

X = 2 z ( A i  a 2 _ C s a 4 ) [ 1 1 0 ]
X \  2 4 J

where a  is  the angle of  s c a t te r ing  

Cs is  the spher ica l  aberra t ion  

constant 

Z \f  is  the amount o f  defocus 

For t h i n ,  l i gh t -a tom  specimens, i t  i s  poss ib le  to  make the 

approximat i on
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q(xy) = 1 - i(T</> (xy) [ 1 . 11]

and the net ampl i tude in the back foca l  plane is  given by:

This represents the sum of  the t ramsmit ted beam (uv ) ,  and the 

ampl i tudes of  the scat te red beams ( the complex terms) .  The 

ampli tude at  the image plane is  given by the Four ie r  Transform 

of  equat ion [1 .12 ]  which, in the absence of  an aperture ,  is  

given by

where represents a convo lu t ion i n t e g r a l .

For phase cont ras t  imaging i t  is  des i rab le  t h a t  s in  X should 

have a value near 1 f o r  the range o f  p e r i o d i c i t i e s  to be 

resolved.  Then the image i n t e n s i t y  approximates to :

* ( x y j = 1 * t  M u v j s i n *tuv>] ff(^uv)cos^uv)
1 C l . 13]

The observed i n t e n s i t y  of  the image i s  then

W > = ^ = 1 + M x y ) * r [ SinX( u J
[1 .14 ]

I =1. + 2 CT<̂ xy) [1 .15 ]
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Sin X i s  ca l led  the con t ras t  t r a n s fe r  fu n c t io n .  I t  is

o s c i l l a t o r y  in nature and so has d i f f e r e n t  values at  d i f f e r e n t  

s p a t ia l  f requenc ies ;  t h i s  means th a t  on vary ing the defocus 

value , a l a t t i c e  image of  a c e r ta in  p e r i o d i c i t y  w i l l  undergo 

v a r ia t i o n s  in ,  or reversa l  o f ,  con t ras t .  Fig.  1.3 shows a p lo t

and i t  app l ies to a lOOkV instrument w i th  a high res o lu t ion  

po le-p iece (C = 0.67 mm), the JEOL 100C microscope used in 

par t  of  t h i s  work. The diameter o f  the ob jec t ive  aperture 

l i m i t s  the maximum angle of  the sca t te red  e lec trons  which are 

permit ted to con t r ibu te  to the image. The optimum defocus value 

f o r  normal app l i ca t ions  of  the microscope is  t h a t  f o r  which the 

t r a n s fe r  func t ion  value is  constant and near u n i t y  over the 

desired range of  s pa t ia l  f requencies.  This ensures tha t  any 

observed pe r iod ic  s t ruc tu re  w i th in  the range is  imaged wi thout  

reversa l  of  c on t ras t .  The optimum defocus value is  given by

The way in  which the range of  s pa t ia l  f requencies observable 

w i thou t  cont ras t  reversal  is  l im i te d  by the Cs value of  the 

o b je c t iv e  is  i l l u s t r a t e d  in  Fig.  1.4 in which the curves are 

p lo t t e d  at  the optimum defocus value in each case. Eisenhandler 

and Siegel (1966) ca lcu la ted  the Scherzer c u t - o f f  to  be

of  s in  X against  rec ip roca l  p e r i o d i c i t y  1/d X"*

[1 .16 ]

dm in= 0 - 6 5  C ^ X '4 [1 .17]



F i g- 1 - 3 :  Phase C o n t r a s t  T r a n s f e r  F u n c t i o n s  f o r  a

r ange of  de f ocus  v a l u e s ,  = O, 200 X

and 600 X und e r f o c u s  w i t h  - ^ 5 0  pun o b j e c t i v e  

a p e r t u r e  c u t - o f f .

MAX , 
BLACK H

6 0 0 A

200A

in

MAX
W HITE 100KV 

C = 0 • 7 mm

0-34 A"1 (2 -9 * )



F i g .  1 . 4  Opt imum d e f o c u s  phase c o n t r a s t  t r a n s f e r  c u r v e s

f o r  i n c r e a s i n g  s p h e r i c a l  a b e r r a t i o n  c o e f f i c i e n t

a ) C = 0 . 7  mm ( JEOL 100C ) ,s

b) Cs = 2 . 8  mm, and

c ) C = 4 . 5  mm.s

a)

♦

2

in

mi n* A

b)

♦

in

mm

c)

♦

2

100 kV 
faj ~1 560  A

min
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I t  i s  poss ib le  to  resolve s t ruc tu res  w i th  a p e r i o d i c i t y  outwi th 

the range l im i te d  by the Scherzer c u t - o f f  by choosing a defocus 

value which w i l l  show the requ ired frequency in  high cont ras t  

(o r  high reverse c o n t ra s t ) .  An example of  t h i s  i s  shown in Fig.

1.3 where 2.9 8 p e r i o d i c i t y  could be imaged w i th  high con t ras t  

at  200 8 underfocus or w i th reversed con t ras t  at  0 underfocus. 

I t  must be borne in mind when in te r p r e t i n g  such an image, 

however, tha t  the cont ras t  of  other p e r i o d i c i t i e s  may be 

a l te re d ,  leading to fa lse  d e ta i l  in the micrograph.

The source of  e lec trons is  not ,  however, a p e r f e c t l y  coherent 

po in t  source. For p ra c t ic a l  purposes i t  i s  thought o f  as d i s c ­

shaped and incoherent ,  and t h i s ,  combined wi th  e le c t r o n ic  

i n s t a b i l i t i e s ,  imposes a "damping envelope" on the ob jec t ive  

lens t r a n s fe r  func t ion  w i th the form:

a ( k )  = pffOexp |  i X(K)j exp |-.J 2A 2 X2 K
[1 .18 ]

where X(K )is  equal t o  7T A  f X K + —  —

K is  the sca t te r ing  angle:

1
K= sinfl = (u2 + v2 )/2 ; and 

X

r
A  = Cr fr2fVp) + 4 q2( I Q) i a 2(Ep)

v; IS -o
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°  ( ^o )and  o  ( I Q) are var iances in  f l u c tu a t io n s  of  

a c ce le ra t ing  vol tage and lens cur ren t  r e s p e c t iv e ly .

Cc is  the chromatic aberra t ion  constant.

The e f f e c t  o f  t h i s  envelope func t ion  on the t r a n s fe r  func t ion  

i s  shown in  F ig .  1.5.  Phys ica l ly  the r e s u l t  o f  p a r t i a l  

coherence i s  an a t te n tu a t ion  of  con t ras t  in  regions where the 

slope o f  X (K) is  la rge ,  wh i le  con t ras t  is  preserved where the 

slope i s  smal l .  A f u l l  desc r ip t ion  o f  coherence e f fe c t s  is  

given by Spence (1981).

1.5 The Sca t te r ing  of  Elec trons.

Several mathematical theor ies  have been developed to  account 

f o r  the t ransmiss ion o f  phase and ampl i tude con t ras t  in  the 

e lec t ron  microscope, the s implest  being the kinemat ical  

s c a t te r in g  model (Vainshtein 1964) which is  dependent f o r  i t s  

e f fec t iveness  on assumptions which severe ly  l i m i t  i t s  

a p p l i c a b i l i t y .  The kinematic theory  exp la ins best the 

s c a t te r in g  from th in  specimens of  low atomic we ight,  where an 

e lec t ron  is  scat te red no more than once dur ing i t s  passage 

through the specimen, and where the i n t e n s i t i e s  o f  the 

sca t te red  beams are very small compared to  tha t  o f  the cen t ra l  

beam (Spence 1981). When these r igorous cond i t ions  are not 

s a t i s f i e d ,  the more complex dynamical model must be introduced



100kV
CjeOTnim.
«. = 1 m.rad.
A/=600A (under focus.)

Fig.  1.5 Optimum defocus PCTF. modif ied by p a r t i a l  coherence 
f o r  specimen i l l u m in a t io n  angle s 1 mrad.
The dashed l i n e  represents the damping envelope func t ion .  
The f u l l  l i n e  is  the product of  s in X and t h i s  func t ion .  
The cont inuat ion  of  the undamped func t ion  1s represented 
by dots.
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back in to  the main beam. With s u f f i c i e n t  th ickness of  c r y s t a l ,  

a dynamical e q u i l i b r iu m  is  set  up between the main and 

sca t te red  beams, and t h e i r  observed i n t e n s i t i e s  become 

independent o f  c r y s ta l  th ickness.  The correspondence between 

each image po in t  and the ob ject  po in t  from which i t  a r ises is 

no longer l i n e a r ,  so fo r  s t r u c tu ra l  imaging the c r y s ta l s  must 

be kept s u f f i c i e n t l y  t h in  f o r  the k inemat ical  approximat ion to  

apply (about 150 8 f o r  l i g h t  atoms, th inn e r  when a heavier atom 

is  p resen t ) .  Dynamical sc a t te r in g  may be approached e i t h e r  by a 

wave-opt ical  fo rm u la t ion ,  in which the changes in ampl i tude of  

the main and scat te red beams are ca lcu la ted ,  or by a wave- 

mechanical c a l c u la t i o n  in which the s teady-s ta te  wavefunction 

descr ib ing  the behaviour of  an e lec t ron  moving in a po te n t ia l  

V( X ) obeys Schrdd inger ' s wave equation

V \ )  ^ 8 ^ S e | [ E * V ( r ) > ( ri - 0  [ 1 1 9 ]

where
V 2 - d2^  d 2\p d2\fr 

d x 2 dy2 d z2
is  the wavefunction such tha t

A

i/ m ' s the p r o b a b i l i t y  of  the e lec t ron  being 

present in a u n i t  volume 

\^r jis the e l e c t r o s t a t i c  po te n t ia l  

The two methods are descr ibed in Hirsch et  al (1965),  and shown 

to  be equ iva len t .
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In the two-beam dynamical theory ,  the changes in ampli tudes of  

only the main beam and one scat te red  beam are considered, as 

they pass through a distance dz in  the c r y s ta l  (see Fig.  1 . 6 . ) .  

In t h i s  diagram, X is  the wave vec tor  " in  vacuo" o f  an

e lec t ron  w i th  energy eE, and X '  i s  the wave vector  o f  the 

sca t te red  wave, and has the same magnitude as X .

X "  = X + £  + where s is  a small vec tor  account ing

f o r  a s l i g h t  dev ia t ion  from the Bragg r e f l e c t i n g  p o s i t i o n .

The values of  0c and 0^ vary w i th  the depth in  the c r y s t a l ,  and 

waves scat te red  through a Bragg angle,  where X —* X # or X-̂ ->X > 

w i l l  be in phase w i th  each other.

The wave func t ion  descr ib ing  the e lec t rons  propagat ing in  a

column of  c r y s ta l  is  given as:

= $ 0 f z l e x P ( 27ri£ * ~  ) + </>g( z ) e x p ( 27r i x \ r )  [1 .20]

For more complex c a lc u la t ions  the m u l t i - s l i c e  technique is  

used, in  which the c ry s ta l  is  d iv ided i n to  n s l i c e s  and the 

propagat ion of  the wave computed f o r  each s l i c e .  This technique 

is  descr ibed by Cowley (1975).



F i g .  1. T r a n s m i t t e d  and D i f f r a c t e d  Waves 0  and 0  ,
o

p r o p a g a t i n g  t hr ough an e l ement  dz of  a column of  

c r y s t a l  ( a f t e r  H i r s c h  et  al  1 9 6 5 ) .
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1.6 The Microscope as an Elect ron D i f f r a c t i o n  Camera.

The e lec t ron  microscope may be adjusted f o r  use as a 

d i f f r a c t i o n  camera simply by s e t t i n g  the e x c i t a t i o n  of  the 

p ro je c to r  lenses so t h a t  the d i f f r a c t i o n  pa t te rn  occur r ing  at

the back focal  plane is  focussed on the viewing screen, as

shown in Fig .  1.2.

When the d i f f r a c t i o n  pa t te rn  from a p a r t i c u l a r  c r y s ta l  is  

requ i red ,  i t  i s  poss ib le  to  choose the size of  the specimen

area from which the d i f f r a c t e d  beams are to  come by in s e r t in g

an aperture below the ob jec t ive  lens.  I f  the magn i f ica t ion  of  

the lens (usua l ly  about 40-100X) and the diameter of  the 

aperture (perhaps 20-100 8 ) are known, then the area def ined

at the- specimen is  also known, subjec t  to the ob jec t ive

spher ica l  aberra t ion  and focussing e r ro rs  (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  i n t e r f e r e ,  the

waves coming from the specimen must obey the equation

n X = 2 d  sin 6 C l . 21]

where d is  the l a t t i c e  spacing 

$ is  the s c a t te r in g  angle 

X is  the wavelength 

n is  an in teger
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To def ine the po in ts  at  which s c a t te r in g  occurs,  the "Ewald 

Sphere" was const ructed (Figs .  1.7 and 1 .8 ) .  Where t h i s  

sphere in te rs e c ts  a rec ip roca l  l a t t i c e  p o in t ,  the Bragg 

equat ion is  s a t i s f i e d  and r e f l e c t i o n  occurs.  The wavelength of  

the e lec t ron  is  very small (0.037 8 at  100 kV), so the 

radius of  curvature ^  is  the re fo re  large in  comparison to 

the rec ip roca l  l a t t i c e  spacings. For many purposes the Ewald 

sphere may be thought of  as a f l a t  sur face;  t h i s  is  not the 

case f o r  example f o r  X-rays,  where the wavelength of  the 

ra d ia t i o n  is  cons iderab ly  la rg e r .  In a c ry s ta l  of  f i n i t e  

th ickness ,  rec ip roca l  l a t t i c e  po in ts  take the form of "spikes" 

whose length is  in ve rse ly  p ropo r t iona l  to the number of  planes 

in the c ry s ta l  (F ig .  1 .8 ) ;  the Ewald sphere may in te r s e c t  many 

of  these spikes,  and the d i f f r a c t i o n  pa t te rn  seen on the screen 

is  a p ro je c t ion  of  the in te r s e c t io n s .  To ca lcu la te  spacings 

on a d i f f r a c t i o n  pa t te rn ,  the simple r e la t i o n s h ip

R = L tan 2 0 i s  app l ied ,  as i l l u s t r a t e d  in Fig.  1.9.

Since 0 is  very smal l ,  tan 20  f  2 s i n $  ? 20  and

combining t h i s  w i th  the Bragg equation

\  . [1-22]R d = X L

L is  the e f f e c t i v e  camera length which is  determined by the 

opera t ing  cond i t ions of  the ob jec t ive  and p ro je c to r  lenses, but 

in p rac t ice  the value of  L is  set  as a constant f o r  given 

cond i t ions  - i t s  value is  c a l ib ra ted  using a specimen c rys ta l
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Diffracted beam

F i g .  1 . 7 :  C o n s t r u c t i o n  of  the Ewald Sphere.
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F i g .  1- 8
Intersection of the Ewald Sphere

w i t h  r e c i p r o c a l  l a t t i c e  s p i k e s



F i g .  1 .9

L

 y

The e f f e c t i v e  camera l e n g t h  f o r  a d i f f r a c t i o n  
p a t t e r n



of known l a t t i c e  spacing d; R can be measured d i r e c t l y  from a 

micrograph. Spher ical  aberra t ion  may cause the ob jec t ive  focal  

length to shorten f o r  large values o f  $;  t h i s  causes the 

value of  Rd to  become s l i g h t l y  smal ler  f o r  large values of  R,

but i f  a standard is  used which produces s im i l a r  sized

d i f f r a c t i o n  r ings to  the unknown, then a s u f f i c i e n t l y  high 

degree of  accuracy should be a t ta in a b le  in  l a t t i c e

measurements.

Unknown compounds may be i d e n t i f i e d  from the c h a r a c t e r i s t i c  

spacings and i n t e n s i t i e s  of  t h e i r  powder d i f f r a c t i o n  pa t te rns ,  

many of  which have been tabu la ted  by the Jo in t  Committee on 

Powder D i f f r a c t i o n  Standards (Pennsylvania 1971). The

d i f f r a c t i o n  pat tern  gives in fo rmat ion  about the c ry s ta l  1i n i t y  

and o r ie n ta t i o n  o f  the specimen - t h i s  w i l l  be demonstrated in 

the chapter on p a ra f f i n s .  For d e ta i l s  of  e lec t ron  d i f f r a c t i o n  

see Kay (1965).

1.7 Elec tron Crys ta l lography.

Elect ron d i f f r a c t i o n  may be app l ied to the determinat ion of  

c r y s ta l  s t ruc tu re  in a manner analogous to  X-ray 

c rys ta l log ra phy ,  and the technique is  p a r t i c u l a r l y  useful  f o r  

c r y s ta l s  which are too small to  be s u i tab le  f o r  s ing le  c rys ta l  

X-ray ana lys is .  The narrow s c a t te r in g  angles of  the d i f f r a c t e d  

e lec t rons  and the shor t  wavelength o f  the i r r a d i a t i n g  beam 

compared to the values f o r  X-rays lead to a Ewald sphere w i th a



20

large rad ius of  curvature which may be thought of  as near ly 

p ia n a r .

Uni t  c e l l  dimensions are determined by measuring the spacings 

on the d i f f r a c t i o n  pa t te rn ;  geometr ical  formulae re la te

observed spacings to  the sets of  planes f o r  the var ious

poss ib le  space groups. Two dimensions o f  the u n i t  c e l l  are 

usua l l y  d i r e c t l y  observable,  the t h i r d  may be obtained w i th  the 

aid o f  a goniometer stage or by fo rc in g  the specimen to

c r y s t a l l i s e  in an orthogonal o r ie n ta t i o n ,  as descr ibed in

Sect ion 4.4.

Under k inemat ical  cond i t ions ,  the i n t e n s i t y  o f  a d i f f r a c t i o n
2

spot i s  p ropo r t iona l  to F where F i s  the "s t ru c tu re  f a c to r "  of  

a substance and is  def ined as

N

Fhki = £  fr exp27ri(  hxr + k y r + I z  r ) [1-23]
r=i

f  is  the scat te red ampli tude from atom r and the exponent ia l  

term represents the phase of  the sca t te red  wave.

h, k, 1, are the M i l l e r  ind ices of  the s c a t te r in g  planes, and 

x, y and z are the co-ordinates of  the atoms in  the u n i t  c e l l .



Equation  1.23 may be r e w r i t t e n  as:

+  i sin 2 7T

[1.24]

which may be s im p l i f i e d  to

Fhki = Z  fr cos 27T ( hx +  ky + 1 z ) [1.25]

where a centre o f  symmetry e x is ts  in  the u n i t  c e l l ,  causing the 

second term to be cancel led by the corresponding term fo r  the 

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

The expression f o r  the e l e c t r o s t a t i c  p o te n t ia l  at  po in t  XYZ in 

a u n i t  c e l l  i s :

and i t  is  the Four ier  t ransform of  the s t r u c t u r e - f a c t o r  

expression (equation 1.23) .  Hence i t  should be poss ib le  to  

c a lc u la te  the e l e c t r o s t a t i c  p o t e n t i a l ,  and from i t  the 

s t r u c tu r e ,  of  the u n i t  c e l l  from the ampli tudes and phases of  

the sca t te red  waves. The ampli tudes may be ca lcu la ted  from

Fhki eXP ‘  27ri(  hX + kY -f i z \  
V hs-Tpks-xdz-t* '

C l .26]
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the i n t e n s i t i e s  of  the r e f l e c t i o n ,  but phases cannot be 

ca lcu la ted  d i r e c t l y ,  and so a Patterson func t ion  is  computed:

Pu v w = v Z Z Z | Fh k o | 2cos2,r( hU + k V + i w )  C1-271

This produces a map of  in te ra tom ic  vectors  from which possib le 

s t ruc tu res  may be deduced.

Refinement of  the ca lcu la ted  s t ruc tu re  may be c a r r ied  out by 

the 1east-squares method (as descr ibed f o r  example in  Ladd and 

Palmer, 1985) u n t i l  a p h y s ic a l l y  and chemica l ly f eas ib le  

s t ru c tu re  is  obtained, in which the observed and ca lcu la ted  

s t ru c tu re  fac to rs  are in good agreement.

Descr ip t ions of  Patterson and other methods of  c rys ta l  

s t ru c tu re  ana lys is  may be found in Va inshtein (1964).  A recent 

review by Dorset (1985) descr ibed the a p p l i c a t io n  of  such 

methods to  t h in  c r y s ta ls  of  p a ra f f i n s  and other  small organic 

molecules,  tak ing  in to  account the e f fe c ts  of  c r y s ta l  th ickness 

(n-beam dynamical sc a t te r in g )  and bend contours on c rys ta l  

ana lys is  by e lec t ron  d i f f r a c t i o n .
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CHAPTER 2: RADIATION DAMAGE.

Transfer of  Energy to  the Specimen.

Secondary Processes in  the Specimen

Detect ion and Measurement of  

Damage.

Reduction of  Radiat ion Damage 

Electron Microscope.

Radi at  ion

in the



24

CHAPTER 2 - RADIATION DAMAGE.

2.1 Transfer  o f  Energy to  the Specimen.

The re s o lu t i o n  a t ta in a b le  on an e lec t ron  micrograph i s  not 

dependent on e lec t ron  o p t ic a l  and ins trumental  fac to rs  alone; 

the i r r e v e r s i b l e  changes wrought in the s t ruc tu re  o f  the 

specimen by the in c ide n t  i o n is in g  ra d ia t io n  play a c ruc ia l  r o le  

in  l i m i t i n g  the amount o f  observed d e t a i l .  In the case of  

most organic c r y s ta l s ,  the changes may take place wel l  w i th in  

the t ime requi red to choose a s u i tab le  area of  specimen, ad jus t  

the focus and expose a photographic p la te  f o r  long enough to  

achieve the desired op t ic a l  dens i t y .  This chapter i s  concerned 

w i th  the mechanisms, de tec t ion  and reduct ion o f  ra d ia t i o n  

damage in  the e lec t ron  microscope.

When a beam of  e lec t rons  h i t s  a t h in  specimen, most of  i t s  

energy i s  t ran sm i t ted ,  but some is  t rans fe r red  to the atoms of  

the specimen by means of  var ious in te ra c t io n s ,  some of  which 

cause io n is a t i o n  and bond breakage w i th in  molecules.

The amount of  energy deposited in a specimen by an e lec t ron  

beam is  ca lcu la ted  by the Bethe formula (Bethe 1933), which 

must be r e l a t i v i s t i c a l l y  corrected to  take in to  account 

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

dE. _  0 .1 5 3 5  P  Z lo g  T 2 ( T + 2 ) E ^  ^ ( l ~ / 3 2 ) [2 ^
d x  /32 A 2 12

+ ( T ^ 8 - ( 2 T  + l ) ) log 2
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dE  ♦ *——  = ra te  o f  energy lossdx
p  = dens i t y  o f  specimen

Z = atomic number

A = atomic mass of  specimen

=  me 2 o o

T = E/E0

I = mean io n is a t io n  po ten t ia l  

0  -  " / c ,  where v  i s  the v e l o c i t y  of

the inc iden t  e lec t rons .

The main features of  t h i s  equat ion are tha t  the amount of  

absorbed energy ( the amount o f  i n e l a s t i c a l l y  sca t te red  

e lec t rons )  var ies  as the atomic number of  the specimen atoms, 

the path length ( th ickness and dens i ty )  and the inverse square 

o f  the acce le ra t ing  vol tage o f  the microscope. The equat ion may 

be s im p l i f i e d  to :

There is  much experimental evidence to  conf irm t h i s  dependence 

o f  ra d ia t i o n  damage on the v e l o c i t y  o f  the e lec t rons ,  both at  

around the lOOkV value common to  most commercial e lec t ron  

microscopes (Reimer 1965, Grubb and Groves 1971) and at  h igher

acce le ra t ing  vol tages (Mart inez et  al 1982).
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Reimer (1975) po in ts  out t h a t  as photographic recording is  also 

an io n is a t i o n  process i t  too shows a dependence on the square 

o f  the vol tage and the re fo re  a h ig h ly  s e n s i t i v e  emulsion must 

be used in  microscopy at  high vol tages .

The var ious in te ra c t io n s  which the specimen may undergo on 

i r r a d i a t i o n  can be summarised in  the fo l l o w in g  diagram ( a f t e r  

Grundy & Jones 1976)

F ig .  2.1

B a c k -s c a t t e r e d
e l e c t r o n s I n c i d e n t  beam

E m it te d  secondary  
e l e c t r o n s

Specimen

X - r a y  or  
o p t i c a l  photons

Induced e f f e c t s  and losses

In co h er en t  e l a s t i c  
s c a t t e r i n g

I n e l a s t i c  
s c a t t e r  ing

Undevia ted  beam Coherent  e l a s t i c  s c a t t e r i n g

The in te ra c t io n s  of  most i n te r e s t  in  conventional  t ransmiss ion 

e lec t ron  microscopy are i n e l a s t i c  and e l a s t i c  s c a t te r in g .  

E la s t i c  s c a t te r ing  causes n e g l i g ib le  damage and is  the main 

c o n t r i b u to r  to  imaging; i n e l a s t i c  s c a t te r in g ,  where energy is  

t ra n s fe r re d  to the specimen atoms, causes damage to the 

specimen and an increase in  background noise in  the image.
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The p o s s i b i l i t y  a lso e x is ts  t h a t  an atom may s u f fe r  a d i r e c t  

h i t  by an e lec t ron  and be displaced from the l a t t i c e .  The 

amount o f  energy t ra n s fe r re d  in  a c o l l i s i o n  i s  expressed as

E m = 2 E ( E  + 2mn c 2 ) Sin2_0
M e 2 2 C2.3]

where M and mQ are the masses o f  the atomic nucleus and

e lec t ron  re s p e c t iv e ly ,  c is  the v e l o c i t y  of  l i g h t  and 0 is  the

s c a t te r in g  angle.  Al though mQ «  M, the atom may s t i l l  

acquire enough energy to  escape from i t s  l a t t i c e  s i t e .  Coss le t t  

(1970) gives the th resho ld  energy f o r  the displacement of  a 

carbon atom by an e lec t ron  as 27 keV, assuming a b ind ing energy 

o f  5 keV. Such "knock-on" events are comparat ive ly ra re ;  the

r a t i o  o f  the c ross-sec t ions  f o r  e le c t r o n ic  and nuc lear 

i n te ra c t io n s  i s :

° e  = M Tmjn 40
° n  mZ T®jn [2.4]

( n o n - r e l a t i v i s t i c  approximat ion) (Hobbs 1984).

Where Tn . and Te . are the minimum t ran s fe rab le  energiesmin min

invo lved in  each type o f  c o l l i s i o n ,  since energy t r a n s fe r  is  

not cont inuous but occurs in  quanta.



28

Thus i t  i s  normal ly the r a t i o  o f  e l a s t i c  to  i n e l a s t i c

in te r a c t io n s  which i s  o f  i n t e r e s t  in  ra d ia t i o n  damage s tud ies .  

However Symons (1982) considers t h a t  even atomic c o l l i s i o n s

w i th  i n s u f f i c i e n t  energy to  cause "knock-on" damage may s t i l l  

g ive r i s e  to  a loca l  shock-wave w i th  enough energy to  cause

mass loss from the surface o f  the specimen.

The r a t i o  o f  i n e l a s t i c  to  e l a s t i c  c o l l i s i o n s  was ca lcu la ted  by 

Lenz who gives a r a t i o  o f

in e lastic  _ 2 0  [2.5]

aelastic ^

f o r  an element; an experimental  value o f  6 has been quoted f o r  

the constant ( Z e i t l e r  1982). Z i s  the atomic number o f  the 

element. As Z increases, the p ropor t ion  o f  e l a s t i c  s c a t te r in g  

increases due to  the d e f le c t i o n  o f  incoming e lec t rons  by the 

large atomic nucleus, wh i le  f o r  l i g h t  atoms t h i s  e f f e c t  is  

reduced by sh ie ld ing  by the valence e lec trons  (Egerton 1976).

For a compound, Egerton gives as the sca t te r in g  r a t i o  n :

V\ 3  M.
■J J [2.6]n = 2 6  N;

'  J

rz> Nj

where N. is  the number of  atoms of  type j  per molecule.  
J
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Purely organic mate r ia ls  have a high value f o r  n, 

organometal 1 i c  compounds a lower one due to  the presence of  a 

heavy atom; f o r  example, n f o r  c i t r i c  acid has a value of  3.55 

wh i le  f o r  lead c i t r a t e  i t  i s  0 . 93.

On i r r a d i a t i o n ,  an overa l l  reduct ion in  n has been observed f o r  

organic compounds which is  cons is ten t  w i th  mass spectroscopic 

evidence f o r  loss of  hydrogen from the molecules leav ing a 

carbon residue.

Rad io lys is  occurs where the io n is in g  ra d ia t io n  re s u l t s  in an 

e l e c t r o n ic  e x c i t a t i o n  which is  lo ca l i sed  over very few bonds 

and has a l i f e t i m e  longer than an atom v ib ra t io n  per iod (_1ps). 

The po te n t ia l  energy of  the e x c i ta t io n  must be greater  than the 

displacement energy of  the atom in i t s  exc i ted s ta te ,  and a 

nucleus must be able to  acquire s u f f i c i e n t  momentum from the 

e x c i t a t i o n  energy to  be displaced (Hobbs 1984). Organic 

compounds are suscep t ib le  to r a d io l y s i s  because un l ike  metals 

they cannot de loca l ise  the e le c t r o n ic  e x c i ta t io n s  along a 

conduction band, so a bond is  l i k e l y  to break before the energy 

can be d iss ipa ted .  For t h i s  reason pure ly  a l i p h a t i c  molecules 

are less stab le  than those w ith conjugated double bonds.

Where a f ree rad ica l  mechanism is  involved in a r a d ia t i o n -  

induced reac t ion ,  the cond i t ions p re v a i l i n g  in the microscope
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may be approximated by an E lect ron Spin Resonance spectrometer,

al though a few important d i f fe rences  between the two techniques

must be borne in mind. The bulk E.S.R. specimen may have

d i f f e r e n t  p roper t ies  from the t h in  f i l m  used in  e lec t ron

microscopy, and the app l ied ra d ia t i o n  dose in the e lec t ron

25microscope might be -10 eV/g f o r  carbonaceous mate r ia l  as

20opposed to  only 6 x 10 eV/g in the E.S.R. spectrometer (Box

A f ree  rad ica l  contains an unpaired e lec t ron  and i t s  reac t ion

d i f f u s io n  ra te  through the matr ix .  The rad ica l  may react w i th  a 

neu tra l  molecule to produce another r a d ic a l :

Another f requent reac t ion  i s  the abs t rac t ion  of  hydrogen from 

the molecule R'H:

This only occurs when the R-H bond is  s tronger than R'-H; 

phenyl and v in y l  rad ica ls  are p a r t i c u l a r l y  e f f i c i e n t  at 

hydrogen abs t rac t ion :

1975).

w i th  another rad ica l  (R* + R* -----> is  dependent on i t s

r * + m   > RM‘

r * + r ' - h   > R-H + R'*

H
/
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whereas rad ic a ls  in  which the unpaired e lec t ron  is  conjugated 

to  a double bond are less reac t ive

(Henglein 1984)

Molecules and ions w i th  a rad ica l  centre may undergo a v a r ie t y  

o f  reac t ions .  A few examples are:

d is s o c ia t io n  : M‘ + -----> A+ + B*

ion-molecule reac t ion  : M*+ + M — >M2+*

d is p ro po r t iona t io n  : A* + B* — > C + D

A more complete l i s t  o f  poss ib le  react ions is  given in 

O'Donnell & Sangster 1970, Henglein 1984, e tc .

The reac t ion  is  terminated by the format ion o f  a neu tral  

species or s tab le  ion.  A d i f f u s in g  e lec t ron  may also be trapped 

e i t h e r  p h y s ic a l ly  by a l a t t i c e  defect  or  chemica l ly by an 

e lec t ron  scavenger such as a sulphur or a halogen atom, which 

reacts w i th  i t  to form a s tab le  ion.
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Many authors use as t h e i r  measure of  damage the ra d io l y s i s

y i e l d  or "G" value where G stands f o r  the number of  fragmented

molecules per 100 eV of  absorbed energy (Reimer 1965, Bernsen &

Reimer 1981, Reimer & Spruth 1982, Fryer 1984).

This gives a t o ta l  number of  damaged molecules a f t e r

i r r i d i a t i o n ,  i r r e s p e c t i v e  of  the mechanism by which i t

occurred. Reimer (1965) gives an extensive l i s t  of  G values f o r

var ious organic molecules.  Radio lys is  occurs w i th  some

s p e c i f i c i t y ;  d i f f e r e n t  s i t e s  of  at tack  and leaving groups have

d i f f e r e n t  G values, and t h i s  depends on the length of  the

hydrocarbon chain and the nature of  the side group. Gu is  at
2

i t s  h ighest (3.8 - 5.6) f o r  saturated hydrocarbons; unsaturated 

hydrocarbons undergo po lymerisat ion and c r o s s - l i n k in g ,

1ib e ra t in g  less hydrogen (Gu = 0 .8 -1 .2 )  but having an
h2

extremely high G ^ ( the t o t a l  number of  changes occurr ing in
4

the molecules) of  11-10 . Molecules conta in ing a carboxyl 

group tend to have lower G values as t h i s  group is  a good 

scavenger of  hydrogen atoms; ca rboxy l ic  acids and alcohols 

l i b e r a t e  water molecules, al though GH > GH q .

The leas t  e a s i l y  ruptured bonds are those of  the aromatic

hydrocarbons, which may be a consequence of  the a b i l i t y  of

these molecules to spread the energy acquired dur ing e x c i t a t i o n  

over a l l  the conjugated carbon-carbon bonds prevent ing one 

p a r t i c u l a r  C-C or C-H bond from breaking. The energy may be

d iss ipa ted  by the molecule re tu rn ing  to i t s  ground s ta te  as
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f luorescence,  which i s  a c h a r a c t e r i s t i c  property  of  many 

p o l y c y c l i c  hydrocarbons (F r ied lander  et  al 1964). Bond sc iss ion  

gene ra l l y  occurs at  any a lk y l  s ide-chains the r in g  may possess.

Aromat ic molecules may also have scavenging p rope r t ies  towards

d issoc ia ted  hydrogen atoms, and may even p ro tec t  a more

r a d ia t i o n - s e n s i t i v e  molecule i f  a mixture is  i r r a d i a te d .  For

example the value of  Gu f o r  cyclohexane drops d ram a t ica l ly  on
2

the a d d i t ion  of  benzene molecules to form a mixture (O'Donnell

& Sangster 1970) wh i le  an ary l  cyc lo-a lkane appears to be

protec ted by i t s  own s ubs t i tuen t  - the value o f  Gu i s  l i n e a r
2

wi th  composit ion in  a benzene mix ture .
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2.2 Secondary Processes in  the Specimen.

Once the energy of  the i r r a d i a t i o n  has been deposi ted in the 

specimen i t  may be d iss ipa ted  in a number o f  ways, not a l l  of  

them d e s t ru c t i v e .  There may be emission of  e lectromagnet ic

r a d ia t i o n  in  the X-ray,  u l t r a v i o l e t  or v i s i b l e  regions of  the 

spectrum which leaves the specimen atoms undamaged and in the 

ground s ta te .

However, in  many substances inc lud ing  the organ ics ,  the 

e x c i t a t i o n  o f  the specimen e lec trons  leads to the format ion of  

ions and r a d ic a ls ,  causing a l t e r a t io n s  to  the chemical

p rope r t ies  of  the molecules and to  the s t ruc tu re  of  t h e i r  

c r y s ta l  l a t t i c e .  These a l t e r a t io n s  may lead to  bond-scission 

and mass loss ,  c ro s s - l i n k in g  of  polymers and the d i f f u s io n  and 

capture of  ra d ic a ls .

Small gaseous molecules may be released from an organic c rys ta l  

as a r e s u l t  o f  bond sc iss ion ,  e.g.  H2 , H20, CO, CÔ  and CH^. 

This causes an ove ra l l  loss of  mass in  the specimen which may 

be detected simply by weighing, or by measuring the d i f fe rence  

in  image con t ras t ,  or by measuring changes in  the r e f r a c t i v e  

index of  the substance caused by changes in  i t s  in te rn a l

s t ru c tu re .
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Although the specimen size requi red is  too large f o r  t h i s  to be 

a p ra c t i c a b le  method of  rou t ine  mass-loss ana lysis of  a 

specimen on a standard microscope g r id ,  i r r a d i a t i o n  experiments 

on a la rg e r  scale have been ca r r ied  out on var ious polymers 

where the change in weight was used as a measure (Bahr et  al 

1965, Brockes 1957).

Measurements o f  con t ras t  may be o f f s e t  by the format ion of  a 

contaminat ion layer  at  high doses, which renders re s u l t s  

u n re l ia b le .

C ro s s - l in k in g  of  Polymers.

Two main react ions have been i d e n t i f i e d  when polymers are 

i r r a d i a te d  (Reimer 1965): c r o s s - l i n k in g ,  which causes an

increase in molecular weight and the format ion o f  a th ree-  

dimensional ,  i n s o lu b le ,  i n f u s i b l e  s t ru c tu re ,  and sc iss ion ,  

which causes a decrease in molecular weight.

C ros s - l in k in g  reac t ion :

( a f t e r  O'Donnell & Sangster 1970).
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I t  has been suggested t h a t  rad ica l  s i t e s  may migrate along or 

across the chains u n t i l  two become adjacent and react  to  form 

a bond (Dole e t  al 1954, O'Donnell & Sangster 1970).

Sc iss ion Reaction:

R-CH2 CH2* - R — > R-CH3 + H2OCHR [2 .8 ]

* denotes an exc i ted  or ion ised molecule.

C ro s s - l in k in g  and sc iss ion  may occur s imul taneous ly ,  and the 

r a t i o  depends on the temperature,  c r y s t a l l i n i t y ,  s t e r i c  fac to rs  

and the presence or absence of  a i r .

I t  has been observed tha t  in general ,  f o r  a v i n y l - t y p e  polymer, 

degradat ion usua l ly  occurs where there is  a t e t r a - s u b s t i t u t e d  

carbon atom in  the main chain (O'Donnell & Sangster 1970). The 

presence of  oxygen may cause the format ion of  peroxy species, 

which prevent the recombination of  the broken bond and so leads 

to  degradat ion.

Examples o f  the behaviour o f  d i f f e r e n t  polymers subjected to 

i r r a d i a t i o n  may be found in  "The Radiation Chemistry of  

Macromolecules" (ed. Malcolm Dole, Academic Press 1972).
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The poss ib le  reac t ions  of  i r r a d i a te d  p o ly (v in y l  ch lo r ide )  may be 

represented d ia g ra m a t ic a l l y  by:

PVC Polymer  

Loss o f  Cl  and H

C hai n  s c i s s i

C ro s s -1  ink ing

Vinyl

C y c 1 i s a t  ion

C=C t r a n s

C=C c i s

P o1yene

A f te r  D. Vesely (1984).

The end products appear to  cons is t  of  r e l a t i v e l y  s tab le  

compounds w i th  conjugated double bonds - f o r  example, the 

polyene and c y c l i c  s t ruc tu res .

Re-format ion o f  broken bonds is  poss ib le ,  leav ing the o r i g i n a l  

or  near o r ig i n a l  s t ru c tu re ,  due to  the "cage e f f e c t "  which 

holds the severed species in i t s  place in  the c ry s ta l  l a t t i c e  

and prevents i t  from d i f f u s in g  away (Grubb 1974, Clark e t  al 

1980). This e f f e c t  i s  p a r t i c u l a r l y  re levant  in  the study o f  

a l k y l  ha l ides ,  as the large size of  a ha l ide ion prevents i t  

from d i f f u s in g  as qu ic k ly  through the l a t t i c e  as the Ĥ  

molecules formed on removal of  hydrogen ions or r a d ic a ls ,  which 

are l i b e ra te d  in  large amounts from organic molecules.  The 

s u b s t i t u t i o n  of  ch lo r ine  or bromine at  the per ipheral  hydrogen
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p o s i t i o n s  of  phthalocyanine gives an increased l i f e t i m e  with 

the r a t i o  RH : RC1 : RBr = 1 : 3 : 4  (Fryer & Holland 1983).

The phthalocyanines are p a r t i c u l a r l y  s tab le  to i r r a d i a t i o n ,  

probably because o f  t h e i r  a b i l i t y  to  de loca l ise  the energy of  

the pr imary c o l l i s i o n  over the extended aromatic system. They 

are e s p e c ia l l y  s u i tab le  f o r  damage studies  because of  t h e i r  

c r y s ta l  growth c h a r a c t e r i s t i c s ,  and because t h e i r  s t a b i l i t y  

a l lows mo lecu la r  images to be recorded and damaged areas to be 

i d e n t i f i e d  from the images (Uyeda et  al 1973, Murata et  al 

1976, Fryer & Holland 1983).

One such study (Fryer  1984) shows, on sequent ia l  molecular 

images of  hexadecabromo copper phthalocyanine, the spreading of  

the damaged area outwards from an i n i t i a l l y  damaged area. I t  

i s  apparent t h a t  a c r y s t a l l i t e  i s  f i r s t  a f fec ted  where an edge 

is  exposed, f o r  example, at  a grain boundary, ra the r  than at a 

p e r f e c t l y  c r y s t a l l i n e  area, and tha t  the ra te  of  damage depends 

on the th ickness of  the specimen and the nature of  the 

per iphera l  atoms of  the molecule.
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2.3 Detect ion and Measurement o f  Radiation Damage.

To study r a d ia t i o n  damage in  the e lec t ron  microscope 

q u a n t i t a t i v e l y ,  an accurate measurement o f  the cur ren t  dens i t y  

in c id e n t  on the specimen is  e s s e n t ia l ,  and t h i s  i s  usua l ly  

achieved by means of  a Faraday cage i n s t a l l e d  on the image 

plane o f  the microscope. Nicholson (1981) gives d e t a i l s  o f  a 

Faraday cage rod which measures the in c iden t  e lec trons  at  the 

plane o f  the specimen, but t h i s  may not be used dur ing an 

experiment. A c o l l e c t o r  p la te  at  the image plane i s  less 

accurate but may be used cont inuous ly .

The cur ren t  dens i ty  j  on the specimen is  re la te d * to  the cur ren t

I detected by the Faraday cage by the equation

j = eF I  M 2 [ 2 .9 ]
Ap

where € is  the c o l l e c t o r  e f f i c i e n c y  o f  the 

p la te  tak ing  in to  account the back 

s c a t te r in g  o f  e lec t rons  from the p la te .

M is  the t o t a l  image m agn i f i ca t ion .

Ap i s  the area o f  the Faraday cage.

The most commonly used un i ts  are coulombs per square cent imetre } 

or  e lec trons  per square Angstrom per second;

'1C/cm2 = 624 .2  e ‘ / 8 2
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Measurement o f  j  a l lows the determinat ion o f  the t o t a l  exposure 

to  e lec t rons

I t  can be seen t h a t  f o r  a constant cur ren t  dens i ty  on the image 

plane (and hence on the photographic p la te  or o ther  record ing

medium) the beam curren t  dens i t y  on the specimen increases as

the square of  the m agn i f i ca t ion .  Therefore the m agn i f i ca t ion  

should not be set any higher  than necessary f o r  the imaging of  

beam-sensi t ive specimens.

Microscopy of  such specimens involves s t r i k i n g  a balance 

between m agn i f i ca t ion ,  f i l m  speed and gra in  s ize ,  app l ied dose, 

re s o lu t i o n  and con t ras t .

The re la t i o n s h ip  between the number o f  e lec trons  in te r a c t in g

w i th  the specimen and the ob jec t  con t ras t  observed on the p la te

i s :

Q = J t [2.10]

where t  = t ime (seconds)

Cd > 5
[2 . 11]

(Rose 1948, Glaeser 1975)
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where C = ob jec t  con t ras t  (a t y p i c a l  value may be 0.1) 

d = minimum ob jec t  s ize to be seen ( i . e .  requi red 

re s o lu t i o n )

Ncr  = c r i t i c a l  exposure (e v a 2 ) 

f  = u t i l i s a t i o n  f a c to r ,  which accounts f o r  the f a c t  t h a t  

not a l l  the e lec trons  i n te r a c t in g  w i th  the specimen 

are involved in forming the image.

The constant 5 is  the s ignal  to noise r a t i o  e m p i r i c a l l y  taken 

to  be 5 by Rose (1948).

Even i f  f  were u n i t y ,  according to  t h i s  equat ion,  to  a t t a in  a 

re s o lu t i o n  of  loS wi th  G = 0.1 and the signal  to noise r a t i o  5, 

an app l ied  t o t a l  dose of  > 25e - / 8 2 would be requ i red ,  which 

is  more than enough to destroy most organic specimens at  room 

temperature. Fo r tuna te ly  low dose recording fo l lowed by 

computer averaging techniques al lows t h i s  l i m i t a t i o n  to  be 

overcome to  some ex ten t .  These techniques w i l l  be f u r t h e r  

descr ibed in Chapter 3.

Boudet and Kubin (1982) have ca lcu la ted  signal  to  noise ra t i o s  

in  terms of  the number of  e lec trons forming each par t  o f  the 

image and the f r a c t io n s  o f  the in c iden t  beam involved fo r  

b r ig h t  and dark f i e l d  images; they conclude tha t  f o r  substances 

w i th  a c r i t i c a l  dose of  less than 0.25 C/cm^ (1.56 x 10^ e/8^ ;  

t h i s  includes a l i p h a t i c  and polymeric hydrocarbons) the
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l i m i t i n g  fa c to r  f o r  reso lu t ion  is  not s t a t i s t i c a l  noise but the 

s e n s i t i v i t y  o f  the phol|cjraphic emulsion.

There are two categor ies of  de tec t ion  method f o r  r a d ia t i o n  

damage in  the e lec t ron  microscope; f i r s t l y  those which measure 

damage " in  s i t u " ,  as a func t ion  o f  exposure, e lec t ron  energy 

and temperature.  These include mass loss,  the fad ing of  

e lec t ron  d i f f r a c t i o n  pa tterns and l a t t i c e  cons t ras t ,  and 

changes in ce r ta in  spectroscopic p roper t ies  (e lec t ron  energy 

loss spectroscopy, X-ray m ic roana lys is ) .  Then there are methods 

in  which a p r e - i r r a d ia te d  sample is  analysed outside the 

microscope. For example, the rup ture and c r o s s - l in k in g  of  

i n f r a - r e d  ac t ive  bonds in organic compounds may be fo l lowed by 

i n f r a - r e d  spectroscopy (a f a i r l y  t h i c k  specimen is  requ ired fo r  

t h i s ) ,  or  the v i s i b l e  absorpt ion spectrum may give in fo rmat ion  

where an evaporated dye has been i r r a d ia te d  (Reimer 1961, 

1975).

E lect ron energy- loss spectroscopy ( "E .E .L .S . " )  is  w idely  used 

to  measure the c h a r a c t e r i s t i c  absorpt ions by the specimens of  

energy lo s t  by the e lec t ron  beam dur ing i n e l a s t i c  sca t te r in g  

events.  These can be separated and i d e n t i f i e d  as 7r -  7T*

t r a n s i t i o n s ,  7T - e lec t ron  io n is a t io n  and outer she l l

i o n i s a t i o n ;  f o r  example (Isaacson 1975) the K she l l  i o n is a t io n  

energies o f  carbon, n i t rogen and oxygen (285, 395 and 535 eV
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re s p e c t i v e ly )  show up c le a r l y  on the spectrum f o r  thymine and 

the c h a r a c t e r i s t i c  lo w - ly ing  e lec t ron  energy loss spectrum (0- 

lOeV) f o r  ac r id ine  orange shows a marked d i f fe rence  in 

i n t e n s i t y  before and a f t e r  ra d ia t i o n  damage has occurred.

This lo w - ly ing  region is  due to the 7r - 7T* t r a n s i t i o n  of  

the aromat ic r in g ,  which appears to  be destroyed by K - she l l  

i o n i s a t i o n .

E.E.L.S. detects changes in  molecular s t ru c tu re ,  and so 

complements e lec t ron  d i f f r a c t i o n  s tudies which reveal changes 

in  c r y s ta l  l a t t i c e  s t ru c tu re .  A de ta i led  account of  E.E.L.S. is 

given by Egerton(1984).

The measurement of  the i n t e n s i t y  of  the d i f f r a c t i o n  pa t te rn  as 

i t  fades is  one of  the most f req uen t ly  employed methods of  

monitor ing the extent of  r a d ia t i o n  damage in c r y s t a l l i n e  

specimens. The specimen may be a s ing le  c rys ta l  g iv ing  r i s e  to 

a regu la r  ar ray of  spots,  or i t  may be po lyc rys ta l  1 ine and 

produce Debye-Scherrer r ings .  Sometimes the t o t a l  dose 

necessary to destroy the pat tern  completely is  quoted; f o r  

q u a n t i t a t i v e  work a microdensi tometer is  used to  measure the 

r e f l e c t i o n  i n t e n s i t i e s  from the micrograph and the dose 

requ ired to  cause the spots to fade to  1/e o f  the value of  

t h e i r  o r ig i n a l  i n t e n s i t y  is  given, where e is  the natural
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l ogar i thm base. For obvious reasons d i f f r a c t i o n  patterns in 

a fad ing ser ies  must be recorded at  an exposure below the 

s a tu ra t ion  of  the recording medium.

The bending of  a c ry s ta l  under the e lec t ron  beam causes 

dev ia t ions  in  d i f f r a c t e d  beam i n t e n s i t i e s  which may give 

misleading re s u l t s  in a fad ing ser ies  o f  the d i f f r a c t i o n  

pa t te rn  and which must be taken in to  account in  a c rys ta l  

s t ru c tu re  ana lys is  (Dorset 1980).

D i f f e r e n t  r e f l e c t i o n s  fade at  d i f f e r e n t  ra tes ;  of ten the higher 

order spots fade f i r s t  leaving the lower res o lu t ion  

r e f l e c t i o n s .  D i f f r a c t i o n  patterns of  beam-damaged p a ra f f i n  

c r y s ta l s  show the fad ing of  the lame l la r  001 spots whi le the 

r e f l e c t i o n s  due to  the carbon-chain z ig-zag remain intense 

(Dorset et  al 1984). The t ime taken f o r  the spots to fade gives 

an in d ic a t io n  of  the maximum amount of  reso lvab le  d e ta i l  one is  

l i k e l y  to  obta in  in  an image.

The fad ing of  e lec t ron  d i f f r a c t i o n  patterns as a func t ion  of  

specimen th ickness was measured on behenic acid f i lm s  by Ohno 

(1984) who found tha t  in the range 25-100A the c r i t i c a l  dose 

var ied  l i n e a r l y  w i th  specimen th ickness .
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Provided the k inematical  approximat ion holds,  the in te g ra l  

i n t e n s i t y  I o f  a r e f l e c t i o n  i s  p ropor t iona l  to  the number N of  

r e f l e c t i n g  u n i t  c e l l s :

I = C.N (Siegel  1972) [2 .12 ]

The i n t e n s i t y  o f  a r e f l e c t i o n  i s  the re fo re  d i r e c t l y  

p ropo r t iona l  to  the number o f  u n i t  c e l l s  remaining in t a c t  

dur ing i r r a d i a t i o n .

Siegel uses c la s s ic a l  c o l l i s i o n  theory  to  account f o r  the 

des t ruc t ion  o f  u n i t  c e l l s  and der ives an exponent ial  

r e la t i o n s h ip  between the app l ied  dose Dn and* the r a t i o  of  

s u rv iv in g  c e l l s  to  the o r i g i n a l  number of  c e l l s :

N_ _ e ° s Dn [2 .13 ]
No

where <JS is  the damage c ross -sec t ion .  This c ross-sec t ion  is  

shown to be equal to  the sum of  the io n is a t io n  c ross-sect ions 

o f  a l l  the atoms in  the c e l l ;  Siegel concludes tha t  even once 

the molecules have come together  to  form a molecule they remain 

in d iv id u a l  beam-sensi t ive e n t i t i e s ,  and tha t  every i o n is a t io n  

leads to  d i s s o c ia t i o n .  He a t t r i b u te s  the higher s t a b i l i t y  of  

the benzene r ing  to  i t s  shape; i t  requ ires more than one h i t  to 

des troy  the molecule.



46

By study ing the d i f f r a c t i o n  pa t te rn  as i t  fades, i t  i s  also 

poss ib le  to  detect  changes in  l a t t i c e  dimensions, and 

broadening of  r e f l e c t i o n s .  Orth and Fischer (1965) i r r a d ia te d  

two polymers and a p a ra f f i n  (C^g H^g) and measured the width at  

h a l f  the maximum height  of  the densi tometer t races of  the 

d i f f r a c t i o n  spots.  With p a r a f f i n ,  the d i f f r a c t i o n  spots faded 

w i thou t  broadening or s h i f t i n g  p o s i t i o n ;  i t  appears th a t  the 

l a t t i c e  s t ru c tu re  remains unchanged although changes s im i l a r  to 

thermal e f fe c ts  occur in the immediate v i c i n i t y  of  the damaged 

bonds. The polyoxymethylene pat tern  behaves s i m i l a r l y ;  i t  is  

be l ieved th a t  here the ra d ia t i o n  causes breaks in the main 

chain l i b e r a t i n g  large rad ica ls  and formaldehyde which d i f f u s e  

through the l a t t i c e  leaving voids and destroy ing the s t ru c tu re .

The polyethylene pat te rn  on the other hand not only decreases 

in  i n t e n s i t y  but undergoes broadening and s h i f t i n g  of  

r e f l e c t i o n s .  This ind ica tes  changes in  the l a t t i c e  vectors 

caused by c r o s s - l i n k in g  leading to  a loss o f  long range order 

in  the c r y s ta l .
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2.4 The Reduction of  Radiat ion Damage in the Electron 

Microscope.

The consequences of  r a d ia t i o n  damage in the e lec t ron  microscope 

cannot be completely e l im ina ted ,  but much research has been 

conducted in to  ways of  reducing them as much as poss ib le ,  

p a r t i c u l a r l y  by at tempt ing to  reduce mass loss and to  slow down 

the secondary react ions which lead to loss of  c rys ta l  1 i n i t y  and 

the des t ruc t ion  of  molecular s t ru c tu re .

The pr imary cause of  r a d ia t io n  damage, the i n i t i a l  t r a n s fe r  of  

energy to  the specimen, can be in h ib i t e d  to some extent by the

use of  a high acce le ra t ing  vo l tage,  which reduces the frequency

of i n e l a s t i c  sca t te r in g  events;  however, the th e o re t i c a l  curve 

of  specimen l i f e t i m e  against  acce le ra t ing  energy, ca lcu la ted  

from equation 2.1,  reaches a maximum j u s t  above 1 MeV and 

begins s lowly  to  decrease th e re a f te r  (Glaeser 1971).

The l i f e t i m e  of  ce r ta in  organic substances has been shown to be 

increased by a fa c to r  of  3 on increas ing the vol tage from 100 

kV to  1 MeV (Kobayashi and Sakaoku 1965, Coss le t t  1978). The 

Bethe equation (equations 2.1 and 2.2) p red ic ts  a v a r ia t io n  

in  c r i t i c a l  exposure w i th  , al though some in v e s t ig a to rs  e.g.  

Howit t  et  al (1976) obtain a c loser  approximation to /3 , using

the amino acid 1 -va l ine  as t h e i r  sample. Smith et  al (1982)

repor t  tha t  working at  500 kV al lows the observat ion of  Sb2S3 

at  h igher magn i f i ca t ion  and longer observat ion times than at 

100 kV.
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Mart inez et  al (1982) repor t  experiments on 1 -va l ine ,  leucine 

and pentacene wi th  up to  2.5 MeV e lec t rons ,  in which the 

specimen l i f e t i m e  is  extended by high vol tages (by a fa c to r  of  

9 between 100 kV and 2.5 MeV in the case of  1 - v a l i n e ) .

The in f luence  of  specimen contaminat ion on ra d ia t i o n  damage is  

not c e r ta in ;  Glaeser (1975) considers tha t  under normal 

opera t ing cond i t ions  res idual  gases would not a f f e c t  the 

specimen s i g n i f i c a n t l y .  However, Hartman et  al (1974) repor t  

t h a t  l a t t i c e  f r inges  of  indanthrene o l i v e  T were s t i l l  v i s i b l e  

a f t e r  20 minutes i r r a d i a t i o n  at  high vacuum (th ree days 

pumping) whereas they were destroyed by the same cur ren t  

dens i t y  in 5 minutes in the presence of  res idual  gases (2 hours 

pumping). Gas pressures and c rys ta l  thicknesses are not quoted.

Halide S u b s t i tu t i o n .

The improvement of  specimen l i f e t i m e  by the s u b s t i t u t i o n  of  a 

ha l ide  at  the per iphera l  hydrogen pos i t ions  of  an organic 

molecule has already been mentioned (Section 2 .2 ) .  Molecular 

images of  ch lo r ine  and bromine-subst i tu ted copper 

phthalocyanines have been published by Fryer (1984) and Uyeda 

et  al (1972). Clark et  al (1980) studied ch lo r ine  s ubs t i tu ted  

copper phthalocyanines by X-ray microana lys is and concluded 

t h a t  ch lo r ine  atoms and fragments conta in ing ch lo r ine  are lo s t  

from the edges of  the molecules;  the d i f f u s io n  of  the fragments 

is  hindered by the cage e f fe c t  except where the l a t t e r  is
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i n te r ru p te d  by previous damage or by a c r y s t a l l i t e  boundary.

Kobayashi and Reimer (1975) compared the end-point  doses of  

hexabromobenzene C^Br^ and tetrabromoquinone CgBr^C^ and noted 

a decrease in r a d ia t io n  res is tance of  an order of  magnitude on 

s u b s t i t u t i n g  oxygen atoms f o r  two of  the bromine atoms. Uyeda 

et  al (1974) have published images in which the 4.1 8 l a t t i c e  

planes of  tetrabromoquinone have been resolved; hence i t  

should be possib le to  resolve l a t t i c e  planes of  

hexabromobenzene in a goniometer stage.

P ro tec t ive  Coatings and Encapsulat ion.

I n i t i a l  i n te r e s t  in the e f f e c t  of  coat ing a microscope specimen 

in order to p ro tec t  i t  from damage arose from the b e l i e f  tha t  

the specimen underwent a large r i s e  in temperature upon 

i r r a d i a t i o n  (Reimer 1959). In sp i te  of  the high energies 

invo lved,  however, i t  has been demonstrated tha t  i t  is  possible 

to  image success fu l ly  c r y s ta ls  w i th a melt ing po in t  of  40°-50°C 

( K e l le r  1961). I t  would appear tha t  although the temperature of  

the specimen and i t s  environment does in f luence the ra te  of  

s t r u c tu r a l  damage, d i r e c t  local  heating by the beam is  not a 

pr imary cause of  such damage provided the specimen is  in 

contac t  w i th  a c a r r i e r  f o i l  of  good thermal and e l e c t r i c a l  

c o n d u c t i v i t y  which al lows rap id  d i s s ip a t io n  of  energy (Grubb 

1974).
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Knapek and Dubochet (1980) found th a t  c r y s ta l s  of  organic and 

b io lo g ic a l  mate r ia ls  mounted on carbon support f i lm s  were more 

re s i s t a n t  to r a d ia t i o n  damage than those mounted on c o l lo d io n ,  

which has a lower thermal c o n d u c t i v i t y .  Heide (1982) suggests 

th a t  be ry l l ium  or be ry l l ium  oxide f i lm s  should reduce local  

e lec t ron  beam heat ing ,  and he has also ca lcu la ted  the r i s e  in 

loca l  temperature as i t  var ies w i th  beam diameter and cur ren t  

dens i t y  at  4.2 K; provided these parameters are kept low a 

specimen temperature r i s e  of  only a few degrees is  expected.

Experiments in which the specimen is  backed wi th  a conducting 

coat ing on both surfaces have been ca r r ied  out by Sa l ih  and 

Coss le t t  (1974) who measured a th re e - f o ld  improvement in 

specimen l i f e t i m e  when coronene c r y s ta l s  were sandwiched 

between aluminium layers ,  and a f i v e - f o l d  improvement when gold 

was used as the coat ing m a te r ia l .

A number of  d i f f e r e n t  evaporated organic f i lm s  were 

encapsulated w ith carbon (Fryer and Holland 1983) and the 

"p ro te c t io n  fa c to r "  var ied  between 3 and 12 depending on the 

s t ru c tu re  of  the specimen. The most marked improvement on 

encapsulat ion occurred f o r  the halogenated molecules,  

suppor t ing  the theory tha t  the la rge r  per iphera l  fragments are 

held in place by the cage e f fe c t  whi le the smal ler  fragments
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can d i f f u s e  away. A s im i l a r  e f f e c t  was observed w i th  an SiO 

coat ing by Holland et  al (1983) who also suggest th a t  as the 

p ro tec t ion  of  the specimen was independent o f  the nature of  the 

cover ing f i l m ,  i t  was not a consequence of  charge d i s s ip a t io n  

(see also Fryer and Holland, 1984).

The pro longing e f f e c t  on the specimen l i f e t i m e  when an 

inorgan ic  ha l ide was included in  the sandwich between the 

specimen and the carbon f i l m  was in ves t iga ted  by Fryer et  al 

(1984) who concluded tha t  ch lo r ide  or bromide ions combined 

wi th  the ac t iva ted  molecules of  the c r y s ta l ,  thus preserving 

them from fu r t h e r  damage.

Low Temperature Microscopy.

I t  is  apparent from Electron Spin Resonance s tudies o f  organic 

substances tha t  many of  the e f fe c ts  of  io n is in g  ra d ia t io n  are 

c u r t a i l e d  at  low temperature.  At room temperature the ox ida t ion  

and reduct ion processes ( loss and gain of  e lec t rons)  tak ing  

place in  the specimen lead to  bond rup tu re ,  m ig ra t ion of  

f ragments, c ro s s - l i n k in g  e tc .  At 4.2 K, wh i le  the same pr imary 

ox ida t ion  and reduct ion processes s t i l l  occur, the products do 

not degrade u n t i l  the specimen is  warmed up; f o r  example, a
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pept ide l inkage su f fe rs  i o n is a t i o n  but does not break at  low

temperature:

H O® 
l i

- C - C - N -
' i
R H (Box 1975)

In t ramo lecu la r  proton and e lec t ron  t ra n s fe r  are reduced at  low

temperature,  as is  the migrat ion o f  open valences, which

hinders c r o s s - l i n k in g  between molecules. Changes in 

conformation of  damaged molecules are prevented (Box and 

Freund, 1966). Atomic migra t ion  and the d i f f u s io n  o f  severed 

fragments are ha l ted ;  The p a r t i c l e s  are " f rozen in "  to t h e i r  

place in the l a t t i c e  and the chances of  bond re format ion are 

increased.

Orth and Fischer (1965) ca r r ied  out an in v e s t ig a t io n  on organic 

polymers and a p a ra f f i n  in which the temperature o f  the 

specimen was ra ised ;  in  each case the damage ra te  was 

acce lera ted.

One of  the f i r s t  experiments in which organic c ry s ta l s  were 

examined in the temperature range 4-300 K was ca r r ied  out by

Siegel  (1972),  who used a p a r a f f i n  (C32H66^ and te<tracene as 

examples of  a l i p h a t i c  and aromatic compounds res pec t iv e ly .  The

des t ruc t ion  of  the c rys ta l  l a t t i c e  was measured by the fading
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of  the d i f f r a c t i o n  pa t te rns ,  and w i th  the specimen cooled to 

l i q u i d  hel ium temperature,  Siegel observed a " l a t e n t  dose" 

dur ing which the i n t e n s i t i e s  remained constant ,  and a f t e r  which 

they s ta r ted  to  d im in ish .  The l i f e t i m e  of  the c ry s ta l s  was 

extended by up to  f i v e  t imes on cool ing from 300K to  4 K, and 

t h i s  was ascr ibed to  the slowing down of  secondary damage, 

al though pr imary react ions cont inue regardless of  temperature.

An i n i t i a l  increase in i n t e n s i t y  of  the r e f l e c t i o n s ,  in c lud ing  

the undeviated beam, from the p a ra f f i n  specimen was a t t r i b u te d  

to  mass loss.

Another method of  moni tor ing ra d ia t i o n  damage appl ied by Siegel 

i s  the observat ion of  the des t ruc t ion  of  the e x t in c t i o n  bands 

on a p a r a f f i n  c r y s ta l .  I t  was observed t h a t ,  on i r r a d i a t i o n  at 

4 K the c ry s ta l  remained s tab le  u n t i l  the la te n t  dose had been

de l ive red ,  but on warming up to  300 K the e f f e c t  on the

e x t i n c t i o n  bands was the same as i f  i r r a d i a t i o n  had taken place

at room temperature.  These re s u l t s  were in te rp re ted  as 

i n d ic a t i n g  the " f reez ing  in "  of  damaged p a r t i c le s  at  low

temperature and t h e i r  subsequent release on warming; a f t e r  the 

la te n t  dose has been absorbed however, there are s u f f i c i e n t  

detached p a r t i c le s  present in  the l a t t i c e  to  cause i t s  

d i s i n t e g r a t i o n .
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Results of  low temperature stud ies vary w ide ly ;  some authors 

found very l i t t l e  change in  ra d ia t io n  s e n s i t i v i t y  at  low 

temperatures (Glaeser 1971, Venables & Bassett  1967). Others 

have claimed spectacular  r e s u l t s ,  f o r  example Knapek and 

Dubochet (1980) and Dubochet et  al (1981), who recorded a 

t h i r t y - f o l d  improvement in ra d ia t io n  res is tance at  4 K fo r  

p a r a f f i n  and phenylalanine,  a f a c to r  of  70 fo r  1 -va l ine  and one 

of  400 f o r  ATP. However a group in c lud ing  Knapek and Dubochet 

s ta ted in  a l a t e r  p ub l i c a t ion  (Lepaul t  et  al 1983) tha t  t h e i r

previous re s u l t s  were not reproduc ib le ,  and tha t  the

improvement at  low temperature was not so great as had been 

cl aimed.

Most r e s u l t s  show a p ro tec t ion  f a c to r  at  low temperatures of

about 3 - 5  t imes. Some examples are:

Author Specimen TOO Gain

Grubb & Groves(1971) Polyethylene 18 3

S ie g e l (1972) Pa ra f f in 4 5

Tetracene 4 5

Sal ih  & Cosslet t (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 e t  a l (1981) Crotoxin 4 10
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There i s  some disagreement among authors as to  whether i t  is

necessary to  use l i q u i d  helium temperatures (~4 K) or whether 

most o f  the p ro tec t ion  o f fe red  by cool ing the specimen is

already achieved by l i q u i d  n i t rogen (77 K). Siegel (1972) 

observed a s i g n i f i c a n t  increase in la te n t  dose below 77 K as 

wel l  as an o v e r -a l l  increase in p ro tec t ion  at  very low

temperature.

Sa l ih  and Coss le t t  (1975) found tha t  the improvement in 

specimen l i f e t i m e  fo r  coronene was greater  below l i q u i d  

n i t rogen temperature than between 293 K and 77 K, and suggest 

t h a t  two d i f f e r e n t  mechanisms are involved at  d i f f e r e n t  

temperatures:  at  low temperatures, whi le the p a r t i c le s  are

frozen in to  place, d e te r io ra t io n  of  the d i f f r a c t i o n  pa t te rn  is  

due to  damage to  in d iv id u a l  molecules,  wh i le  at  h igher 

temperatures thermal a g i ta t i o n  prevents bond heal ing and

accelerates damage.

Downing (1983) p lo t ted  the c r i t i c a l  exposure Ng against  

temperature f o r  f i v e  f a t t y  acids between 4K and room 

temperature,  and found tha t  cool ing w i th  l i q u i d  helium doubled 

the l i f e t i m e  a t ta in a b le  w i th  l i q u i d  ni t rogen coo l ing .  Although 

the increase appears to be a continuous func t ion  of  

temperature,  i t  is  possib le tha t  there may be a d i s c o n t in u i t y  

at  the p o in t ,  somewhere below 10 K, below which e lec trons are 

no longer mobile in  the l a t t i c e .
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In con t ras t  to  the above r e s u l t s ,  Wade (1984) found th a t  a p lo t  

o f  the gain in specimen l i f e t i m e  against  temperature fo r  

p a r a f f i n s  reached a maximum of  3-4 at  about 70K then le v e l le d  

o f f ,  g iv ing  no add i t iona l  gain on cool ing to l i q u i d  helium 

tempera ture .

The In te rn a t io n a l  Experimental Study Group, in  a c o l la b o ra t i v e  

review (1986),  also casts doubt on the l i k e l i h o o d  of  a 

s i g n i f i c a n t  improvement in  p ro tec t ion  at  very low temperatures, 

al though unce r ta in ty  in the measurement o f  temperatures below 

20 K makes t h i s  a more complex experimental problem than had at 

f i r s t  been imagined.
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CHAPTER 3: EXPERIMENTAL TECHNIQUES.

3.1 Microscopes used f o r  Room-Temperature and Low-Temperature 

S tud ies .

At Glasgow, microscopy was ca r r ied  out w i th  a JEOL 100C 

e lec t ron  microscope f i t t e d  w i th  a h igh - re s o lu t io n  pole-piece 

(Cs=0.7mm). This microscope has a top -en t ry  specimen stage 

and f o r  ra d ia t i o n  dose measurements a copper c o l l e c t o r  p la te  

was placed on the image plane.

A JEOL 1200 EX was also used f o r  room-temperature s tud ies .  

This operates at  120kV and has a s ide en t ry  stage. An image 

i n t e n s i f i e r  was used as an aid to  focussing and astigmat ism 

c o r re c t i  on.

Microscopy at  temperatures below room temperature was ca r r ied  

out on three d i f f e r e n t  instruments:

(a) The JEOL 100B at the Medical Foundation of  Bu ffa lo  

was f i t t e d  w i th  a s ide -en t ry  stage. A specimen 

holder cooled by l i q u i d  ni t rogen and inco rpo ra t ing  

a heating c o i l  to  provide a range of  specimen 

temperatures down to about 120K was ava i la b le ,  

as wel l  as a convent ional t i l t i n g  holder .

(b) The microscope used in Be r l in  f o r  1ow-temperature
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(<15K) high res o lu t ion  work was b u i l t  at  the 

research department of  Siemens A.G. in  Munich, and 

has a prototype hel ium-cooled superconduct ing lens 

system in co rpo ra t ing  the ob jec t ive  and an 

in te rmedia te  lens.

This microscope i s  descr ibed by Lefranc et  al 

(1982),  and a diagram of  the lens is  shown in 

Fig.  3.1.  The instrument operates at  an 

acce le ra t ing  vol tage of  lOOkV, and has a l a t t i c e  

r es o lu t ion  of  about 38. A minimum dose system is  

incorporated to  reduce the exposure of  the specimen 

to the beam (see sect ion  3. 2) .

(c) A microscope was also ava i lab le  in Be r l in  in  which 

the temperature of  the specimen could be var ied 

between room temperature and 8K. This was the 

"Deeko 250", designed to operate at  up to  250kV 

but which was used at lOOkV to al low comparison of  

re s u l t s  w i th  those from other sources. The 

res o lu t ion  of  t h i s  instrument was poorer than tha t  

o f  the Siemens microscope, being about 208. The 

design of  t h i s  microscope is  descr ibed in  d e ta i l  by 

Heide (1981).

3.2 The Minimum Dose System (MDS).

Micrographs of  beam-sensi t ive mate r ia ls  were taken using a



Fig .  3.1 The hel ium-cooled superconducting ob jec t ive  
lens w i th  s id e -e n t ry  stage (Lefranc et  a l ) .
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minimum dose technique. Accounts of  the development of  t h i s  

technique have been published by Wi l l iams and Fisher (1970), 

Unwin and Henderson (1975) and Fu j iyosh i  (1980). Images of  

anthanthrene c ry s ta l s  have been publ ished in which the minimum 

dose method was app l ied (Fryer  1978).

The specimen is  searched wi th  the microscope in  the d i f f r a c t i o n  

mode, thereby reducing the dose ra te  necessary to see by eye a 

good c r y s t a l l i n e  area. Once such an area has been found, the 

beam is  switched by a d e f le c to r  c o i l  away from the chosen area. 

In a microscope f i t t e d  w i th  an MDS f a c i l i t y  ( f o r  example, the 

JEOL 1200 EX) the lens s e t t ings  fo r  imaging the chosen area may 

be stored in the memory and brought back to the screen when 

requ i red .  The focus and astigmat ism are corrected in the image 

mode on a nearby area, poss ib ly  at  a higher magn i f ica t ion  than 

requ i red on the f i n a l  image, and the e lec t ron  beam is  only

returned to  the chosen area once the shu t te r  is  open. This

ensures th a t  the specimen is  subjected to r ad ia t ion  damage only

f o r  the length of  t ime necessary fo r  recording.  The amount of  

defocus can be checked a f t e r  the micrograph has been taken.

In the cryomicroscope in B e r l in ,  the search f o r  a su i tab le  area 

was ca r r ied  out by defocussing the d i f f r a c t i o n  pa t tern  and

using an image i n t e n s i f i e r  to  magnify the low-magn if ica t ion ,  

b r i g h t - f i e l d  image found in the d i f fu s e  centre spot. The beam 

was then blocked by a shu t te r  i n s ta l l e d  above the specimen
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plane u n t i l  the d e f le c to r  c o i l s  were switched on.

The JEOL 100C has no MDS f a c i l i t y ,  but i t  was poss ib le  to 

d e f le c t  the beam away from the chosen area by swi tch ing to the 

d a r k - f i e l d  mode, pre-a l igned to  i r r a d i a t e  a d i f f e r e n t  area to 

the b r i g h t - f i e l d .

3.3 Densitometry and D i g i t i s a t i o n  of  Images.

D i f f r a c t i o n  pa tterns f o r  fading ser ies were- analysed w i th  a 

Joyce Loebl Mk I I I  densi tometer,  the operat ion of  which is  

described in sect ion 5.6.  The s l i t  width f o r  sampling was 

kept as narrow as poss ib le  (a t y p ic a l  value was 1.0 mm.)

For image processing, densi tometry was ca r r ied  out by means of  

an Optronics r o ta t i n g  drum microdensi tometer wi th a 2 5^  x 25^  

sampling aperture ,  the smal les t  ava i la b le .  Wherever the

d e ta i l  on the micrograph was too small f o r  t h i s  aperture s ize 

to process, a 5x enlargement on to E.M. f i lm  was made, and 

t h i s  was analysed. This caused a reversal  of  cont ras t  in the 

processed image.

Improved reso lu t ion  was obtained when a Datacopy ser ies 600

f l a t  bed microdensi tometer was used f o r  scanning images. This

had a 13 ^  sampling aperture and was l inked to  an IBM 16 b i t

personal computer.
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3.4 Image Processing.

When a low-dose micrograph is  taken, no pe r iod ic  d e ta i l  is  

v i s i b l e  at  a l l  due to  the low s ig n a l - to -n o is e  r a t i o ,  and the 

micrograph appears a uni form l i g h t  grey.  In format ion is  

contained in  the emulsion, never theless;  i t  i s  necessary, 

however, to  e x t ra c t  by means of  image processing.

For a t ransm i t ted  image, a s ig n a l - to -n o is e  r a t i o  of  q is  

re la ted  to  the s t a t i s t i c a l  p r o b a b i l i t y  p tha t  a s t ruc tu re  can 

be d is t ingu ished  from i t s  background, by:

p = q /  (1 + q) (3.1)

(M ise l l  1978)

For the purpose of  the Rose equation (equation 2 .11) ,  a minimum 

s ig n a l - t o -n o is e  r a t i o  of  5 is  considered acceptable,  al though a 

pe r io d ic  s t ruc tu re  lowers t h i s  f ig u re  by a f a c to r  p ropor t iona l  

to  the square roo t of  the number of  repeat ing un i ts  in the 

sample (Fryer  and Smith 1982). When the s ig n a l - to -n o is e  r a t i o  

is  less than u n i t y ,  a technique such as Four ier  f i l t e r i n g  must 

be app l ied to  i n t e r p r e t  the in fo rmat ion .

In e lec t ron  op t ics  the Four ier  Transform is  the mathematical 

expression used to analyse the v a r ia t io n  in e l e c t r o s t a t i c  

p o te n t ia l  of  the specimen. S im i la r l y  in image processing the

v a r ia t i o n  in op t ic a l  densi ty  j ( x )  of  the photographic pla te
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wi th  p o s i t io n  x i s  w r i t t e n :

C uh p
h \

Each component s inuso ida l  wave has frequency V = h / I  , where t  

i s  the p e r i o d i c i t y  of  j ( x ) ,  and Jh is  a weight ing fa c to r  known 

as the Four ie r  c o e f f i c i e n t .  A high frequency represents high 

re s o lu t i o n  d e t a i l ;  thus the t ransform provides a measure of  

the res o lu t io n  of  a micrograph. The Four ier  c o e f f i c ie n t s  are 

complex numbers re q u i r in g  both ampli tude and phase in fo rmat ion  

f o r  t h e i r  c a l c u la t i o n ,  and the expression f o r  the c o e f f i c ie n t s  

i s :

The phase in fo rmat ion  is  l o s t  in an op t ica l  d i f f rac tog ram ,  in

numerical t ransform preserves both the ampli tude | 0 | and the 

phase co.

I

o

In terms of  ampli tude and phase,

Jh Jh l exp (icV

2
which the i n t e n s i t y  o f  the peaks i s  p ropor t iona l  to  | 0 | ; a
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A more general form f o r  the Four ier  t ransform i s :

J( V)  = j ( r )  exp ( - 2 7Ti v  . r )  dr

where r  i s  a vector  represent ing co-ordinates ( x ,y )  in  the 

image and represents two dimentional f requency in  the

t ransfo rm.  I t s  inverse transform i s :

When a d i r e c t  t ransform is  fo l lowed by an inverse transform, 

the o r ig i n a l  func t ion  is  obtained:

A modif ied Four ier  Transform equat ion,  the Fast Four ier  

Transform (FFT) is  appl ied when the transform is  ca lcu la ted  

numer ica l ly  (M ise l l  1975).

Four ie r  f i l t e r i n g  is  based on the fa c t  tha t  the t ransform of  a 

pe r io d ic  s t ruc tu re  contains the s t ru c tu ra l  in fo rmat ion 

(ampl i tude and phase) concentrated in the peaks of  the 

t ransfo rm.  These peaks together  represent a p ro jec t ion  o f  the 

rec ip roca l  l a t t i c e .  The noise on the other hand is

d i s t r i b u te d  at  random over the whole t ransform, and t h i s  may be

j ( r )  = ) exp (2 7T i u . r )  du.

T' 1 T [J(  u ) ]  = T' 1 [ j (  r ) ]  = J(U).
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excluded by means of  a mask, thus a l low ing the image to  be 

reconst ruc ted  from the signal  only.

Four ie r  f i l t r a t i o n  may be ca r r ied  out at  an op t ic a l  bench. 

Monochromatic l i g h t  from a laser  source is  d i f f r a c te d  by a 

specimen micrograph, and the unwanted noise from the re s u l ta n t  

d i f f r a c t i o n  pat tern  is  f i l t e r e d  out by means of  a cardboard 

mask w i th  holes cut  out at  the pos i t ions  o f  the d i f f r a c t e d  

beams (Tay lor and Lipson 1964). The image is  then

reconstructed by means of  lenses and pro jected on to  a screen. 

An analogous f i l t e r i n g  technique may be ca r r ied  out 

num er ica l ly :  the i n t e n s i t i e s  of  the image micrograph, as

measured by microdensi tometry ,  are d i g i t i s e d  and stored on 

magnetic tape. The "power spectrum" is  then ca lcu la ted  

mathemat ical ly from the d i g i t a l  data.  The numerical t ransform 

ca lcu la tes  both |J|  and co , the ampli tude and phase o f  the 

Four ie r  Transform.

The two components making up the t o ta l  Four ier  Transform are 

the s ignal  S( u ) and the noise N ( u ) .  Thus:

J ( £ )  = S ( £ )  + N ( u )

The o r ig i n a l  image may not be v i s i b l e  above the noise but the 

peaks of  the power spectrum stand out c l e a r l y  from the 

background. The image transform is  then m u l t i p l i e d  by a 

"mask" M( v ).  This is  a func t ion  of  u n i t  value at the peaks
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of  the t ransfo rm,  and zero elsewhere. M( V ) i s  a convo lut ion 

o f  a rec ip roca l  l a t t i c e  func t ion  L( v ) and a "window func t ion "  

W (u )  which descr ibes the mask hole.  The image transform then 

becomes:

J ( U )  x [L(  V ) *  W( U ) ]  (M ise l l  1975)

For a pe r fec t  l a t t i c e ,  the window would be def ined by only one 

l a t t i c e  p o in t ,  and the average would then be taken over the 

e n t i r e  image. However, l a t t i c e  d i s t o r t i o n s  and imper fect ions 

in sampling cause broadening of  the peaks (as they do in 

o p t ic a l  or e lec t ron  d i f f r a c t i o n )  and so the holes in the mask 

are made la rg e r ,  l i m i t i n g  the degree of  averaging of  the image.

When an inverse transform is  performed on the modif ied image 

t ransfo rm,  the reconstructed image has the form:

j ( r j  [ 1( r )  x w ( r ) ] ,

where 1( r ) i s  the l a t t i c e  p e r i o d i c i t y  and w(r )  i s  a measure of  

the number of  un i ts  averaged, and denotes convo lu t ion .  A 

large window size corresponds to  averaging over a small number 

of  u n i t  c e l l s  in the specimen.

A p r a c t i c a l  example of  the technique of  image processing is  

shown in Plate 1. The top le f t -hand  p ic tu re  shows an area
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power spectrum,

(d) The reverse transform.
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of  d i g i t i s e d  image, 128 x 128 p ic tu re  elements in  area, of  a 

specimen of  a s ubs t i tu ted  phthalocyanine. I t s  numerical 

t ransform is  shown in  p ic tu re  (b ) .  Two peaks can be 

d is t ingu ished  among the noise.

The mask func t ion  is  superimposed in p ic tu re  ( c ) ,  the radius of  

the "windows" having been chosen to  include as much of  the 

in fo rmat ion  contained in the peaks as poss ib le ,  wh i le  excluding 

the background noise.

The inverse Four ier  t ransform is  shown in the fou r th  p i c tu re .  

The background noise has been removed, leav ing an image in 

which the s t ru c tu re  is  v i s i b l e .

I t  must be borne in  mind tha t  d i f fu s e  s c a t te r ing  car ry ing

in fo rmat ion  about the s t ruc tu re  may be lo s t  in the masking

process along w i th  the random noise.  A second p i t f a l l  of  t h i s

type of  image processing is  tha t  a mask superimposed on random 

noise alone w i l l  generate a spurious image, since a p e r i o d i c i t y  

i s  imposed by the spacing of  the mask windows. The random 

noise w i th in  each window is  m u l t i p l i e d  by one and undergoes the 

inverse Four ier  Transform, c rea t ing  a misleading image.

3.5 The Opt ical  Bench.

As mentioned in Section 3.4,  an op t ica l  bench may be used f o r  

the f i l t e r i n g  and reconst ruc t ion  of  images. This type of
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recons t ruc t ion  was not necessary in t h i s  work since numerical 

methods were ava i la b le ;  however, d i f f r a c t i o n s  pat terns 

obtained on an op t ica l  bench w i th  a lmW He/Ne laser  source were 

used f req uen t ly  as a measure of  reso lu t ion  of  micrographs, to 

detec t  c r y s t a l l i n e  areas in  low-dose images and to  measure 

l a t t i c e  spacings as images from t h e i r  op t ica l  d i f f r a c t i o n  

p a t t e rn s .

A diagram of  the op t ica l  bench i s  shown in Fig.  3.2.

F ig .  3.2 The Opt ical  Bench.

a : 1 mW He/Ne laser 
b : Laser ob jec t ive  
c : Pinhole 
d : Co l l imato r  lens 
e : Specimen micrograph 
f  : Screen
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CHAPTER 4;

EPITAXIAL PREPARATION OF SPECIMENS.

4.1 Epi taxy

4.2 Preparat ion of  E p i tax ia l  Fi lms by Evaporat ion.

4.3 Thickness Measurement o f  E p i tax ia l  Fi lms in  the 

"Deeko 250" Microscope.

4.4 Preparat ion of  Pa ra f f in  Specimens.
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CHAPTER 4: EPITAXIAL PREPARATION OF SPECIMENS.

4.1 Ep i taxy.

An e p i t a x ia l  layer  i s  one in which an overgrowth is  arranged on 

a subst ra te  so tha t  a l l  of  i t s  c r y s ta l s  have the same 

o r i e n ta t i o n .  Epi taxy may occur in many systems - f o r  example, 

c e r ta in  metals upon a l k a l i  ha l ides ,  s i l i c o n  upon sapphire,  

qua r tz ,  spinel  or s i l i c o n ,  a l k a l i  ha l ides upon other a l k a l i  

ha l ides  or mica, and many others (Matthews 1975).

When the vapour of  the overgrowth mater ia l  meets the face of  

the subs t ra te ,  nuc leat ion must occur before a t h in  f i l m  w i l l  

form. This involves the adsorption of  s u f f i c i e n t  onolecules to 

form a nucleus of  a c r i t i c a l  s ize which is  stab le  enough to 

grow before desorpt ion occurs.

Nucleat ion tends to occur most r e a d i l y  at  a defect  in the 

subst ra te  c r y s ta l ,  and the format ion of  stab le  c lus te rs  appears 

to  depend on the rate of  depos i t ion ,  the temperature of  the 

subst ra te  and the energy r e la t io n s h ip  of  the depos i t ion process 

(Ueda and Mul1 in 1975).

Once c lu s te rs  have been formed, they may grow by migrat ions of  

incoming atoms over the surface of  the substrate to  form 

is lands o f  overgrowth mater ia l  which even tua l l y  j o i n  up to  form

a cont inuous f i lm .
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For ep i taxy  to be e n e rg e t i c a l l y  favourab le ,  the l a t t i c e  spacing 

o f  the overgrowth should correspond to  a m u l t i p l e  o f  the 

l a t t i c e  spacing o f  the subs t ra te .  The f i r s t  monolayer o f  the 

overgrowth may become d i s to r t e d  to  achieve t h i s  correspondence, 

or  d is loca t ions  may occur between i t  and the subs t ra te .

In 1949 Frank and van der Merwe studied e p i t a x ia l  growth and 

concluded th a t  the l a t t i c e  o f  the overgrowth w i l l  deform to  f i t  

the subs trate provided the degree o f  m i s f i t  i s  less than 9%. I t  

i s  s t i l l  poss ib le ,  however, to  depos i t  a monolayer at  up to  14% 

m i s f i t ,  forming a metastable s ta te ,  provided the temperature is  

s u f f i c i e n t l y  low tha t  the overgrowth does not acquire enough 

a c t i v a t io n  energy to  form d is lo c a t i o n s .  The degree o f  m i s f i t  

was def ined as

PQ = b -  a [ 4 .1 ]

where a and b are the l a t t i c e  spacings o f  subs t ra te  and

overgrowth respec t ive ly .  I t  was also pointed out t h a t  the exact 

c r i t i c a l  m is f i t s  would vary according to  the subst ra te  and

overgrowth m a te r ia l .

The o r ie n ta t io n  o f  the overgrowth also depends upon the nature 

o f  the substrate and overgrowth,  and, in  the case o f  molecular 

c r y s ta l s  o f  p lanar molecules,  upon the angle which i s  made by 

the molecules wi th  t h e i r  column ax is .  C rys ta ls  may be

o r ien ta ted  with t h e i r  column axes p a r a l l e l ,  perpend icu lar ,  or
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at  an angle to  the subs t ra te ,  depending on the in te ra c t io n s  of  

c r y s ta l  w i th  subs trate (Fryer 1979).

4.2 Preparat ion of  Exp i tax ia l  Fi lms by Evaporat ion.

Thin f i lm s  o f  phthalocyanines and other  p o ly c y c l i c  organic

molecules were prepared under vacuum in  an Edwards coat ing

u n i t .  Fresh ly-c leaved 100 faces of  potassium ch lo r ide  were 

suspended above a molybdenum boat containg c ry s ta l s  o f  the

substance, and the chamber of  the u n i t  evacuated to about 10” ® 

t o r r .  The boat was then heated to  red heat u n t i l  a l l  the 

c r y s ta l s  had evaporated. I t  was found th a t  when the subs trate 

was warmed p r i o r  to evaporat ion,  the propor t ion  of  evaporated 

molecules adhering to i t  var ied cons iderab ly ,  making the f i lm  

th ickness d i f f i c u l t  to  es t imate.  When the c ry s ta l  subs trate was 

coated at  room temperature the s t i c k in g  o f  the f i l m  to  the KC1 

face was more p red ic ta b le ,  and the thickness o f  the f i lm  could 

be ca lcu la ted  from the formula

t = m [4 .2 ]
47T r2p

("Techniques f o r  Elect ron Microscopy" ed. H. Kay, Blackwell  

1965).

where t  = th ickness o f  f i l m

r  = distance from boat to  substrate
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m = mass o f  mate r ia l  in  boat 

P = dens i ty  of  mater ia l

The c r y s ta l  w i th  the f i l m  could then be heated slowly  to 

provide the energy f o r  the molecules of  the f i l m  to  arrange 

themselves e p i t a x i a l l y .

The c ry s ta l  could subsequently be covered with a layer  of  

evaporated carbon by rep lac ing  the boat by a pa i r  o f  carbon 

rods held together  by spr ings and heated e l e c t r i c a l l y  to  whi te 

heat; the c ry s ta l  f i l m  w i th  i t s  carbon coat were then f loa ted  

o f f  on d i s t i l l e d  water,  washed and picked up on microscope 

g r i  ds .

For evaporated layers prepared in a s im i l a r  manner in the 

Balzers coat ing u n i t  in B e r l in ,  a quartz th ickness monitor was 

mounted in  the b e l l j a r ,  level  w i th  the KC1 subst ra te .  This 

monitor consisted of  a quartz c rys ta l  d isc ,  the c h a r a c te r i s t i c  

v ib r a t io n  f requency of  which changed on being coated w ith an 

evaporated laye r .  A second c rys ta l  outside the system acted as 

a re fe rence ,  and the frequency d i f fe rence  was displayed on a 

meter. An empir ica l  r e la t io n s h ip  between thickness 

frequency d i f fe rence  A  f (Hz) and overgrowth dens i ty  was given 

by the manufacturer as;

t  = A 1 [ 4 . 3 ]
P
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The quartz  th ickness monitor gave very d i f f e r e n t  re s u l t s  from 

the thicknesses ca lcu la ted  by the mass of  the evaporated 

c r y s ta l s .  Usual ly  a lower th ickness was reg is te red  by the 

quartz  c r y s t a l ,  which i s  reasonable given tha t  the formula 

y ie ld s  the maximum th ickness obta inable assuming th a t  a l l  the 

mate r ia l  s t i c k s  to  the subst ra te  on evaporat ion.

A l i n k  was observed between a m a te r ia l ' s  dens i ty  and the

discrepancy between the ca lcu la ted  maximum thickness and the 

th ickness reg is te red  by the monitor.  Five types of  mate r ia l  

were prepared at  room temperature by evaporat ion:

Table 4 .A

Densi ty Thickness by Calcn. " S t ic k ing
Thickness by A f  c o e f f i c i e n t "

F u l l y  ch lo r ina ted

Cu phthalocyanine 2.1 8.20 +1.46 0.12

(4 samples)

8 . 6% Cl-Cu-Pc “ 1.6 3.36 +0.15 0.30

(3 samples)

2.2% Cl-Cu-Pc “ 1.6 3.22 +0.36 0.31

(4 samples)

Copper phthalocyanine 1.6 3.20 0.31

(1 sample)

M e ta l - f ree  Pc 1.4 1.23 +0.40 0.81

(15 samples)
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With f i v e  samples represent ing three d i f f e r e n t  den s i t ie s ,  the 

exact r e la t i o n s h ip  between the s t i c k in g  c o e f f i c i e n t  and the 

dens i ty  of  the c ry s ta l s  could not r e a d i l y  be der ived;  a l i n e a r  

dependence does not seem to apply.  The amount of  mater ia l  

adher ing to  the substrate probably depends on many fac to rs  such 

as the temperature of  evaporat ion and of  the subs t ra te ,  the 

r a p i d i t y  of  heat ing,  and the f ineness of  the powdered c ry s ta ls  

in  the boat,  as wel l  as the nature of  the mate r ia ls  invo lved.

However, the grouping of  re s u l t s  from the quartz th ickness 

monitor according to  densi ty  does ind ica te  consistency in  the 

readings from the monitor.

4.3 Thickness measurement of  Ep i tax ia l  Fi lms in  the "Deeko 

250" Microscope

Thickness determinat ion was ca r r ied  out using the r e la t io n s h ip  

quoted in Reimer (1975):

Transmission T = I / I Q = exp ( -  x / x k ),  [4 .4 ]

where I and I are beam in t e n s i t i e s  w i th  and w i thout  the o

specimen res p e c t iv e ly ,  x is  the mass thickness (= pt ,  where p  

i s  the dens i ty  and t  the th ickness of  the specimen) and x^ 

depends on the ob jec t ive  aperture ,  the e lec tron  energy and the 

atomic number of  the m a te r ia l .  This i s  only v a l i d  f o r  simple
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s c a t te r in g  and provided the dens i t y  of  the specimen is  the same 

as th a t  of  the bulk m a te r ia l ,  but i t  i s  used here in  i t s  simple 

form:

Thickness = xk In I Q/ I  [ 4 .5 ]

For the "Deeko 250" (see sect ion 3.5) w i th  the 50/1 ob jec t ive

aperture inse r ted ,  the value of  x^ has been c a l ib ra te d  as 29.

A specimen of  metal f ree  phthalocyanine on carbon f i l m  wi th  a

second ha l f - cove r ing  was chosen. I t s  th ickness was 1108 by

formula,  and lOoS by the quartz th ickness monitor .  Current

dens i t ies  were measured in the image plane, and I , I and I .o s d

r e fe r  to i n t e n s i t i e s  at  a hole in the specimen, at  an uncoated

area and at a coated one res pec t iv e ly .  The re s u l t s  obtained

are shown in tab le  4.B

Table 4.B.

I n te n s i t y  Measurements and Thickness Ca lcu la t ion  f o r  Meta l- f ree  

Phthalocyanine, Specimen K2

( pA) ioge ioge
2

fig/cm 8

I
0 I s Xd V ' s l n/ l a o d P ' s P t d *s *d

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

+16 +8
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The th ickness of  the ovalene f i l m  used f o r  the fad ing -se r ies  at 

d i f f e r e n t  temperatures (Sect ion 5.5) was measured in  a s im i la r  

manner:

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

Current on f i l m  ( I  ) = 2.7 x 10” ^ A .  s

X =  X  in 3^2 = 4.93 x 10' 8 fig/  pm2
K 2.7

p =  1.8g/cm8

d = X .  = 4.93 x i o “ 8 x 106 = 0.027 fim
P 1.8

= 27 08

The thickness of  the ovalene f i l m  was estimated at  70-1008; 

the th ickness of  the carbon f i l m  would p a r t i a l l y  account f o r  

the d i f fe rence  in values.

4.4 Preparat ion of  P a ra f f in  Specimens.

(a) The hkO o r ie n ta t io n .

Lozenge-shaped c ry s ta ls  of  p a r a f f i n ,  in which the chain 

axes are normal to  the lozenge face were prepared by 

d isso lv ing  the p a ra f f i n  c rys ta ls  in warm n-hexane and 

depos i t ing small drops of  the so lu t ion  on to  carbon- 

coated e lec tron microscope g r ids .  The concentra t ion of  

the so lu t ion  was adjusted u n t i l  an even d i s t r i b u t i o n  of  

monolamellar c rys ta ls  was obtained. The thickness of  

these c rys ta ls  was thus equal to  the chain length ,  and 

the e lec tron  beam passed p a ra l le l  to the c -ax is  of  the
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u n i t  c e l l  to  form an (001) p ro je c t io n  on the image plane, 

as i l l u s t r a t e d  in  Fig.  4 .1 .

Electron
beam

Fig.  4.1 : Solut ion-grown c r y s ta l  o f  a p a r a f f i n .

(b) The Ok1 o r i e n ta t i o n .

Simple s o lu t ion  c r y s t a l l i s a t i o n  does not produce a 

p a r a f f i n  c r y s ta l  which can be viewed in  the Ok 1 

p ro je c t ion  in  the e lec t ron  microscope, t h a t  i s ,  w i th  the 

long chain axis p a r a l l e l  to  the support g r id ,  

perpendicular  to the beam.

This i s  achieved by an e p i t a x ia l  prepara t ion method, as 

used fo r  p a ra f f in s  by Wittmann et  al (1983) and Dorset 

(1985) and f o r  several polymers by Wittmann and Lotz 

(1981) and Wittmann and Manley (1978).
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The substrate used f o r  t h i s  a p p l i c a t io n  was benzoic acid 

(m.pt .  122.4°C) which may be r e c r y s t a l l i s e d  to  form large 

f l a t  c r y s ta l s  w i th  { 001} planes uppermost:

( a f t e r  Wittmann et  al 1983). 

Fig.  4.2.

To prepare the specimens, c r y s ta l s  o f  the required 

p a ra f f i n  were mixed w i th  benzoic acid c r y s ta l s ,  w i th  the 

l a t t e r  g re a t ly  in  excess. The mixture was then sandwiched 

e i t h e r  between two glass microscope s l ides  or between two 

f r e s h ly  div ided sheets o f  mica. An aluminium bar was 

heated at  one end to  form a temperature g rad ien t ,  and the 

sandwich was s l i d  s lowly  up and down the bar causing the 

c r y s ta ls  to melt and s o l i d i f y .  On coo l ing ,  the benzoic
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acid c r y s t a l l i s e d  from the melt  f i r s t ,  and the p a ra f f i n  

then formed lath-shaped c ry s ta l s  on the newly formed 

(001) faces o f  the acid.  The p a ra f f i n  chain axis l i e s  

p a r a l l e l  to  the a-axis in  F i g . 4.2 (Wittmann et  al 1983). 

The mismatch between the p a ra f f i n  and the benzoic acid b- 

axes is

p0 s bpaf - bBA x 100 = 4.96 - 5.14 x 100 = -3.5%

The mismatch in the a - d i r e c t io n  is  ca lcu la ted  using two 

p a r a f f i n  subce l ls  (chain z ig -zags)  as the repeat ing u n i t :

Po = 2csubcel l  - aBA x 100 ■ 5 -08 - 5 - 52 ■ - 8 -0%

aBA 5-52

Once coo l ,  the two s l ides  or mica sheets were separated 

and coated w i th  carbon and the combined f i lm  was f loa ted  

o f f  on a d i s t i l l e d  water surface to  be picked up on 

e lec t ron  microscope g r ids .  An a l t e r n a t i v e  method was to 

include some carbon-coated gr ids  in the sandwich. Once 

the s l ides  had been cooled and separated they were placed 

under vacuum overn ight  to remove the benzoic acid by 

sub l imat ion .  The gr ids  could then be peeled o f f  the 

s l ides  and used immediately.
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The re s u l ta n t  c r y s ta l s  were o r ien ta ted  o r thogona l ly  to  

the solut ion-grown c r y s ta l s  enabl ing a l l  three u n i t  c e l l  

dimensions to  be examined by microscopy:

Electron
beam

Fig.  4.3 : Ep i tax ia l ly -g row n  c r y s ta l  ( a f t e r  Dorset 1985)

So l id  so lu t ions  o f  pa i rs  o f  p a ra f f i n s  were prepared by 

mixing together the components in the desired 

p ropor t ions ,  then melt ing the mixture in an o i l  bath f o r  

two hours to  mix the components thorough ly .  A f t e r  

coo l ing ,  the e p i t a x ia l  preparat ion was ca r r ied  out 

exac t ly  as f o r  single-component systems. The s t ru c tu re  of  

s o l i d  so lu t ions  o f  p a ra f f i n s  w i l l  be discussed in  Chapter 

6 .
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Para f f ins  Used in Experimental Work #

Source P u r i t y  % M.Pt.

( la b e l )  ( la b e l )

nC32H66 A ld r ich  Chem. Co. 97% 68-70°

nC33H68 Fluka AG Pure *

nC34H70 Fluka AG Pure 70-73°

nC36H74 A ld r ich  Chem Co. Recryst

nC37H76 Fluka AG V.Pure 099%) 77-79°

nC38H78 Fluka AG Pure 77-79°

nC44H90 Ventron GmbH 96%

M.Pt. 

(Obs.)

68-700

69-71° 

71-73° 

74-76° 

77-79° 

77-79° 

84-86°

* Theore t ica l  mel t ing  po in t  71.8 (Piesczek).
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CHAPTER 5.

RADIATION DAMAGE RESULTS and DISCUSSION.

5.1 Radiat ion Damage Measurements at  Room Temperature.

5.2 E x t in c t i o n  Dose Results f o r  Meta l- f ree  Phthalocyanine.

5.3 E x t in c t io n  Dose Results f o r  Coronene and Ovalene.

5.4 Results of  E x t in c t ion  Dose Measurements at  Very Low 

Temperatures (<15K).

5.5 Radiat ion Damage Results from the Variable-Temperature 

Electron Microscope "Deeko 250".

5.6 Ca lcu la t ion  of  Dg f o r  Metal-Free Phthalocyanine.

5.7 The Dependence of  Radiat ion S e n s i t i v i t y  on the Number of  

Layers in  a Langmuir-Blodgett  Fi lm.
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CHAPTER 5; RADIATION DAMAGE RESULTS and DISCUSSION.

5.1 Radiat ion Damage Measurements at Room Temperature 

Room temperature studies were ca r r ied  out on specimens of  

coronene, ovalene, and meta l- f ree  phthalocyanine, whose 

s t ruc tu res  are shown in Figs.  5.1,  5.2 and 5.3 respec t ive ly .  

Specimens were prepared as descr ibed in  Section 4.2.  L a t t i c e  

images of  coronene and ovalene are shown in Plates 2 and 3; 

the c r y s ta l s  are o r ien ta ted  w ith the ac face in  the image 

p iane .

In each case the specimen f i lm  was coated w i th  evaporated 

carbon wh i le  s t i l l  on the KC1 subst ra te ,  then the coated f i lm  

was f lo a te d  o f f  on a d i s t i l l e d  water surface. Attempts were 

made to  turn  the f i lm  over on the water w i th a glass s l i d e ,  in 

order to  pick up the f i lm  on gr ids wi th  the carbon layer  

between the specimen and the g r id ,  but t h i s  was prevented by 

the surface tension of  the water in sp i te  of  attempts to  reduce 

i n te r a c t io n  by means of  a su r fac tan t .  The f i lm s  were then 

washed, picked up on clean gr ids w i th the carbon uppermost, 

d r ied ,  and given a h a l f  carbon coat on the reverse side by 

masking h a l f  of  the g r id  dur ing evaporat ion,  as depicted in 

Fig .  5.4.

The ra d ia t i o n  dose necessary to destroy the lowest -order  

d i f f r a c t i o n  spots was measured by judging by eye the point  at
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Fig . 5.1 CORONENE.

^24^12 mo1‘ w^* = 300.3 densi ty  = 1.377

monoc l in ic  u n i t  c e l l ,  P2^/a;  2 molecu les/uni t  c e l l

a = 16.10 8 b = 4.695 8 c = 10.15 8 |3 * 110. 8°

O.K. Fawcett & J. T r o t t e r ,  Proc. Roy. Soc. A289 (1965) 366 

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



Fig.  5.2 OVALENE.

mol. wt. = 398.4 dens i ty  = 1.496

monoc l in ic  u n i t  c e l l ,  P2^/a;  2 molecu les/un i t  c e l l

a = 19.47 8 b = 4.70 8 c = 10.12 8 (3= 105.0°

R.G. Hazel & G.S. Pawley, Z. K ry s ta l l o g r .  137 (1973) 159 

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



Fig.  5.3 METAL-FREE PHTHALOCYANINE.

^32H18N8 mo1' Ŵ * *  51-4.55 densi ty  = 1.445

monocl in ic u n i t  c e l l ,  P2^/a;  2 molecu les /un i t  c e l l

a = 19.85 8 b = 4.72 8 c = 14.8 8 0  = 122.

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

grjd -  

specimen
\ carbon coat

Fig.  5.4 Specimen prepared fo r  rad ia t ion  damage experiments.



PLATE 2

PLATE 3

L a t t i c e  image of  coronene in  an ac p ro je c t ion

x 1,950,000 

L a t t i c e  spacings: 14.5 8

4.478

L a t t i c e  image o f  ovalene in  an ac p ro jec t ion
x 1,950,000 

L a t t i c e  spacings: 18.7 8 

8.6 8 
4.378
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which the d i f f r a c t i o n  pa t te rn  was completely destroyed, and a 

stop-watch was used f o r  t im ing .

This e lec t ron  dose w i l l  be re fe r red  to  in the fo l low ing  re s u l t s

sect ion  as the " e x t in c t i o n  dose" as t h i s  is  the term used by

Holland (1984);  i t  i s  not to be confused with D , the e lec t rone

dose requ ired to cause the d i f f r a c t i o n  spots to  fade to  i  of  

t h e i r  o r i g i n a l  i n t e n s i t y  (see Section 5 .6 ) .

The r a d ia t i o n  was measured by means of  a copper c o l l e c t o r  p la te  

which was s i tua ted  in the plane of  the viewing screen and 

l inked  to  a mi 11iammeter. The e lec t ron  dose rate inc iden t  on 

the specimen plane could then be ca lcu la ted  by the fo l low ing  

fo rm u la :
2

Dose rate = Magn i f i ca t ion  x cur rent  (mA) 
area of  c o l l e c t o r  p late

2
and converted in to  coulombs/cm . A back-scat te r ing  fa c to r  of  

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

5.2 E x t in c t i o n  Dose Results f o r  Metal-Free Phthalocyanine.

The specimens used were prepared as described in Chapter 4, and 

h a l f - coa ted  w i th  evaporated carbon (approximately 100 8 t h i c k ,  

measured by quartz th ickness monitor ) .  They were examined in 

the JEOL 100B at  the F r i t z - H a b e r - I n s t i t u t , which was f i t t e d  

w i th  the same copper c o l l e c to r  p la te  on the image plane as was
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used in  the JEOL 100C at Glasgow f o r  s im i l a r  experiments on

coronene and ovalene (Section 5 .3 ) .

The exact boundary between the coated and the uncoated halves 

of  the g r id  was not v i s i b l e ,  but at  leas t  ten fad ing- t imes were 

measured f o r  each of  the s ix  areas spread over the whole g r id  - 

a no t iceab le  d i f fe rence  in  specimen l i f e t i m e  was expected to

in d ic a te  the p os i t ion  o f  the carbon layer .  The re s u l t s  are

shown in  Table 5 .A.



87

Table 5 .A. Resul ts o f  E x t in c t i o n  Dose Measurements of

M e ta l - f ree  Phthalocyanine (JEOL 100B) 

Room Temperature

( i )  Specimen P2 (Thickness, by weight on ly ,  60 8 ).

Pos i t ion  on Specimen Monitor Area Mean ext-dose (C/cm )

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

weight 14o8, by A f  14o8).

1 0.124 +0.008

2 0.102 +0.013

3 0.108 +0.011

4 0.126 +0.021

5 0.108 +0.013

6 0.124 +0.01



5.3 E x t i n c t i o n  Dose Resu l ts  f o r  Coronene and Ovalene

S im i la r  measurements were made on specimens of  coronene and 

ovalene, sampling areas from the per iphery and nearer the 

centre  o f  the g r id .  The v a r ia t io n  in  beam -sens i t i v i t y  at 

d i f f e r e n t  areas did not appear to  be s i g n i f i c a n t ;  no two 

d i s t i n c t  groups of  values were observed which might de l ineate  a 

carbon-coated and an uncoated s em i -c i r c le  (see Tables 5.B and 

5.C).  However, the specimens did appear to contain local  

v a r ia t io n s  in  th ickness.

The ovalene in t h i s  experiment appears to be less stab le  under 

the beam than the coronene. This is  l i k e l y  to be a consequence 

o f  a d i f fe rence  in f i lm  th ickness,  as the la rge r  aromatic 

system would be expected to sustain  a la rge r  e lec t ron  dose. 

The phthalocyanine is  more stab le  to  the beam than the coronene 

or the ovalene, but a q u a n t i ta t i v e  comparison cannot be made 

here because of  unce r ta in ty  in the thicknesses of  the coronene 

and ovalene samples.

Discussion.

In con t ras t  to  the re s u l t s  of  Holland (1984) and Fryer and 

Hol land (1983),  there does not appear to  be a s i g n i f i c a n t  

d i f fe rence  between one area of  a g r id  and another,  and there is  

no obvious boundary between the sandwiched area and the area 

w i th  carbon on one side only.
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Fryer and Hol land also measured "Pro tec t ion  Factors" of  between 

3.0 and 1.4 f o r  carbon coated meta l- f ree  phthalocyanine, 

depending on the thickness of  the f i lm  (80-2008).  This 

p ro te c t io n  f a c to r  decreases as specimen thickness increases, 

leading to  the conclusion tha t  the t h ic k  f i lm  acts as a 

"coa t ing "  on i t s e l f  and th a t  the e f f e c t  of  the ext ra  layer  of  

carbon becomes less s i g n i f i c a n t .

One of  the main objects of  the present radiation-damage 

experiments was to  determine whether the p ro tec t ion  f a c to r  

postu la ted by Fryer and Holland in t h e i r  room^temperature work 

was s t i l l  e f f e c t i v e  as the temperature of  the specimen was 

lowered, or whether the " f reez ing  in "  e f f e c t  of  the low 

temperature prevented secondary damage e f fe c ts  in the specimen 

to  such an ex tent  t h a t  the carbon coat made no f u r t h e r  

d i f f e re n c e .

However, the above measurements do not show any evidence of  the 

p ro te c t i v e  e f f e c t  of  a carbon coat, even at  room temperature,  

al though i t  i s  c lea r  tha t  v a r ia t io n s  in  the specimen thickness 

do have a marked e f f e c t .  I f  the carbon coat has no s i g i f i c a n t  

e f f e c t  on damage rates at  room temperature,  i t  i s  u n l i k e l y  tha t  

i t  w i l l  have any e f fe c t  at low temperature!

Nevertheless,  the studies of  ha l f -carbon coated organic 

specimens were cont inued at lower temperatures.
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Table 5.B Resul ts of  E x t in c t i o n  Dose Measurements of  Coronene 

at  Room Temperature (JEOL 100C)

( i )  Specimen 1 (Thickness unknown, est imated 100-200 8 )

Pos i t ion  

on Specimen Monitor Area

1 

2

3

4

5

6 

7

2
Mean ext-dose (C/cm )

8.09 X 10"2 +0.55 X 10"2

14.38 X 10“ 2 +4.04 X 10’ 2

12.03 X 10"2 +1.59 X 10"2

11.91 X 10"2 +2.07 X 10’ 2

11.05 X 10-2 +2.15 X 10"2

10.98 X 10’ 2 +2.46 X 10"2

10.09 X 10"2 +0.99 X 10’ 2

( i i )  Specimen 2 (As above).

1 10.19 X 10” 2 +2.79 X 10’ 2

2 13.05 X 1 0 '2 +1.46 X 10” 2

3 10.92 X 10"2 +1.60 X 10"2

4 12.27 X 10” 2 +5.28 X 10-2

5 8.98 X 10"2 +0.90 X 1 0 '2

6 10.05 X 10” 2 +1.05 X 10“ 2
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Table 5.C Results o f  E x t in c t ion  Dose Measurements of  Ovalene 

at  Room Temperature (JEQL 100C)

( i )  Specimen 1 (approx. 1008 t h i c k ) .  

Pos i t ion  

on Specimen Monitor Area Mean ext -dose (C/cm2)

1 7.13 x 10"2 +1.11 x 10"2

2 2.24 x 10" 2 +2.63 x 1 0 '2

3 7.67 x 10"2 +2.15 x 10"2

4 8.31 x 10"2 +2.13 x 10"2

5 7.27 x 10"2 +0.39 x 10"2

6 6.91 x 10" 2 +0.47 x 10"2

( i i )  Specimen 2 (approx. IO08 t h i c k ) .

1 9.44 X

CNJ10 +2.58 x 10"2

2 7.37 X 10"2 +1.28 x 10'2

3 6.47 X 10"2 +0.82 x 10"2

4 7.38 X 10"2 +1.76' x 10‘2

5 8.55 X 10"2 +1.66 x 10‘2

6 7.95 X 10‘2 +1.64 x 10'2
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5.4 Results of  E x t in c t ion  Dose Measurements at  Very Low 

Temperatures (<15K)

In the room temperature experiments,  the gr ids were not placed 

in  the specimen holder w i th  the carbon-coated h a l f  in a 

predetermined o r ie n ta t i o n ,  as i t  was expected tha t  the pos i t ion  

o f  the carbon-coated s em i -c i r c le  would be c lear  from the dose- 

measurements as descr ibed by Holland (1984). As i t  became 

c le a r  t h a t  t h i s  method of  f i n d in g  the carbon coat was not 

r e l i a b l e ,  a l l  f u r t h e r  experiments were ca r r ied  out w i th  the 

carbon-coated h a l f  c l e a r l y  marked on the rim of  the g r id  and

pos i t ioned  in  the specimen stage in a known o r ie n ta t i o n .

The e lec t ron  doses required to destroy completely the 

d i f f r a c t i o n  pa tterns of  meta l- f ree  phthalocyanine, coronene and 

ovalene were measured at  approximately 10K in the hel ium-cooled 

stage of  the cryomicroscope in B e r l in ,  and the re s u l t s  are 

tabu la ted  in  Table 5.D.

The d i f fe rences  in  re s u l t s  between the coated and the uncoated

specimens do not appear to be s i g n i f i c a n t .  Approximate

p ro tec t ion  fac to rs  are given f o r  the e f fe c t  o f  lowering the

specimen temperature from 300K to  ~ 10K.
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Table 5.D Results of  E x t in c t ion  Dose Measurements at Very Low 

Temperatures (<15K).

( i ) M e ta l - f ree  Phthalocyanine.

2 2Specimen. Thickness Ext-dose C/cm- Ext-dose C/cm-

(coated) (uncoated)

Q3 By wt.  10o8,Af6o8 0.609 + 0.054 0.739 + 0.052

01 By wt. 1008,Af60R 0.684 + 0.036 0.688 + 0.050

J3 By wt.  10oR,Af6oR 0.695 + 0.048 0.755 + 0.052

K1 By wt. 1108,Afl008 1.106 + 0.074 1.130 + 0.107

Pro tec t ion  fa c to r  [compared to room temperature r e s u l t ,  Table 

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

( i i )  Coronene (approximately lOoR th i c k )

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

0.55 + 0.06 C/cm2 0.62 + 0.12 C/cm2

Low-temperature p ro tec t ion  fa c to r  ~ 5.3 ( r e f .  Table 5.B)

( i i i )  Ovalene (approximately 10o8 t h i c k )

Ext-dose (coated) Ext-dose (uncoated)
? 2 

0.60 + 0.03 C/cm 0.70 + 0.07 C/cm

Low-temperature p ro tec t ion  f a c to r  ~ 8.5 ( r e f .  Table 5.C)
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5.5 Radia t ion Damage Results from the Variable-Temperature 

E lec t ron Microscope "Deeko 250".

This microscope has a specimen stage which can be set at  any 

temperature between room temperature and 9K. Measurements 

were made w i th  an acce le ra t ing  vol tage of  100 kV.

Specimens studied were:

(a) Ovalene, evaporated on to  a cold subst ra te ,  annealed f o r

30 minutes at  150°C. Thickness by formula 70S.

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

f o r  30 minutes at  100°C. Thickness by formula 1008.

(c) M e ta l - f ree  phthalocyanine, es/aporated on to  a cold 

subst ra te  and annealed fo r  30 minutes at 200°C.

Thickness by formula = 140&; th ickness by quartz monitor 

= 1408, and

(d) Me ta l - f ree  phthalocyanine, prepared as in (a).  Thickness

by formula 10o8, th ickness by quartz monitor 60S.

Tables 5.E and S.F and Figs.  5.5 and 5.6 show the resu l t s

obtained f o r  the measurement of  the t ime taken f o r  complete 

des t ruc t ion  o f  the f i r s t  order d i f f r a c t i o n  spots f o r  ovalene 

and coronene respec t ive ly ,  at  a ser ies  of  temperatures from
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300K down to  9K. Standard dev ia t ions are not shown as 

i n s u f f i c i e n t  data were co l lec ted  to make these s i g n i f i c a n t .  

However, the re s u l t s  l i e  on smooth curves w ith l i t t l e  apparent 

d i f fe re n c e  between the values f o r  the coated and uncoated 

halves o f  the specimens; c e r t a in l y  there is  no evidence f o r  a 

p ro te c t io n  e f f e c t  of  the carbon at  high temperature which 

diminishes as the temperature is  lowered.

Table 5G and Fig 5.7 (a and b) i l l u s t r a t e  the corresponding 

re s u l t s  f o r  the two samples of  meta l- f ree  phthalocyanine; 

again,  there is  l i t t l e  evidence fo r  p ro tec t ion  against 

r a d ia t i o n  damage by a carbon coat ing at  any temperature,  

al though the p ro tec t ion  af forded by lowering the temperature is 

apparent.  As discussed in Section 2.4,  there is  some 

cont roversy  over whether a s i g n i f i c a n t  gain in  specimen 

l i f e t i m e  is  obtained by cool ing to  below l i q u i d  ni t rogen 

temperature;  the gains obtained in the above experiments are 

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

E x t i n c t i  on Dose Resul ts:  (Deeko 250).

Ovalene
2

Temperature(K) C/cm coated
2

C/cm unc<

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



TJ

O

CM<D E CO o
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des t ruc t ion  o f  the d i f f r a c t i o n  pa t te rn  f o r  coated 
and uncoated areas of  ovalene.
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Table 5.G (Deeko 250)

Resul ts f o r  M e ta l - f ree  Phthalocyanine.

( i ) 14oS by weight and b y A f .

>erature.
2

C/cm coated
2

C/cm 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

( i i ) 60fl 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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Fig.  5 .7 (a )  P lo t  of  the e lec tron  dose against temperature fo r  
des t ruc t ion  of  the d i f f r a c t i o n  pattern fo r  coated 
and uncoated areas of  meta l- f ree  phthalocyanine 
( th ickness by weight 140A, by A f  140A).
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Fig .  5 .7(b)  P lo t  of  the e lec tron  dose against  temperature fo r  
des t ruc t ion  of  the d i f f r a c t i o n  pat tern  fo r  coated 
and uncoated areas o f  me ta l - f ree  phthalocyanine 
( th ickness by weight 100A, by & f  608).



Table 5.H.

Gain in  L i fe t im e  on Lowering Temperature.

Overal l  RT to 15QK 150K to  1QK

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

* ca lcu la ted  from D measurements (Sect ion 5.6)e
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5 .6 Ca lcu la t ion  of  f o r  Meta l- f ree  Phthalocyanine.

The fad ing of  phthalocyanine d i f f r a c t i o n  patterns was observed 

at  seven d i f f e r e n t  temperatures as before,  but instead of  

es t im a t ing  the dose requi red to destroy the c r y s t a l l i n i t y  

com p le te ly , the d i f f r a c t i o n  pat terns were recorded as they faded 

and the i n t e n s i t i e s  of  the f i r s t - o r d e r  d i f f r a c t i o n  spots were 

measured w i th  the aid o f  a Joyce-Loebl f l a t - b e d  

microdensi tometer.

This is  an instrument in which the photographic p la te  is  

mounted on a s l i d i n g  glass stage between a l i g h t  source and a 

p h o to m u l t i p l i e r  de tec tor .  Part  of  the l i g h t  beam is  d i rec ted  

through the specimen, par t  through a grey glass "wedge" whose 

o p t ic a l  dens i ty  var ies l i n e a r l y  along i t s  length.  The signal  

generated by the d i f fe rence  in i n t e n s i t y  between the reference 

beam and the beam passing through the specimen operates a 

servo-mechanism which s l ides  the ca l ib ra ted  wedge u n t i l  the two 

t ransm i t ted  i n t e n s i t i e s  match. A system of pu l leys connects 

the s l i d i n g  wedge to a chart  tab le  where the v a r ia t io n  in 

i n t e n s i t y  of  the specimen negat ive is  p lo t ted .

This system is  not ideal  f o r  use w ith d i f f r a c t i o n  patterns due 

to  the sharpness of  the v a r ia t io n  in i n t e n s i t y  at each spot;  

however i f  the negat ive is  c a r e f u l l y  al igned on the specimen 

tab le  so tha t  the d i f f r a c t i o n  spots are centred, and a very 

narrow s l i t - w i d t h  is  selected to sample a small area at a t ime,



100

the area under each peak can be considered p ropor t iona l  to  the 

i n t e n s i t y  of  the spot.

An example of  a fad ing ser ies  of  d i f f r a c t i o n  patterns of  metal- 

f ree  phthalocyanine, along w i th  the densitometer t races f o r  i t s

(002) r e f l e c t i o n s ,  is  shown in Fig 5.8.

I n te n s i t y  measurements were made fo r  every d i f f r a c t i o n  pat tern 

in  each fad ing se r ies ,  and the peak areas were ca lcu la ted  and 

p lo t t e d  against  the dose f o r  each temperature.  Only those 

traces were used where Fr iedel  symmetry cond i t ions were met - 

t h a t  i s ,  where the (hkO) and (hkO) r e f l e c t i o n s  were the same.

The fad ing curves are shown f o r  coated and uncoated f i lm s  in 

Figs.  5.9 and 5.10. The e lec tron  doses required to reduce 

the i n t e n s i t i e s  of  the spots to 1/e ( tha t  i s ,  to  0.368) of  

t h e i r  o r ig i n a l  values were obtained from the curves and p lo t ted  

aga inst  temperature to  give the graph shown in Fig.  5.11.



Fig .  5.8 Microdensi tometer t races o f (002) re f lec t ions  of  meta l- f ree  
phthalocyanine w i th  increasing electron dose, at  200K.





( f )  0.25 C/cm2 (157 e /R2)
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F ig .  5.9 Series of  curves at d i f f e r e n t  temperatures fo r  the 
decrease in i n t e n s i t y  of  the 002 d i f f r a c t i o n  spots 
w i th  e lec tron dose fo r  carbon-coated areas of  metal-  
f ree  phtha locyan ine.
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decrease in  i n t e n s i t y  of  the 002 d i f f r a c t i o n  spots 
w i th  e lec t ron  dose fo r  uncoated areas of  meta l- f ree
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Fig.  5.11 P lo t  of  D versus temperature (K) f o r  coated and 
uncoated i reas  of  meta l- f ree  phthalocyanine.
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DISCUSSION:

I t  appears from the curves of  Fig.  5.5 to  5.7 tha t  an almost 

equal increase in specimen l i f e t i m e  can be obtained by cool ing 

to  l i q u i d  hel ium temperature from 100K as by coo l ing from room 

temperature to  100K. An In te rna t iona l  Experimental Study 

Group (1986) quotes a range of  3 - 5 as being the p ro tec t ion  

f a c to r  obtained on coo l ing organic c r y s t a l l i n e  specimens to 

150K, but repor ts  a wide v a r ia t i o n  in resu l t s  below t h i s  

temperature. The resu l t s  in t h i s  sect ion (Table 5H) give a 

range of  1.5 to  2.6 f o r  150K, wi th equal or h igher fac to rs  

possible on coo l ing from 150K to  10K, e s pe c ia l l y  f o r  ovalene,

al though the reason f o r  t h i s  very high p ro tec t ion  fa c to r  i s  not

known.

The po in t  at  which the p ro tec t ion  f a c to r  f o r  f u r t h e r  coo l ing 

becomes less then tha t  al ready obtained appears to  have been 

reached by about 100K f o r  ovalene, coronene and phthalocyanine.

Al though the overa l l  gain in l i f e t im e  var ies widely  from 

specimen to  specimen in Table 5H, the proport ion of  the gain

achieved by 150K appears constant f o r  the three phthalocyanine

specimens, and d i f f e r s  f o r  the ovalene and coronene. I f  the 

temperature at  which a ce r ta in  gain in l i f e t i m e  is  achieved 

depends on the substance, a possible fu tu re  experiment would be 

to  re la te  these; i t  may be the size of  the d i f f u s in g  fragments 

which is  a f fe c t i n g  the temperature at which d i f f u s io n  is  

i n h ib i t e d .
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5.7 The Dependence of  Radiat ion S e n s i t i v i t y  on the Number 

of  Layers in  a Langmuir-BIodgett Fi lm.

To conf i rm the dependence of  r ad ia t ion  s e n s i t i v i t y  upon 

specimen th ickness ,  end-dose measurements were made as before 

on three samples of  acetyl  pyrene prepared by B. Eyres ( I . C . I ,  

p ic )  by the Langmuir Trough method (descr ibed by Roberts et  al 

1981). The layers were deposited separately from a water 

sur face,  the e f f i c i e n c y  of  depos i t ion being monitored by 

measuring the change in area of  the monolayer f l o a t i n g  in the 

t rough compared w ith the area of  the substrate on which the 

layer  was picked up.

The three specimens consisted of  a monolayer, a f o u r - l a y e r  f i lm  

and a s i x - l a y e r  f i l m .  The fou r -  and s i x - la y e r  f i lm s  tended 

to  produce d i f f r a c t i o n  patterns corresponding to  disordered 

layer  s t ru c tu re s ;  s ing le  c rys ta l  areas were sometimes to be 

found in the "monolayer" specimen but only areas bel ieved to be 

t rue  monolayers were considered in t h i s  experiment. The doses 

requ i red f o r  the complete des t ruc t ion  of  the d i f f r a c t i o n  

pa t te rn  in  each case are shown in Fig. 5.12. There appears to 

be a l i n e a r  dependence of  c r i t i c a l  dose upon the number of  

layers  present (or specimen th ickness) ,  at  leas t  f o r  t h i s  order 

o f  th ickness .
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This is  in  agreement w i th the re s u l t s  of  Ohno (1984) who made 

s im i l a r  measurements on layers of  behenic acid [CH^CCH^)2QC00H3 

and found a l i n e a r  r e la t io n s h ip  f o r  the thicknesses between 25 

and lOoS. Ohno, however, def ined the c r i t i c a l  dose in his

experiment as Dg ,the number of  e lec trons required to  reduce the 

i n t e n s i t y  o f  the d i f f r a c te d  beam to 1/e of  i t s  o r ig i n a l  value.

In con t ras t  to  the r e s u l t  shown here, the p lo t  given by Ohno

cons is ts  of  a s t r a i g h t  l i n e  passing through the o r i g i n .

Ex t rapo la t ing  the l i n e  through the po in ts  of  Fig.  5.12 a value 

o f  2.6 e’ / 8  ̂ is  obtained at zero th ickness. This may be a 

consequence of  the a rom a t ic i t y  of  the acetyl  pyrene molecule; 

a layer  of  the molecules can withstand a higher r ad ia t ion  dose 

than would be pred ic ted by the thickness alone. Behenic acid 

on the other  hand is  a l i n e a r  molecule b u i l t  up of  uni form sub­

c e l l s  (d is regard ing  the CĤ  and C00H end groups);  the 

r a d ia t i o n  s e n s i t i v i t y  is  more l i k e l y  to be d i r e c t l y  re la ted  to 

the number of  sub -ce l ls  and hence to the length of  the

molecu le .

Fryer and Holland (1983) and Hol land, F.M. (PhD Thesis 1984) 

also found a l i n e a r  dependence of  end-dose on specimen 

th ickness f o r  t h i n  evaporated f i lm s  of  copper phthalocyanine.
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Fig.  5.12 P lo t  o f  e x t in c t i o n  dose against  number of  layers 
f o r  t e t r a - t e r t i a r y - b u t y l  copper phthalocyanine, 
prepared by the Langmuir-Blodgett method.
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CHAPTER 6 : THE PARAFFINS - INTRODUCTION.

6.1 Growth of  P a ra f f in  Crys ta ls .

"P a ra f f i n "  is  the common term f o r  an extensive homologous 

ser ies  o f  sa tura ted ,  unbranched hydrocarbons w ith the empi r ical  

formula CnH2n+2 * The senes  ran9es ^ rorn the gaseous molecules 

at  room temperature where C = 1-4, through v o l a t i l e  l i q u id s  and 

waxy s o l i d s ,  to  very long chains of  Cqq or more, which form 

white  lozenge-shaped c r y s ta l s .  The simple molecular s t ruc tu re  

of  the p a ra f f i n s  has made them a popular model f o r  more complex 

but re la ted  m a te r ia ls ,  f o r  example f a t t y  acids and l i p i d s  

[Dorset 1978, 1983 (a + b ) ]  and the higher members o f  the 

ser ies  may in  some respects be considered as polymers of  low 

molecular weight.

The growth mechanism of p a ra f f i n  c r y s ta ls  was studied by Dawson 

and Vand (1951),  who shadow-cast n-hexatr iacontane with 

pal ladium and examined the c rys ta ls  by e lec tron  d i f f r a c t i o n  and 

e lec t ron  microscopy. The c ry s ta ls  were grown from so lu t ion  

and lay w i th  t h e i r  {001} faces on the subst ra te .  They were 

found to  be orthorhombic,  w i th  a- and b-axes in close agreement 

w i th  the X-ray values published by Mul ler  (1932). Micrographs 

of  s ing le  c ry s ta l s  ind ica te  a s p i ra l  growth mechanism 

o r i g i n a t i n g  at  a screw d is lo c a t io n ;  complex s p i ra l s  occur when 

more than one d i s lo c a t io n  is  present.
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When two d is loc a t ions  of  opposite sense occur close to each 

o ther  the s p i r a l s  may cancel each other out and the c rys ta l  

appears to  cons is t  of  d isc re te  steps. The steps o f  the 

s p i r a l s  may be one molecule high, or more than one; in the 

l a t t e r  case subs id ia ry  d is loca t ions  are ev ident .  Dawson and 

Vand's re s u l t s  supported the theory tha t  c r y s ta ls  may grow only 

where there  is  a d i s lo c a t io n ,  although they did not support 

previous theor ies  of  long-range surface migra t ion  of  molecules.

Anderson and Dawson (1953) postulated tha t  the height of  the 

growth steps depends on the size of  molecular aggregates in 

s o lu t i o n .  The p re fer red  step height f o r  C39H80’ which is  not 

associated w i th  other molecules in s o lu t i o n ,  is  monomolecular, 

whereas s te a r ic  ac id ,  which forms bimolecular  aggregates in 

s o lu t i o n ,  c r y s t a l l i s e s  w i th a bimolecular  growth-step.

Fur ther  studies  were conducted by K e l le r  (1961), again w i th 

^36H74’ 1ig h t  and e lec t ron  microscopy. Heating stages were

used in both types of  microscope, and s t r i a t i o n s  on the 

c r y s ta l s  were observed along the lozenge diagonals at  e levated 

temperatures which remained when the c rys ta ls  were cooled 

again.  These were ascribed to shear planes a r i s in g  from 

t r a n s la t i o n  of  stacks of  molecules in the d i re c t io n  of  the 

c -ax is  o f  the u n i t  c e l l .
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6.2 Packing Behaviour of  Pa ra f f in s .

So l id  p a ra f f i n s  e x i s t  in several polymorphous forms, a l l  of  

which have the chain axes of  the molecules arranged p a r a l l e l  to 

each o the r ,  and the way in which the chains pack depends both 

on the temperature and on the length of  the chains 

(K i t a i g o r o d s k i i  1973).

Studies of  p a ra f f i n s  by d i f f r a c t i o n  methods have been ca r r ied  

out s ince the very e a r ly  days of  these methods, and the 

existence o f  polymorphs was observed in 1930(a) by Mu l le r ,  who 

recorded two sets of  X-ray r e f l e c t i o n s  from a sample of  

ercosane as i t  cooled from the melt ,  f i r s t  to  a

t ransparent  s o l i d  and then to  a whi te opaque one.

Mu l le r  demonstrated tha t  the longest spacing o f  the u n i t  c e l l  

showed a constant increase with n, the number o f  carbon atoms 

in the chain.  The two shor ter  (a and b) axes remain almost 

constant f o r  the orthorhombic form, although Mul ler  observed 

(1930b)some v a r ia t i o n  occur ing between the spacings f o r  long 

and short  chains,  which he ascr ibed to the la te r a l  i n te ra c t io n  

of  the chains.

The ab face of  the orthorhombic c e l l  o f  p a ra f f i n  is  shown in 

Fig.  6 .1 .  The dimensions of  t h i s  plane have been measured by 

Teare (1959) as:

a = 7.428 ; b = 4.968



H P

Fig.  6.1 The ab face of  a p a ra f f i n  u n i t  c e l l
a = 7.428 b = 4.968
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These X-ray re s u l t s  are in good agreement wi th those of  an 

e a r ly  e lec t ron  d i f f r a c t i o n  experiment of  Rigamonti (1936) who 

measured the spacings o f  or thorhombic and who also made

more d e ta i le d  measurements of  H-C-H bond distances and angles 

than had p rev ious ly  been ava i la b le .

In con t ras t  to  M u l le r ' s  r e s u l t s ,  more recent stud ies show a 

v a r i a t i o n  in  the a and b dimensions of  less than f o r

d i f f e r i n g  chain lengths in  t h e i r  or thorhombic form, the form in 

which the chain axis l i e s  exac t ly  along the c -ax is  of  the u n i t  

c e l l  (Nyburg and Potworowski 1973).

The length of  the c -ax is  depends on the number of  carbon atoms 

in  the molecule,  and there is  a s l i g h t l y  d i f f e r e n t  r e la t io n s h ip  

depending on whether the number, n, is  odd or even.

where n is  odd, c = 2.546n + 3.758

where n is  even, c = 2.540n + 3.6938

This is  a consequence of  a d i f fe rence  in symmetry betwen c e l l s  

conta in ing  odd and even chains, which w i l l  be discussed below.

However, the length of  the chain does determine the packing

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

t r i c l i n i c  packing occurs,  as described by Mul ler  and Lonsdale 

(1948) f o r  the case of  C18H38 - An orthorhombic u n i t  c e l l  was 

observed near the melt ing po in t  f o r  the mater ia l  (27°C), or i f
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im p u r i t i e s  of  C^g or C^g p a ra f f in s  were present,  but at room 

temperature the pure substance formed a t r i c l i n i c  arrangement 

w i t h :

a = 4.288 ; b = 4.828 ; c = 23.078

91°61 ; 0=  92°41 ; 7 =  107°8'

Only one molecule was observed per u n i t  c e l l ,  imply ing t h a t ,  

un l ike  the orthorhombic arrangement, the planes on which the

carbon atoms l i e  are a l l  p a r a l l e l .

Fig.  6.2 shows the " i n t e r - l a y e r  dis tance"  f o r  a range of  

p a ra f f i n s  from C^g to C^g ( a f t e r  K i ta ig o ro d s k i i  1973). This 

is  the distance between the planes passing through the chain- 

ends o f  the molecules. The ser ies A represents the odd- 

numbered carbon chains which pack in an orthorhombic u n i t  c e l l ;  

hence the distance is  a l i n e a r  func t ion  of  the number o f  carbon 

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

carbon backbone.

The lower even-carbon chains (ser ies  B) pack o b l iq ue ly  in 

t r i c l i n i c  c e l l s ;  hence the distance between the layers is  

s l i g h t l y  shor te r  than tha t  f o r  the orthorhombic form of  the 

same m a te r ia l .
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Fig.  6.2 The " i n t e r - l a y e r  distance" f o r  pure p a ra f f in s  
( a f t e r  K i t a i g o r o d s k i i )
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The chains may not l i e  at  any t i l t  angle,  but must assume a 

value in  which the z ig-zags of  adjacent molecules are displaced 

by an in te g ra l  m u l t ip le  of  c q . I f  the chains are displaced in 

such a way th a t  a CH  ̂ end-group is  in  contact  w i th  methylene 

groups o f  adjacent chains,  then the packing dens i ty  i s  lowered.

In the monocl in ic  form of the higher  even p a ra f f i n s  (C - 28, 

ser ies  C o f  Fig .  6 .2 ) ,  the angle is  119°, the molecules l i e  

at  an even more obl ique angle than those of  the t r i c l i n i c  

p a r a f f i n s ,  and the perpend icu lar separat ion of  the chain-ends 

f a l l s  even f u r t h e r  shor t  of  the actual  length of  the molecule. 

The dimensions of  the monocl in ic form of £35^*74 are: 

a = 5.578 ; b = 7.428 ; c = 48.358

/3 = 119° ( K i t a i g o ro d s k i i  1973).

Deta i led  X-ray s t r u c tu r a l  stud ies on representa t ive  members of  

each type of  p a r a f f i n  have been ca r r ied  out by Nyburg and Liith 

(1972) n-even, t r i c l i n i c ) ;  Shearer and Vand (1956)

^ 3 6 H74 n_even» m onoc l in ic ) ;  Teare (1959) (£3 5 ^ 4  n-even,

or thorhombic) ;  and Smith (1959) (C^gH^g n-odd, orthorhombic) .

The chain packing of  each o f  the three types o f  subce l l  is

shown in  Fig.  6.3.  In the monocl in ic and t r i c l i n i c

m od i f ica t ions  the planes conta in ing the C-C bonds of  the chains

are a l l  p a r a l l e l ;  t h i s  is  not the case w i th  the orthorhombic

s t ru c tu re .



c

Fig.  6.3 Three poss ib le  types o f  close packing o f  chain 
molecules:

(a) hexagonal,
(b) ob l ique,
(c)  rec tangu lar .

( a f t e r  K i t a ig o ro d s k i i )
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K i ta ig o ro d s k i i  (1973) assumes the te tragonal  subcel l  to  be 

s l i g h t l y  more e n e rg e t i c a l l y  favourable than the orthorhombic,  

being s l i g h t l y  denser; t h i s  energy d i f fe rence  becomes less 

importan t as the molecules increase in length ,  concerning as i t  

does on ly  the packing o f  the end-groups. For t h i s  reason at  

n > 26, the orthorhombic con f ig u ra t ion  becomes s tab le .

Near t h e i r  melt ing po in ts ,  some p a ra f f i n s  undergo a phase 

t r a n s i t i o n  in  which the symmetry of  the u n i t  c e l l  changes from 

orthogonal  to  hexagonal. This is  a consequence of  r o ta t i o n a l  

d iso rder  about the axes of  the chains leading to  a c i r c u l a r  

average c ross-sec t ion  instead of  an o r ien ta ted  one. The 

chains themselves pack as cy l inde rs  and the angle \J/ in Fig.  6.4 

becomes 60° (Mul le r  1932).

Three poss ib le  models f o r  the d isorder  experienced by p a ra f f i n  

molecules at  the pre-melt  phase t r a n s i t i o n  are discussed by 

Dorset et  al (1984a ) These are (a) the r i g i d  r o to r  in  which 

the whole a lky l  chain ro ta tes  about i t s  ax is ,  (b) a h e l i c a l  

c on f ig u ra t ion  as observed in  p o ly te t ra f lu o ro e th y le n e ,  and (c)  a 

kinked chain,  w i th  defects e i t h e r  d i s t r i b u te d  at  random or 

grouped together .  I t  was found tha t  d i f f r a c t i o n  s tud ies of  

p a r a f f i n  molecules in the hkO o r ie n ta t io n  ( tha t  i s ,  the 

p ro je c t io n  looking down the chains) could not d i s t i n g u is h  

between the three types of  d isorder  as the re s u l t a n t  

i n t e n s i t i e s  could be accounted f o r  by any of  the three models.
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Fig.  6.4 The orthogonal-hexagonal phase t r a n s i t i o n  in  a
p a ra f f i n  near i t s  melt ing po in t  ( a f t e r  M i i l l e r ) .



However,  by c r y s t a l l i s i n g  n - hexa t r i acon t an e  (C^H- . . )  in the Oklob / 4

o r ie n ta t i o n  (a d e s c r ip t io n  and references are given in Chapter 

4) a d i s t i n c t i o n  could be made and a mechanism pos tu la ted .  

The changes in  observed i n t e n s i t y  r a t i o s  do not support e i t h e r  

of  the f i r s t  two conformat ions, but a model was const ructed f o r  

the t h i r d ,  k inked s t r u c tu r e ,  from which i t  was found tha t  the 

average dens i ty  of  defects at  voids at  the chain-ends have a 

modulat ing e f f e c t  on the low-angle 001 r e f l e c t i o n s  which agrees 

with experimental  observa t ion.

A hys te res is  e f f e c t  was also observed in  which the chains did 

not immediately re tu rn  to t h e i r  d e fe c t - f r e e  conformation on 

cool ing the c r y s t a l ;  on re-warming, the phase t r a n s i t i o n  

occured at  a temperature about 3° lower than when f i r s t  warmed. 

The kinked s t ru c tu re  was i l l u s t r a t e d  as shown in Fig.  6.5.  

Crystals of  po lyethy lene were also observed to undergo an 

orthorhombic-hexagonal phase t r a n s i t i o n  on heating (Ingram 

1970).

Fig.  6.5 Model o f  n-hexatr iacontane constructed by Dorset to 
evaluate the average c o n t r ib u t io n  of  und is to r ted  
and kinked chain segments to t o ta l  d i f f r a c t i o n  
p a t t e rn s .
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A s i m i l a r ,  but  i r r e v e r s i b l e ,  "quas i- thermal" e f fe c t  was found 

f o r  p a r a f f i n s  i r r a d i a te d  in the e lec tron  microscope (Dorset et 

al 1984b Dorset and Zemlin 1985). Thermal e f fe c ts  are 

a t t r i b u t e d  to  "gauche-trans-gauche” 1" kinks occuring in the 

chains which produce voids in  the chain-ends and cause the 

fad ing o f  the 001 r e f l e c t i o n s .  I r r a d i a t i o n  on the other hand 

may cause the format ion of  t rans -v iny lene  bonds which would 

have a s im i l a r  a t tenua t ing  e f f e c t  on the d i f f r a c t i o n  pa t tern ;  

g - t - g  " 1 k inks may also be present (Dorset, Holland & Fryer 

1984).

The phase behaviour o f  a large range of  n -p a ra f f i n s ,  from to

has been s tud ied by Schaerer et  al (1956), who found that

(a) the phase behaviour of  shor t -cha in  n-alkanes is  monotropic, 

and changes i n t o  an ena n t io t ro p ic  behaviour f o r  compounds with 

longer cha ins,  and (b) odd and even ser ies d i f f e r  in tha t  the 

change of  phase behaviour occurs at very d i f f e r e n t  chain 

lengths.  These authors constructed the diagram shown in Fig.

6 . 6 . ,  which shows the s t a b i l i t y  range of  each phase at a ser ies

of temperatures,  f o r  both odd and even hydrocarbons. For the 

odd alkanes, the phase change Sq — > S^, , where Sq  is  the 

s o l i d  phase which i s  s tab le  at low temperature ( te t ragona l ,  

monoc l in ic ,  or or thorhombic) and S ^  is  the s o l id  hexagonal 

phase, on ly  occurs below the melt ing po in t  (Sa — > L) f o r  

chains of  nine carbon atoms or more, and the range of  s t a b i l i t y  

of  the hexagonal phase increases as the chain length increases.



T °C

80

p>e <2

ms,

ms

-  20

-  40

- 50

- 70
- 80
- 90

-100
-110

-120
-130

-140

4 i  0 % 10012 o1.4 0 ̂  0 I8 01° 0 i2 0 24 0 26 o 2V U° 0 V 0 54 0 ̂
ms = melting point of metastable m o d i f i c a t i o n

Fig.  6.6 The phase behaviour of n-alkanes.
( a f t e r  Schaerer et a l )



For even-numbered hydrocarbons the shor test  chain at which a 

hexagonal phase is  stab le  is  C22, although Cl g , Clg and C2Q may 

form a metastable hexagonal phase.

In order to  represent the repeat ing u n i t  w i th in  the molecular 

chains themselves, Vand (1951) introduced the concept of  a sub- 

c e l l  which f o r  normal hydrocarbons has dimensions: 

a = 7.458 ; b = 4.978 ; c = 2.548

(Nyburg and Potworowski 1973) 

where the value o f  c represents a s ing le  "z ig -zag"  of  the 

methylene chain.  Vand demonstrated tha t  the s t ruc tu re  fac to r  

f o r  the whole c e l l  may be s p l i t  in to  con t r ibu t ions  from the 

subce l l s  and from atoms outside the subce l ls ,  and tha t  by 

s o lv ing  the s t ru c tu re  of  the comparat ively simple subcel l u n i t ,  

the phases o f  the main u n i t  c e l l  may be deduced.

A diagram o f  the (010) and (100) p ro jec t ions  of  an orthorhombic 

p a r a f f i n ,  w i th  the subcell  denoted, is  shown in Fig.  6.7 

( a f t e r  Teare 1959).

The essen t ia l  d i f fe rence  between an odd- and an even-numbered 

p a r a f f i n  was i l l u s t r a t e d  by Mul ler  (1929) in the fo l low ing  

diagrams (F igs .  6.8 and 6 .9 ) .  I t  is  assumed tha t  a l l  the 

molecules pack in  such a way that  the l inkage between the 

chain-ends form a centre of  symmetry, although th is  is s t r i c t l y  

t rue  only f o r  molecules which pack with the chains



c
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Fig.  6.7 The (100) and (010) p ro jec t ions of  orthorhombic para f f ins  
( a f t e r  Teare (1959). The "subce l l "  of  the z ig-zag is 
shown by dotted l ines .



F i g .  6 .8

odd even

Fig .  6.9

odd even

Figs.  6 .8 and 6.9
I l l u s t r a t i o n  of the d if fe re n c e  in symmetry 

between an odd and an even numbered p a ra f f in

c h a i n .
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perpend icu la r  to the plane of  the end-groups. I t  is  apparent 

tha t  f o r  the even-numbered chains,  every molecule is  re la ted to 

i t s  neighbour along the c-ax is  by a simple t r a n s la t io n ,  whereas 

f o r  the odd-numbered chains the t ra n s la t io n a l  r e la t io ns h ip  

holds on ly  f o r  every second molecule. A consequence of  t h i s  

i s  t h a t  the c -ax is  p e r i o d i c i t y  corresponds to one molecule's 

length f o r  even-numbered pa ra f f ins  but requires two molecules 

f o r  odd-numbered ones.

Piesczek e t  al (1974) i d e n t i f i e d  four temperature dependent 

polymorphs f o r  c r y s ta l s  of  CggHgg- The one occurr ing at the 

lowest temperature (T < 54.5°C) is  orthorhombic in shape and 

cons is ts  o f  u n i t  c e l l s  of  four  molecules each. A molecule in 

one laye r  i s  re la ted  to  an adjacent molecule in the next layer 

by a cent re  o f  symmetry.

In the higher-energy polymorph occurr ing at 54.5°C the packing 

w i th in  each layer  remains id e n t ic a l  but the stacking of  the 

layers is  changed. Two adjacent layers are now re la ted by a 

tw inn ing  plane and the u n i t  ce l l  becomes monoclinic.

At 65.5°C, surface s t r i a t i o n s  are observed on the c rys ta l  and a 

f u r t h e r  phase t r a n s i t i o n  takes place. The plane containing 

the chain-ends i s  no longer perpendicular to the chain axes, 

al though the subcell  remains orthorhombic. The angle formed 

between t h i s  plane and the chains is  18.5 , caused by a
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l o n g i tu d in a l  s h i f t  of  each chain by one subcell  repeat of 2.548

The f o u r th  m o d i f i c a t io n ,  where T > 68° is  described wi th less 

c e r t a in t y .  I t  may be t r i c l i n i c  or orthorhombic but is  not 

hexagonal al though the l a t t i c e  spacings approach hexagonal 

symmetry. The fou r  phases were labe l led  A, B, C and D

r e s p e c t i v e ly .

The defec t  s t ru c tu re  and phase behaviour of  n-C,,Hco was
JO bo

f u r t h e r  stud ied  by X-ray powder d i f f ra c tom e t ry  by Strobl  et  al 

(1974),  who d iv ided defect  types in to  three categor ies:

1. Chain r o ta t i o n s ,  which produce defects in the 

s u b - l a t t i c e ,

2. Longi tud ina l  s h i f t s  of  the chains;  the s u b - la t t i c e

remains pe r fe c t ,  and

3. D is rup t ion  of  the chain z ig-zag.

This study was complemented by tha t  of  Ewen et  a l ,  by i n f ra - re d  

and nuc lear  magnetic resonance spectrometry (1974). Their

r e s u l t s ,  taken toge ther ,  show the low-temperature polymorph A 

to be wel l  ordered w ith  no i n t e r f a c ia l  or in tracha in  defects.  

On warming, the polymorph B is  formed by the occurrence of  180 

r o ta t i o n a l  jumps; the lamel la r  s t ruc tu re  remains per fect  but 

the vo id  layer  between the lamel lae th ickens s l i g h t l y .  On 

changing to  C, the layers become obl ique as a resu l t  of  regular 

s tagger ing o f  neighbour ing planes. Thermal long i tud ina l
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motion enlarges the void layer beyond the normal H-H distance 

of  2.34$, and ro ta t io n a l  jumps are more ene rge t i ca l l y  

favourab le  in  t h i s  con f igura t ion  than in the rectangular one. 

The defec t  s t ruc tu re  a r is ing  from 180° ro ta t iona l  jumps 

fo l lowed by lo n g t i t u d in a l  s h i f t s  over the distance of one CH2 

repeat in  m od i f i ca t ion  'C' is  i l l u s t r a t e d  in Fig. 6.10. A l l  

three clases of  defect  appear in the " r o ta to r  phase" D, in 

which in t ra c h a in  defects cause the overa l l  layer spacing to 

increase ,  and in t ram o lecu la r  defects d i f fuse  along the chains. 

The f i r s t  two forms of  motion also become more continuous in 

charac ter .

6.3 So l id  So lu t ions .

Once the packing behaviour f o r  pa ra f f ins  over a wide range of  

chain lengths was es tab l ished,  the next question to in te re s t  

many authors was tha t  of  the packing of  so l id  so lu t ions :  how

does the presence of  a small amount of  a homologue of  the same 

or d i f f e r e n t  symmetry a f f e c t  the a b i l i t y  of  the pa ra f f in  chains 

to  c lose-pack ,  and how much of  a d i f fe rence in chain length is  

t o le r a b le  before the format ion of  a t rue so l id  so lu t ion  becomes 

unfavourable?

K i ta ig o ro d s k i i  (1973) stated tha t  organic so l id  so lu t ions were 

a l l  o f  the s u b s t i t u t io n a l  type, tha t  i s ,  a solute molecule 

takes the place of  a sol vent molecule in the l a t t i c e ;  i t  was 

be l ieved th a t  due to the small size of  the voids in an organic



Fig 6.10 Defect structure in the l a n e l U r  interface arising 
from "flip -flop" screw motions.

( a f t e r  Strobl  et  a l )
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c ry s ta l  compared to the volume occupied by the molecules, 

i n t e r s t i t i a l  so lu t ions  were l i k e l y  to be very rare i f  they 

ex is ted  at  a l l .  In a l a t e r  book, the same author (1984) 

discusses in c lu s io n  complexes and c la th ra tes ;  however, many of  

these substances do not combine in cont inuously var iab le  

p ropo r t ion s ,  and so cannot be c la s s i f ie d  as t rue  s o l id  

s o lu t i o n s .  For the study of  pa ra f f ins  only t rue subs t i tu t ion a l  

s o l i d  so lu t ions  need be considered.

In â review of  the sub jec t ,  Mnyukh (1960) gives two basic 

cond i t ions  f o r  s o l id  so lu t ion  format ion in pa ra f f ins :  

f i r s t l y ,  there should not be a large d i f fe rence in the chain- 

lengths o f  the components, and secondly, only those para f f ins  

which e x h i b i t  the same symmetry of  subcell  packing may form 

cont inuous s o l i d  so lu t ions .  This second condi t ion precludes 

s o l i d  s o lu t i o n  format ion between even- and odd-chain molecules.

As a t h i r d ,  more general,  ru le  fo r  r e s t r i c te d  s o l u b i l i t y ,  

Mnyukh also states tha t  "under otherwise s im i la r  condi t ions,  

n - p a r a f f i n s  w i th  shor ter  chains w i l l  d issolve in n -para f f ins  

w i th  longer chains,  whi le preserving the s truc ture  

(m o d i f i c a t io n )  of  the so lvent ,  to a greater extent than in the 

reverse case".
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In 1933, Slagle and Ott  examined mixtures of f a t t y  acids by X- 

ray d i f f r a c t i o n  methods and found evidence fo r  at least  p a r t ia l  

s o l i d  s o lu t i o n  format ion fo r  molecules wi th up to 8 carbon

atoms' d i f fe re n c e  in chain length. In some cases, f o r  example 

the C ̂ q/C12 mix tu re ,  a two- l ine  pattern was observed, 

corresponding to  a metastable m od if ica t ion ;  the l ines merged 

a f t e r  the c r y s ta l s  had been l e f t  standing fo r  two weeks.

So l id  so lu t ions  were also observed of  mixtures cons is t ing of  

several  components, a l l -even ,  a l l -odd ,  and an equimolar mixture 

of  a l l  the f a t t y  acids from C^q to C^g inc lus ive .

Where the molecules are of  d i f f e r e n t  lengths, i t  is  the

s t ru c tu re  o f  the planes on which the chain-ends l i e  which is  of 

most importance, as i t  is  here tha t  the d i f fe rence in chain 

length must be accommodated. I t  is  the behaviour of  the

chain-ends and cha in - fo lds  which characterises the d i f f e r e n t  

packing theor ies  f o r  l i nea r  polymers, and pa ra f f in  so l id

so lu t ions  are of ten studied as models fo r  polymer systems

(Dorset 1985, Asbach et  al 1979, Ke l le r  1960).

Asbach et  al (1979) constructed two possible models f o r  the 

arrangement of  the d i f f e r i n g  chain lengths in so l id  so lu t ions .  

In one, the chains are arranged in such a way tha t  one end of  

each shor t  molecule may pack level  wi th the ends of  the longer 

chains,  leaving a void at the other,  or both ends of  the short
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chain may f a l l  shor t  of  the longer chain-ends. Translat ions of  

the shor t  molecule p a ra l le l  to the longer ones are permissible.  

In the second model, which the authors consider to be more 

l i k e l y  when the shor te r  component is  predominant, the longer 

chains may take on a "gauche" conformation at t h e i r  ends, 

causing kinks which p a r t i a l l y  occupy the voids and al low a 

dense packing between the c rys ta l  lamel lae.

So l id  so lu t ions  of  C24H50 /  were observed to f rac t io na te

at room temperature, but comparison between r e f l e c t i o n  

i n t e n s i t i e s  from the lamel lae and from the subcells fo r

^28H5 8 ^ 3 2 H66 led ^ e conc1us1on tha t  the two components are

randomly d i s t r i b u te d  in the lamel lae and that  voids at the 

chain-ends are compensated by t ran s la t io ns  of  the shor ter 

chains.  Only even-even mixtures were considered.

X-ray powder methods cannot i d e n t i f y  defects in the i n t e r i o r  of  

the cha ins,  where the molecules depart from the postulated a11 - 

t rans conformat ion.  Dorset (1985) used electron d i f f r a c t i o n  

techniques to  in ves t iga te  the crys ta l  s t ructures  of  even-even 

and odd-even p a ra f f i n  mixtures in the Okl o r ien ta t ion .  The

p a ra f f i n s  studied were ^33H68 and ^36H74’ a11 which

were found to c r y s t a l l i s e  in to  the orthorhombic polymorph.

Long spacings o f  s o l id  so lu t ions of  C32/C36 and C33/C36 of  

var ious composi tions were measured, and p lo t ted  against the 

mol e-percentage of  C35H74 present. Most of  the values lay
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above the s t r a i g h t  l i ne  jo in in g  the values fo r  the two 

components. This was the case both fo r  the odd-even and the 

even-even systems. The presence of  kink defects was

i d e n t i f i e d  but i t  was not possible to compare the defect  

concentra t ion  o f  s o l i d  so lu t ions wi th s in g le -p a ra f f in  c rys ta ls .  

I t  was also shown tha t  lo ng i tud ina l  t rans la t ions  of  the shor ter 

chains occur only w i th in  the length of  the longer chains.

Dorset concluded tha t  although symmetry considerat ions preclude 

s o l i d  s o lu t i o n  format ion between odd and even para f f ins  in 

t h e i r  lowest energy forms, mixing is  permissible i f  a higher-  

energy polymorph of  the odd-chain pa ra f f in  is  adopted, in t h is  

case the ' B1 form described by Piesczek et al fo r  C33H68‘

6.4 Vegard's Law.

The v a r i a t i o n  in l a t t i c e  spacing with composition of  ser ies of  

s o l i d  so lu t ions  was f i r s t  examined by L. Vegard (Vegard & Dale 

1928), who made his measurements on mixtures of metals such as 

copper and coba l t ,  and copper and gold,  and on mixed n i t ra tes  

such as Pb(N03) 2 /  Ba(N03)2 . His resu l t s  show a tendency of  

the l a t t i c e  spacings to expand in a l inea r  fashion between the 

values f o r  the two pure components, and such behaviour has come 

to be known as Vegard's law. Some systems may deviate from 

t h i s  p a t te rn ,  and the forms tha t  these var ia t ions  may take are 

i l l u s t r a t e d  in Fig.  6.11. Vegard & Dale noted a s l i g h t  

p o s i t i v e  dev ia t ion  in the Cu/Au system but of fered no 

exp lanat ion f o r  i t .



AB mixture

d'A

100 ̂ A

(a) Expansion of  a c e l l  dimension wi th change in 
composi tion according to Vegard's law

(b) Pos i t ive  dev ia t ion from Vegard's law

(c) Negative dev ia t ion from Vegard's law. 

Fig.  6.11
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A t t r a c t i v e  or repu ls ive forces between the components of  the 

s o lu t i o n s ,  and inhomogeneity of the so l id  formed on cool ing the 

melt may be the causes of  dev iat ions from l inea r  expansion of 

s o lu t ions  of  metal oxides (West 1984).

The behaviour of  p a ra f f i n  s o l id  so lu t ions wi th regard to 

Vegard's law has been inves t iga ted  by Ret ief  et  al (1985), by 

X-ray powder d i f f ra c to m e t ry  and by Dorset (1985, 1987) by 

e lec t ron  d i f f r a c t i o n .  Re t ie f  et  al measured a steady increase 

in the c -ax is  of  a ^23^^25 system as the proport ion of  the 

longer molecule rose, f l a t t e n in g  o f f  at about 80%; i t  appears 

tha t  a small p roport ion  of  a shorter  chain has l i t t l e  e f fe c t  in 

a predominant ly long-chain c rys ta l  whereas the presence of a 

longer molecule causes the c-ax is  to expand. An increase in 

both a and b was also recorded, the e f fe c t  being more rapid 

when a long molecule was added to a predominantly short-chain 

p a r a f f i n ,  and t h i s  was a t t r ib u te d  to protrusions or kinks in 

the molecules near the chain-ends.

Dorset found th a t  f o r  the systems fo r  each r a t i o  of

components, the value of  the C/2 spacing lay above the level 

represented by Vegard's law and tha t a step func t ion  could be 

superimposed on the values. This was a t t r ib u te d  to changes in 

the packing o f  the molecules as the composition of  the so lu t ion 

changes; at  some compositions more than one crys ta l  s t ruc ture  

was found to  be assumed by the c rys ta l  aggregate.
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CHAPTER 7: THE PARAFFINS: RESULTS and DISCUSSION.

7.1 Low Magn i f ica t ion  Images of  Para f f ins  in the hkO 

O r ie n ta t io n .

Plates 4 to  6 show micrographs taken at  a magni f icat ion of  less 

than 10,000X of  C44Hgo> C6QH122 and Cg2H166 pa ra f f ins  

c r y s t a l l i s e d  from so lu t ion .  In general these are f l a t  

monolamellar  lozenges with angles of  67° and 113°, although 

some show v a r ia t io n s  in contras t  across sect ions and some show 

evidence of  bend contours or growth steps. Only Cor,
o c.

occas iona l ly  e x h ib i t s  the s t r i a t i o n s  in the <130> d i rec t ion  as 

repor ted by Dorset (1985) and as shown in Plate 6 . The reason 

f o r  the appearance of  these s t r i a t i o n s  has not been explained 

in the l i t e r a t u r e ,  although Dorset has compared them to the 

<130> l i n e s  found on col lapsed polythene lozenges (Bassett et 

al 1963). I t  was hoped that  image processing techniques 

app l ied to  low-dose l a t t i c e  images of  the hkO pro jec t ion  of  Cg2 

c r y s ta l s  in Section 7.3 of  t h is  thesis might supply an 

exp lanat ion f o r  the phenomenon, but the resu l t s  in t h is  chapter 

shed no f u r t h e r  l i g h t  on the matter.

As demonstrated in  Plate 7, the bend contours on the crys ta l  

change, loss of  cont rast  occurs and eventua l ly  surface de ta i l  

fades on exposure to the electron beam. In order to f ind  out 

whether, in the images e x h ib i t i n g  <130> s t r i a t i o n s ,  de ta i l  had 

al ready been destroyed by the time room-temperature
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images had been taken, micrographs of  C00H1cc were recorded inoc loo

the JEOL 100B at  181K and then at room temperature a f te r  

coo l ing .  The same d e ta i l s  were v i s i b l e  on the face of  the

c ry s ta l  at  each temperature,  and no change was observed in the 

e lec t ron  d i f f r a c t i o n  pattern (Plate 8 ).

7.2 - High Resolution Electron Microscopy of  Para f f ins  in the 

hkO O r ien ta t ion .

At room temperature, the electron dose required to o b l i t e ra te  

the d i f f r a c t i o n  pat tern of  a pa ra f f in  crys ta l  in the hkO 

o r ie n ta t i o n  was of  the order of  0.02 C/cm^ (12e~/8^). 

According to  the Rose equat ion,  t h i s  number of e lectrons w i l l  

reso lve a 288 po in t  separation at best . La t t ice  reso lu t ion

w i l l  be higher  f o r  a given electron dose; however, in reading

t h i s  f i g u r e ,  a 100% electron u t i l i s a t i o n  has been assumed and a 

con t ras t  value of  5%. The dimensions of  the un i t  ce l l  in the 

hkO p ro je c t io n  o f  an n -p a ra f f in  c rys ta l  are 7.458 x 4.978, well  

below the th e o re t i c a l  reso lu t ion  l i m i t .

Two poss ib le  ways of  improving the a t ta inab le  reso lu t ion are:

1. Decrease the acceptable signal to noise r a t i o  by 

employing image processing techniques (S/N= 1 

gives a minimum resolvable spacing of  5. 88), and

2. Lower the specimen temperature to increase the 

number of  inc ident  electrons which can be to le ra ted 

by the s t ruc tu re .
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A number of  p a ra f f i n  c rys ta ls  were prepared from hexane 

s o lu t io n  and examined in the helium cooled specimen chamber of 

a cryo e lec t ron  microscope at about 15^K. The mini mum dose 

technique was employed as described in Section (3 .2 ) .  The 

p a r a f f i n s  were C ^ ,  C60H122 and C ^ H ^ .  These

were i r r a d i a te d  at  a dose rate of  l e ‘ / 82 per second, and fo r  

each exposure the t o ta l  in c iden t  dose was 12e~/82. Dorset and 

Zemlin (1985) have demonstrated tha t  at t h i s  value the re la t i v e  

i n t e n s i t i e s  of  the beams c on t r ibu t ing  to the image are s t i l l  

constant enough to  give a v a l id  s t ruc tu re  w i th in  the reso lu t ion  

l i m i t  at  the 020 r e f l e c t i o n s .

The signal  to noise r a t i o  was such tha t  no contrast  was v i s i b l e  

to the eye; however, the resolved p e r io d ic i t y  was detected by 

op t i c a l  d i f f r a c to m e t r y  and the patterns obtained are shown in 

Plates 9 and 10. The highest frequency resolved is  2.488 * as 

shown by the appearance of  the (020) r e f l e c t io n s ;  although 

t h i s  leve l  of  reso lu t ion  was rare fo r  para f f ins  and was not 

detected by subsequent microdensitometry of  the p la te ,  1n 

p r i n c i p l e  i t  should be possible to form reconstructed images 

w i th  2.488 d e ta i l  from the noisy image.

Opt ical  d i f f r a c to m e t ry  also provided a method of  detect ing 

loca l  changes in  o r ie n ta t io n  or bends in the c ry s ta l .  Series 

of  o p t ic a l  d i f f r a c t i o n  patterns taken a known distance apart 

across low dose micrographs of  monolamellar pa ra f f in  c rys ta ls
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showed th a t  f o r  pure pa ra f f ins  and fo r  so l id  so lu t ions ,  the 

o r ie n ta t i o n  showed no measurable change in the xy plane over a 

dis tance of  one micron. However, bends in the z d i rec t io n  can 

be detected by changes in the i n te n s i t y  of  the d i f f r a c t i o n  

sp o ts .

Plate 11 shows a ser ies of  e ight  op t ica l  d i f f ractograms of  a 

micrograph o f  a s o l i d  so lu t ion  of  C33/C3g, mole r a t i o  2 : 3 .

The m agn i f i ca t ion  of  the negative was 60,000x and the diameter 

of  the i l l u m in a t i o n  spot 12 mm, which corresponds to a diameter 

o f  2,OOo8 and a sample of  8.4 x 10^ un i t  c e l l s .  The patterns 

represent e igh t  adjacent areas wi th centres 1 ,600& apart ,  so 

the areas over lap.  The 200 spots are most intense at Plates c 

and f  but  these planes appear to bend out of  the d i f f r a c t i n g  

angle in  Plates a, b and h.

This observat ion is  comparable to tha t  of Downing and Glaeser 

(1986) who found va r ia t io ns  in op t ica l  d i f f r a c t i o n  in te n s i t y  

f o r  p a ra f f i n s  when a ser ies of  2 ,0008 diameter areas was 

i l l u m in a te d .  They reported tha t  when a much smal ler  beam- 

diameter was used dur ing microscopy, the s ix d i f f r a c t i o n  spots 

stayed constant over several areas of  c rys ta l  image, and 

i n t e r p r e t  t h i s  as support ing Henderson and Glaeser's theory 

(1985) t h a t  beam-induced movement is  an important fac to r  in the 

loss of  con t ras t  of  beam-sensi tive specimens in the electron 

mi croscope.
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These bends in  the c rys ta l  are not apparent in the f i l t e r e d  

images descr ibed in the next sect ion,  but the areas sampled fo r  

image processing were much smal ler  than the comparat ively 

coarse sampling of  these op t ica l  d i f f ractograms.

7.3 - Image Processing of  Para f f ins  (hkO O r ien ta t ion ) .

This was ca r r ied  out as discussed in Section 3.4,  and the

micrographs chosen were those showing the highest reso lu t ion

d e ta i l  from the op t ica l  d i f f r a c t i o n  res u l t s .  In B e r l in ,  the

window-size used had a radius of  3 p ic tu re  elements ( " p i x e l s " ) ;

t h i s  was considered large enough to include the whole

d i f f r a c t i o n  spot w i thout  inc lud ing too much background noise.

Some of the r e s u l t in g  Four ier  reconst ruct ions are shown in

Plates 12 to  15. These are of  the pure para f f ins

nCcnH-»oo and nCnnH. r-r j and the o r ig in a l  images were taken at 60 122 82 166

low con t ras t  and low temperature on the superconducting helium- 

cooled microscope, at  a magni f icat ion of  60,000. Two so l id  

s o lu t i o n s ,  c r y s t a l l i s e d  in the same manner, were also included 

f o r  comparison; C32H66/C36H74 (60% C36) and (60%

C36>-

I t  appeared from these reconstruct ions that  a cer ta in  domain 

s t ru c tu r e ,  g iv ing  a contras t  change every few l a t t i c e s  and 

forming lozenge-shaped areas, existed in the c ry s ta l .  A 

fea ture  resembling a defect is  h igh l ighted in Plate 12.



129

Zemlin et  al (1985) reconstructed an image of C^Hgg by cross­

c o r r e la t i o n  averaging and by Four ier  f i l t e r i n g  and found an 

edge d i s lo c a t i o n  in  the reconstructed image.

Four ie r  f i l t e r e d  reconst ruc t ions of  atomic reso lu t ion  images of  

TaS2 and MgO have been published by Tomita et  al (1985). The 

reconst ruc ted images show a remarkably s im i la r  s t ruc ture  to 

those o f  the p a ra f f in s  and the authors a t t r i b u te  the va r ia t io n  

in  con t ras t  to  the modulation of  the semiconductor s t ruc tu re  by 

charge-dens i ty  waves. The purely organic para f f ins  however, 

are not semiconductors and so another explanation had to be 

found f o r  the contrast -changes. Now, in a recent paper, 

Pradere et  al (1988) have demonstrated tha t  noise being 

f i l t e r e d  through a large window in the reconstruct ion  procedure 

may give r i s e  to  a "defect "  s t ruc tu re  which is  not related  to 

the o r ig i n a l  c rys ta l  s t ruc tu re .

A new recons t ruc t ion  was performed on the same micrographs as 

descr ibed above by means of  an Optronics densitometer wi th a 2Sfi 

ra s te r  by Dr. Douglas Dorset at the Medical Foundation of 

Bu f fa lo .  The res u l tan t  images (Plates 16 and 17) show c le a r l y  

tha t  as the window-size of  the masking func t ion  is reduced from 

f i v e  to  one p ic tu re  element, the contrast  changes become less 

marked and a per fec t  l a t t i c e  emerges. When the mask size is 

one p i c tu re  element, much de ta i l  is  los t  due to the averaging 

over the whole image. However, changes in contras t ,  i f  they
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ex is ted  in the o r ig in a l  micrograph, should s t i l l  appear in the 

recons t ruc t ion  as the phase in format ion is preserved in t h is  

type o f  recons t ruc t ion .  I f  there had been bends in the 

c r y s t a l ,  the i n t e n s i t y  of  the s ix  peaks of  the t ransform, which 

i s  the f i r s t  stage of  recons t ruc t ion ,  would d i f f e r  and the bend 

contours would appear on the f i l t e r e d  image. These however do 

not appear, and the s t ruc tures seen on the coarser 

recons t ruc t ions  can be a t t r i b u te d  to an a r te fac t  of  the image 

processing technique.

7.4 - Four ie r  Reconstructions of  Para f f ins  in the Okl 

O r ien ta t ion .

The same image processing procedure as was used fo r  the 

s o lu t i o n  grown p a ra f f in s  was applied to the e p i t a x i a l l y  formed 

ones. In t h i s  case the l a t t i c e  s t ruc tu re  was v i s i b l e  on the 

o r i g i n a l  micrographs, which are described fu r the r  in Section 

7 .5 ;  the defect  densi ty is  more apparent from the 

reconst ruc ted images. Areas of  micrographs which showed high 

order d i f f r a c t i o n  spots were chosen fo r  densitometry,  and 

windows were formed at the peaks of  the Fourier t ransform as 

b e fo re .

Images were reconstructed of  the pure para f f ins  £32^55* ^33^53 

and C36H?4, and of  the s o l id  so lu t ions C32/C3g and C33/C3g in 

the mole r a t i o s  1 : 9, 1 : 3, 1 : 1, 3 : 1 and 9 : 1. Defects 

in the c ry s ta l  s t ruc tu re  are seen to be more numerous in t h is
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o r ie n ta t i o n  than in the hkO; the e f fec ts  of voids or kinks at 

the chain-ends are more apparent when the c-axis is on view 

than on look ing down the chains of  a monolamellar c r y s ta l .

A much la rge r  number of  areas would have to be d i g i t i s e d  and

the number o f  defects counted before a q u a n t i ta t i v e ,

s t a t i s t i c a l  account could be given of  the defect  densi ty f o r

each s o l i d  so lu t ion  at  each mole r a t i o ,  but a q u a l i t a t i v e

inspec t ion  of  the reconstructed images ind icates tha t  pure

p a ra f f i n s  have very few defects,  perhaps one pa i r  in 30

l a t t i c e s .  The 1 : 1 mixture of  C^2 and C^g also appears to be

almost f ree  of  defects.  Other ra t io s  of  components vary

w ide ly ;  s l i g h t  va r ia t io ns  in c r y s t a l l i s a t i o n  condi t ions

probably have a large e f fe c t  on the degree of  per fect ion  of  the

c r y s t a l ,  and the exact rate of  cool ing of  the c rys ta ls  during

the e p i t a x ia l  growth process is  d i f f i c u l t  to con t ro l .  I t  might

be expected tha t  defects would be concentrated where a small

p ropor t ion  of  a long pa ra f f in  was present in a mixture wi th a

predominant ly shor te r  one, but t h is  does not necessar i ly  appear

to  be the case. The number of  defects in an area of  2.5 x

10682 (30 l a t t i c e s  across) ranges from 0 to 20 in four samples

of C „ / C , c w i th  a mole r a t i o  9 : 1 .  A 7.44 x 10^82 area of  a 
33 36

3 : 1 mixture of  £33/^35 contains no defect at a l l .
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Three examples of  reconstructed Okl images are shown in Plate 

18:

(a) i s  of  pure

(b) i s  a C32/C35 (3 : 1) s o l id  so lu t ion ,  and

(c) i s  a ^ 32^^36 ^  ^  s o l id  so lu t ion .

The other  recons t ruc t ions  in the two ser ies have a s im i la r  

appearance, and no p a r t i c u la r  pattern emerged from the

v a r i a t i o n  in  composi tion of  the s o l id  so lu t ions .

Two pa i rs  of  d is loca t ions  are marked with arrows. The nature 

of  these d is loc a t ions  cannot be determined from two-dimensional 

p ro je c t io n s ,  but i t  can be seen that  where one d is loca t ion  

occurs, another occurs in the opposite sense to reduce the

s t r a i n  on the l a t t i c e .  From inspect ion of  the d is loca t ions  in 

20 reconst ruc ted images, i t  is  observed that  the pairs of

defects occur at  a mean distance apart of  4.3 l a t t i c e s ,  wi th 10 

l a t t i c e s  being the widest observed gap.

One problem is  the appearance of  contrast  va r ia t ion  in the 

reconst ruc ted images. In the previous section i t  was shown

th a t  con t ras t  changes may be an a r te fac t  of  the Fourier

recons t ru c t ion ,  a r i s in g  from the window-size used in f i l t e r i n g .  

I f  t h i s  i s  the case in these Okl images, then the defects

occurr ing  in them may also be an a r te fa c t ,  as these are always 

s i tua ted  in  areas of  poor cont ras t ,  as demonstrated in Plate 18 

but observed throughout the ser ies .
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7 . 5 -  High Resolut ion Imaging of  Para f f ins  in the Okl 

O r ie n ta t io n .

These specimens were prepared as discussed in Section 4.4, and 

micrographs were taken at room temperature on the JEOL 100B and 

100C, and cooled by l i q u i d  ni t rogen in the "Deeko 250" 

(operated at  lOOkV). Micrographs of  the pure pa ra f f ins  are 

shown in  Plates 19 to 23, at an i n i t i a l  magni f icat ion of  

17,000X. In general ,  these c rys ta ls  are long and lath-shaped. 

They do not c r y s t a l l i s e  in a monolayer l i k e  the hkO or ien ta ted 

c r y s ta l s ,  because of  the stronger van der Waals forces along

the length of  the chain,  so th ic k  areas can been seen by t h e i r

darker c on t ras t .

L a t t i c e s  corresponding to the c/2 axis of  the un i t  ce l l  can be 

seen c l e a r l y ;  t h e i r  spacings, which are determined by the 

chain length o f  the p a ra f f i n  molecules, vary wi th the specimen, 

and were conf irmed by measuring t h e i r  l i g h t  op t ica l  d i f f r a c t i o n  

pa t te rns .  I t  was qu i te  feas ib le  to record images at room 

temperature because the required magni f icat ion is  comparatively 

low. Plate 21 however, was taken on the "Deeko 250"

microscope at  190K and shows a s ingle  crys ta l  of  The

o p t ic a l  t ransform ind ica tes  a reso lu t ion  of 22& (the l a t t i c e

re s o lu t i o n  of  t h i s  microscope is  approximately 208). The 

e lec t ron  d i f f r a c t i o n  pattern of  a ^35*^74 crys ta l  is  also shown 

(P la te  20b). I t  is  t yp ica l  of  pa ra f f in  c rys ta ls  in th is  

o r ie n ta t i o n .  The row of  001 spots represents the in te r lam e l la r
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spacing wh i le  the wider-angle re f l e c t io n s  ar ise from the

"subce l1".

Attempts to  image at  high magni f icat ion the second,

perpend icu la r ,  l a t t i c e  of  58 corresponding to the b-axis of  the 

u n i t  c e l l  were not successful .  One reason fo r  t h i s  is  tha t  

the i n t e n s i t y  of  the i l l u m in a t io n  required would be too high. 

A second i s  t h a t  the phase contras t  t ran s fe r  func t ion ,

ca lcu la ted  f o r  several defocus values, does not favour the 

re s o lu t i o n  o f  two such wi dely di f f e r i n g  spacings 

s imul taneous ly .

7.5 ( i ) - The Pure Pa ra f f ins .

Plate 19 shows an areas of  a c rys ta l  of  " ^ ^ g g *  The

molecules have c r y s ta l l i s e d  in s t ra ig h t  rows, wi thout  evidence 

of  the undulat ions which are apparent in phospho- l ip id c rys ta ls  

(Fryer & Dorset 1987). The ma jo r i ty  of  the chain ends must be 

packed in  one plane, wi thout  s ig n i f i c a n t  la te ra l  t rans la t ions  

along the chain ax is .  There are v i s i b l e  changes in the 

d i r e c t io n  of  the l a t t i c e s ,  however, wi th what appear to be 

amorphous regions in between. An example of  one of  these 

amorphous regions is  marked on the Plate;  i t  forms a wedge- 

shaped d i v i s i o n  between the c r y s ta l l i n e  regions, the la t t i c e s  

of  which undergo an 18° change in d i re c t io n .  Measurements of 

other  areas of  C32 show that  these changes in d i rec t ion  are not 

always at  a constant angle, so ep i ta x ia l  c r y s ta l l i s a t i o n  of  the
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p a r a f f i n  along one p a r t i c u l a r  face of  anothar pa ra f f in  c rys ta l  

seems u n l i k e l y .  The change in o r ien ta t ion  of the pa ra f f in  may 

be f o l l o w in g  a change in o r ie n ta t io n  of  the benzoic acid on 

which i t  was c r y s t a l l i s e d .

There may also be a screw-type d is loca t ion  occurr ing in the 

c r y s t a l ,  al though t h i s  cannot be confirmed with only a two-

dimensional p ro je c t ion  as evidence. The tapered, apparent ly 

amorphous regions may consis t  of  planes of  molecules which are 

t i l t e d  s l i g h t l y  out of  the Bragg angle, thus preventing them

from s c a t te r in g  in  phase.

Plates 20 and 21 show areas of  nCocH-,.. Like C00Hcc , th is36 74 32 66

p a r a f f i n  c r y s t a l l i s e s  as a monoclinic un i t  c e l l .  These areas 

also show long bands of  l a t t i c e s  wi thout  the changes in

o r ie n ta t i o n  v i s i b l e  on the previous Plate.  Several smal ler

changes are v i s i b l e  however; an example is  h igh l igh ted  in 

whi te on Plate 21(b) .

Examples of  odd-numbered chains wi th orthorhombic un i t  c e l l s ,

C,-Hco and C , ,H ,c , are shown in Plates 22 and 23 respec t ive ly .  
33 68 37 76

As w i th  the C-,c , the c rys ta l  l a t t i c e s  run in a s t ra ig h t  l i ne  
3b

w i thou t  change in o r i e n t a t i o n , but not always cont inuously.  

This makes i t  u n l i k e l y  tha t  a d i f fe rence in c rys ta l  symmetry or 

chain-end packing is  the cause of  the changes in o r ien ta t ion  in 

some c r y s ta l s ,  but not in others.
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A twin boundary can been seen in the micrograph of  C H and
37 76 *

is  marked by arrows.

7.5 ( i i ) - So l id  So lu t ions.

As descr ibed in  Section 6.3,  mixtures of  two pa ra f f ins  wi th 

d i f f e r e n t  cha in- lengths c r y s t a l l i s e  to form s o l id  so lu t ions .  

The specimens are prepared fo r  microscopy in exac t ly  the same 

way as the pure p a ra f f i n s .  Both even-even and even-odd pairs 

of  p a ra f f i n s  were examined, in varying proport ions.  A 

discuss ion o f  the l a t t i c e  dimensions of  the c rys ta ls  fo l lows in 

Section 7.6.

(a) C37H76/C38H78

The d i f fe re n c e  in  cha in- length between the two components of 

t h i s  p a i r  i s  only 1.278. A source of  possible

i n c o m p a t i b i l i t y ,  however, l i e s  in the symmetry of  t h e i r  un i t  

c e l l s ,  and the d i f fe rence  in chain-end packing. Plate 24 

shows a l a t t i c e  image of  a 1 : 1 so lu t ion of  t h is  pa i r .  The 

l a t t i c e s  run s t r a i g h t  wi thout  changes in o r ien ta t ion ,  but wi th 

the defects found in a l l  of  the pa ra f f in  samples studied. I t  

is  d i f f i c u l t  to count defects accurately from such a 

micrograph, but the concentration appears to be no higher than 

in the pure p a ra f f i n  samples. Measurement on an opt ica l  

bench of  d i f f r a c t i o n  patterns of  areas sampled over the 

negat ive shows a constant d-spacing, in d ica t ing  tha t the t rue 

s o l id  s o lu t io n  seems to have formed.
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(b) ^32H66//^36H74 (even_even)-

Images of  t h i s  pa i r  are shown in the fo l low ing plates:

P la te  25 : Ratio of  components - 3 : 2

P la te  26 and 27: Ratio of  components - 1 : 1

Plate 28 : Ratio of  components - 2 : 3

Plate 29 : Ratio of  components - 1 : 4

Each of  the components of  t h i s  pa i r  has the same symmetry

(monoc l in ic )  so i t  would be expected tha t  they would form a

cont inuous s o l i d  s o lu t ion .

The same type of  l a t t i c e  is  v i s i b l e  as in previous plates -

s t r a i g h t  p a r a l l e l  l i n e s ,  wi th spacings intermediate to the two 

pure components, w i th loca l i sed  defects in the l a t t i c e  and 

amorphous regions in te r r u p t in g  the l a t t i c e .  Only a small 

c r y s t a l l i n e  area was found of  the 2 : 3 r a t i o .

Only in  the s o l i d  so lu t ion  where the ra t io s  are 1 : 1 was there 

evidence of  a change of  o r ien ta t ion  in the l a t t i c e ,  as well  as 

tw inn ing  o f  c r y s ta l s ;  the c rys ta l  in plate 27 makes an angle

here of  15° and there is  no amorphous boundary region, the 

l a t t i c e  making a continuous bend.



138

1 : 9 

1 : 4 

1 : 3 

1 : 1 

3 : 1 

9 : 1

The components of  t h i s  ser ies of  s o l id  so lu t ions have d i f f e r e n t  

u n i t  c e l l  symmetries; according to Mnyukh they should 

c r y s t a l l i s e  separa te ly .  However, e lectron d i f f r a c t i o n  studies 

(Dorset 1985) and the op t ica l  analysis of  the above Plates show 

th a t  they do form s o l id  so lu t ions at var ious ra t i o s .

In Plates 30 and 31, the longer component is well in excess, 

and the shor te r  component is  expected to leave voids at the 

chain ends. The l a t t i c e s ,  however, appear as in previous

p la tes  w i thou t  any features to d is t ingu ish  them from the pure 

p a r a f f i n s .  Plate 30, which is  a smaller  enlargement, shows

c le a r l y  the lath-shaped form of c rys ta ls  grown by the ep i ta x ia l  

method. Plates 32 and 33, of  C33 and C3g in the r a t i o  1 : 4 

show s t e p - l i k e  growth at the edge of  a c ry s ta l .

(c) C33H68 36H74*

Images of  these are shown as fo l lows:

Plates 30 and 31 : Ratio of  components -

Plates 32 and 33 : Ratio of  components -

Plate 34 : Ratio of  components -

P la te  3 : Ratio of  components -

Plates 36 and 37 : Ratio of  components -

Plate 38 : Ratio of  components -



139

The p a i r  of  components wi th C33 : C3g in the ra t i o  1 : 3 (Plate 

34) again has s t r a ig h t  l a t t i c e s  which show s l i g h t  changes in 

o r i e n t a t i o n ,  and which are best v i s i b l e  wi th the page held 

h o r i z o n t a l l y  to  the eye.

Pla te  35 shows a region of  the equimolar so lu t ion of  t h i s  

p a r a f f i n  p a i r ,  showing a twin boundary which f in ishes  in a 

s p l i t  in  the c r y s t a l .

The 3 : 1 blend of  components (Plates 36 and 37) behaves

s l i g h t l y  d i f f e r e n t l y .  The la t t i c e s  run in an almost constant 

o r i e n t a t i o n ,  except tha t  in one region (Plate 37) there is  a 

ser ies  o f  sideways displacements of  the rows which appear as 

sketched below.

Sometimes there appears to be no break in the l a t t i c e ,  and in 

some cases a defect  is  v i s i b l e  resembling an edge d is loca t ion .
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Each l a t t i c e  l i n e  represents the end plane of  an array of  

p a r a f f i n  chains packed side by s ide; the d is c o n t in u i t ie s  may 

be the r e s u l t  o f  la te r a l  t ra n s la t io n s  of  chains:

With shor t  s t r a i g h t  l i nes  represent ing the molecular chains, a 

poss ib le  representat ion of  the c rys ta l  is  sketched below:

ii

Plate  38 i s  the same pa i r  o f  pa ra f f ins  in a 9 : 1 r a t i o .  The

features  o f  the micrographs are j u s t  as before,  in sp i te  of  the
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f a c t  t h a t  the shor te r  chain is  now in excess and the longer 

chain must accommodate i t s e l f  in to  the l a t t i c e .

There i s  no evidence from these l a t t i c e  images of  any 

separat ion  o f  the components of  a so l id  so lu t ion on 

c r y s t a l l i s a t i o n .  I t  appears from opt ica l  bench analysis of  

the negat ives,  in  which the spacing is  intermediate to the two 

pure p a r a f f i n  chains and does not vary over the area of  the 

negat ive ,  t h a t  the two d i f f e r e n t  pa ra f f in  chains occupy s i tes  

at  random in  the c r y s ta l ,  and do not have a tendency to pack 

" l i k e - w i t h - l i k e " .
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7.6 - Changes in L a t t i c e  Spacings of  Sol id Solut ions of

Para f f i  ns .

The f o l l o w in g  s o l i d  so lu t ions  were prepared as described in 

Sect ion 4 .4 :

C32H66 / C36H74 C33H68 / C36H74

(even) (even/ortho) (odd) (even/ortho)

1.00 : 0.00 1.00 0.00

0.91 0.09 0.91 0.09

0.77 0.23 0.76 0.24

0.60 0.40 0.60 0.40

0.53 0.47 0.52 0.48

0.40 0.60 0.40 0.60

0.27 0.73 0.27 0.73

0.20 0.80 0.20 0.80

0.09 0.91 0.10 0.90

0.00 1.00 0.00 1.00

C36H74 / C38H78 C37H76 / 00 
1—

 
n= COro

(even) (even) (odd) (even)

1.00 0.00 1.00 0.00

0.80 0.20 0.80 0.20

0.60 0.40 0.60 0.40

0.50 0.50 0.50 0.50

0.40 0.60 O'AO 0.60

0.20 0.80 0.20 0.80

0.00 1.00 0.00 1.00
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The fou r  pa i rs  of  s o l id  so lu t ions were prepared in the Okl

o r i e n ta t i o n ,  and l a t t i c e  images recorded in order to determine

the v a r i a t i o n  in t h e i r  l a t t i c e  spacings according to the ra t i o

of  t h e i r  components. Two were of  even-even pairs (C00/C ,e and
32 36

Cag/Csg), and two of  odd-even pairs ^ 33/C36 and C37/C3g).  An 

at tempt was made to  c r y s t a l l i s e  a 1 : 1 so lu t ion of  C44HQ0 and 

CigH40, to  f i n d  out whether long pa ra f f in  chains could

incorpora te  molecules less than h a l f  t h e i r  length;  however, 

the combinat ion did not c r y s t a l l i s e  at a l l ,  and t h i s  appears 

to support  Mnyukh's theory tha t  only molecules which are 

s im i l a r  in length may form continuous so l id  so lu t ions.

L a t t i c e  images o f  the c r y s ta l l i s e d  s o l id  so lu t ions  were mounted 

in the o p t ic a l  bench, and the op t ica l  d i f f r a c t i o n  patterns were 

measured from several areas of  each micrograph and from several 

micrographs where poss ib le .  The resu l tan t  graphs of  spacing 

versus composit ion are shown in Figs.  7.1 to 7.4. Vegard's

law is  represented by a s t ra ig h t  broken l ine  connecting the 

spacings f o r  the pure pa ra f f in s .  Error bars represent the 

standard dev ia t ions  in the measurements.

The C,7/C00 pa i r  o f  pa ra f f ins  has a d i f ference in length of 

only 2.54R between the component molecules, but i t  is also a

pa i r  in  which the symmetry d i f fe rence might be a barrier to

cont inuous s o l id  so lu t ion  format ion:  ^38^78 *̂aS 3n

orthorhombic u n i t  ce l l  and £37^75 a monocl inic one. The
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measurement of  very small d i f fe rences in lamel la r  spacing 

between the members of  the ser ies is  also a cause of a 

comparat ively  large e r ro r  in the observed spacings of  the 

o p t ic a l  d i f f r a c t i o n  pat terns .

At low concentra t ions  of  the higher component t h i s  pa i r  

e x h ib i t s  a negat ive dev ia t ion from Vegard's law; at higher 

concentra t ions the theo re t ica l  values are more c lose ly  

approached.

A s im i l a r  pa t te rn  emerges fo r  the C^g/C^g pa i r ,  the components 

o f  which are also f a i r l y  close in length,  although th is  time 

they both have the same (orthorhombic) un i t  ce l l  symmetry. At 

low concentra t ions a negative dev ia t ion  is  observed, which 

becomes a p o s i t i v e  dev ia t ion at high concentrat ions of  the 

longer p a r a f f i n .  The pos i t i ve  dev iat ion can be accounted fo r  

by the chain-ends of  the long component protruding and leaving 

voids in  the plane of  the chain-ends; the s l i g h t  negative 

dev ia t ion  may be the re s u l t  of  kinks in the long chains 

a l low ing the layers to pack c lose ly  together.

The t rend f o r  the C33/C35 and the C32/C30 pairs is  less c lear,  

but there may be a tendency in these two solut ions to fo l low 

the same pat te rn  as the f i r s t  two; there appears to be a 

s l i g h t  negat ive dev ia t ion from Vegard's law where the shorter 

chain predominates and a s l i g h t  pos i t i ve  deviat ion where the
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longer chain predominates. The trend would thus appear to be 

as shown in Fig.  7.5 -

A B
Fig.  7.5 The dev ia t ion from Vegard's law behaviour 

displayed by the pa ra f f in  so l id  solut ions 
descr ibed in t h i s  chapter.

This behaviour d i f f e r s  from that  observed in electron

d i f f r a c t i o n  s tud ies by Dorset (1985), where the l a t t i c e  spacing

showed a p o s i t i v e  dev ia t ion  from Vegard's law at a l l

concen t ra t ions .  In a recent paper, however, Dorset (1987)

descr ibes a step funct ion governing the increase in lamel lar

spacing w i th  the propor t ion of the larger  component. He

concludes t h a t  i t  is  not possible to in te rp re t  the spacings of

a s o l i d  s o lu t i o n  in terms of  Vegard's law and that the binary

p a r a f f i n  s o l i d  at  any concentrat ion of  longer chain length

component adopts the s t ruc tu re  of the next longest pure

p a r a f f i n ,  w i th  some concentrat ions able to adopt more than one

s t r u c t u r e .
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There are i n s u f f i c i e n t  data in Figs.  7.1-7.4 to detect  a step 

func t ion  in  the increase in lamel la r  spacing, but the points on 

the p lo ts  do not appear to correspond to the spacings of  the 

in te rmed ia te  pure p a ra f f i n s ,  as they increase gradual ly .  This 

i s  also t rue  f o r  the so lu t ion  wi th only one carbon atom's 

d i f fe re n c e  in  the components, C^ /C^g ,  although t h i s  may be the 

r e s u l t  o f  the averaging e f fe c t  of  the op t ica l  d i f f r a c t i o n  

techni  que.

H igh - reso lu t ion  imaging of  pa ra f f in  s o l id  so lu t ions complements 

d i f f r a c t i o n  s tud ies in tha t  i t  al lows the l a t t i c e  image to be 

viewed d i r e c t l y  w i th  i t s  defects,  but i t  does not replace the 

accurate c r y s ta l lo g ra p h ic  data ava i lab le  from d i f f r a c t i o n  

techniques which are required to draw conclusions about the 

chain-end packing.



Plate 4 : Image of  solut ion-grown c rys ta ls  of

showing bend contours.
(The magn i f i ca t ion  of  t h is  Plate is unknown 

as i t  was taken from the defocused central  

beam of a d i f f r a c t i o n  pat tern ,  but the 

c ry s ta ls  are probably 1 fi in length).



Plate 5 Solut ion-grown,  lozenge shaped monolamellar

c r y s ta l s  of  nCgQHi22
x 49,800.

i
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Plate 6 : C . -H , . ,  c rys ta l  wi th <130> s t r i a t i o n s ,  grown from
O C lob

s o lu t i  on.

x 20,000



P la te  7 : P a ra f f i n  c r y s t a l ,  cg2Higg showing change in  surface 

fea tu res  w i th  e lec t ron  dose

x 30,000 

e ' / 8 2 C/cm2

( a )  1 . 2  1.92 x 10‘ 3

(b) 1.8 2.88 x 10"3

( c )  2 . 4  3 .84  x 1 0 '3

(d) 3.0 4.80 x 10‘ 3





Plate 8 : So lu t ion-grown lozenge-shaped c r y s ta l  of

nC00H1cc taken at  181K 82 166
x 20,000



Plate 9 : Area o f  a low-close micrograph of  a p a ra f f i n  in

the hkO o r i e n ta t i o n ,  w i th  no d e ta i l  v i s i b l e  

(2cm = lOnm), and the op t ica l  d i f f r a c t i o n  pa tterns 

from fou r  such micrographs:

(a) C36H74
(b) C44H90
(c) C60H122
(d) C82H166
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Plate 10 : Opt ical  d i f f r a c t i o n  pa t te rn  of  ^ 32^ ^36  so^ d

s o lu t i o n ,  mole r a t i o  2 : 3 showing 020 

r e f l e c t i o n s  ( hkO o r i e n t a t i o n ) .







P la te  13 : (a)  P a r t  o f  a 300 x 300 p i x e l  area o f  a F o u r i e r

r e c o n s t ru c t io n  o f  CcnH,or) in  the Ok 160 122
o r ie n t a t i o n  (window rad ius  3 p i x e l s )

(b) As above, but sampled area 720 x 720 p i x e l s .





P la te  14 : (a)  Par t  o f  a 300 x 300 p ix e l  area o f  a F o u r ie r

recons t ruc t ion  of  C00H,cc i8n the Okl82 166
o r ie n ta t i o n  (window radius 3 p ixe ls )

(b) As above, but sampled area 600 x 600 p ixe ls .





P la te  15 : (a)  Par t  o f  a 300 x 300 p i x e l  area o f  a F o u r ie r

recons t ru c t ion  of  a s o l i d  s o lu t i o n  o f  C,« /C-clOC. Jo
mole r a t i o  2 : 3 (window radius 3 p i x e ls )

(b) As above, but sampled area 720 x 720 p i x e ls .
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Plate 16 : (a) 700 x 700 p ixe l  Four ie r  recons t ruc t ion  of

f i l t e r e d  w i th  a window func t ion  of  

5 p ix e ls  diameter (Ok1 o r i e n t a t i o n ) ,

(b) the same area o f  c r y s ta l  f i l t e r e d  w i th  a 

1 p ixe l  window fu n c t io n .

*
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P la te  17 (a) 700 x 700 p ixe l  Four ie r  recons t ruc t ion  of

CnoHicc. f i l t e r e d  w i th  a window func t ion  of  82 166’
5 p ix e ls  diameter (Okl o r i e n t a t i o n ) ,

(b) The same area of  c r y s ta l  f i l t e r e d  w i th  a 

1 p ix e l  window fu n c t io n .
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P la te  18 : Three Fou r ie r  recons t ruc t ions  of  p a ra f f i n s  in 

o r i e n t a t i  on:

(a) C36H74
(b) C ^ / C ^  s o l i d  s o lu t i o n ,  mole r a t i o  3

(c) ^ 3 2 ^3 6  so1lcl s o lu t i o n ,  mole r a t i o  1

Hor izonta l  l i nes  on the images are due to the 

examples o f  "de fec ts "  are marked w i th  arrows.

the hkO

: 1 

: 1

ra s te r ;





P la te  19 E p i t a x i a l l y - g r o w n  c r y s t a l  o f  a pure p a r a f f i n ,

nC32H66

x 263,500 

L a t t i c e  spacing 42.58
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P la te  20 ( a ) :  E p i t a x i a l l y - g r o w n  c r y s t a l  o f  a pure p a r a f f i n ,

nC36H74
x 263,500 

L a t t i c e  spacing 47.58
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Plate 20 (b) : Elect ron d i f f r a c t i o n  pat tern of  nC36H72

(Okl o r i e n t a t i o n ) .



P la te  21 : Two areas of  e p i t a x i a l l y  grown c ry s ta l  o f  ^ 35^ 4 *

taken at  190K, w i th  o p t ic a l  t ransform.
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P la te  22 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  a pure p a r a f f i n ,

nC33H68
x 263,500 

L a t t i c e  spacing 43.88
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P la te  23 : E p i t a x i a l l y  grown c r y s t a l  o f  a pure p a r a f f i n ,

nC37H76
x 310,000 

Latt ice spacing 48.98
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p i ate

Epitaxia lly grown crystal of paraf f in  soli 

C0-./C,o> mole ratio 1 : 1
5 /  jo x 310,.000



Plate 25 : Ep i tax i a l l y -g rown

s o l u t i  on.

C 32/C 36’

c rys ta l  of  p a r a f f i n  s o l i d

mole r a t i o  3 : 2 

x 310,000



P la te  26 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C32/C36* mole ra t l ' °  1 : 1
x 263,500
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P la te  27 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o lu t i o n .

C-0/C0/r, mole r a t i o  1 : 1 32 36
x 263,500





P la te  28

Plate  29

E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C32/C36, mole r a t i o  2 : 3  

x 310,000

E p i ta x ia l l y -g ro w n  c ry s ta l  o f  p a r a f f i n  s o l i d  

s o lu t i o n .

C32/C36, mole r a t i o  1 : ' 4  

x 310,000





P la te  30 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o lu t i o n .

C-,-,/Coc, mole rat io  1 : 9 
00 00

x 102,000





P la te  31 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C33/C36* mole r a t l ° 1 : 9 
x 263,500
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P la te  32 : E p i tax ia l l y -g row n  c ry s ta l  of  p a r a f f i n  s o l i d

s o l u t i  on.

C ^ /C ^g ,  mole r a t i o  1 : 4 

x 310,000
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P la te  33 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C33/C36, mole r a t i o  1 : 4 

x 310,000
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P la te  34 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C33/C36» mo1e rat1’ 0 1 : 3 
x 263,500
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Plate  35

t

: E p i ta x ia l l y -g ro w n  c r y s ta l  o f  p a r a f f i n  s o l i d

s o lu t i o n .

C33/C36, mole r a t i o  1 : 1 

x 102,000
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P la te  36 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C 3 3 / C 3 6 5 mole ra 't1’ 0 ^ : 1
x 102,000





P la te  37 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

^33^36*  mo1e ra t l ' °  ^ • 1 
x 263,500
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P la te  38 : E p i t a x i a l l y - g r o w n  c r y s t a l  o f  p a r a f f i n  s o l i d

s o l u t i o n .

C33/C36, mole r a t i o  9 : 1 

x 263,500





CHAPTER 8 : CONCLUSIONS.

8.1 Radiat ion Damage.

8.2 The P a ra f f in s .
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CHAPTER 8 : CONCLUSIONS.

8.1 Radiat ion Damage.

In the work o f  Fryer and Hol land (1984),  a layer  o f  evaporated 

carbon was found to  have a p ro te c t i v e  e f f e c t  upon an organic 

f i l m  in  the e lec t ron  microscope at  room temperature.  Holland 

(1984) found th a t  the nature of  the encapsulat ing substance had 

no e f f e c t  on the p ro te c t i v e  proper ty ;  only the per iphera l  

atoms of  the specimen surface a f f e c t  the ra te  at  which the 

damage occurs. The p ro tec t ion  in  t h i s  case must the re fo re  be 

regarded as a physical  b a r r i e r  to  d i f f u s in g  fragments ra the r  

than as a chemical scavenging e f f e c t .

The r e s u l t s  obtained and discussed in  Chapter 5 of  t h i s  thes is  

show no evidence to  support t h i s  theory.  Results at  room 

temperature show local  v a r ia t io n s  in damage-resistance but do 

not correspond to  a c lea r  d i v i s i o n  between coated and uncoated 

areas o f  a s ing le  g r id .  This may be due to v a r ia t io n s  in 

th ickness or in  c r y s ta l  1i n i t y ,  al though i t  was at tempted to  

choose areas w i th  comparable d i f f r a c t i o n  pa t te rns .

I t  has been suggested (Fryer  1982, p r iva te  communication) tha t  

the p ro te c t i v e  e f f e c t  of  a carbon coat might lessen as the 

temperature of  the specimen stage was lowered and the migrat ion 

o f  the severed rad ic a ls  o f  the specimen mater ia l  was i n h ib i t e d .  

Cooling the specimen does have a considerable e f f e c t  on the
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l i f e t i m e  of  the specimen under the beam, as many authors have 

a lready  shown (see Section 2.4) but combining carbon 

encapsulat ion and specimen coo l ing appears to  give no 

a d d i t io n a l  p ro te c t i v e  e f f e c t ,  at  any temperature.  Thus no 

lessening of  p ro tec t ion  could be observed as the specimen 

temperature approached th a t  a t ta in a b le  by coo l ing  w i th  l i q u i d  

he 1iurn.

Cool ing of  the specimen to  l i q u i d  helium temperature does 

increase i t s  l i f e t i m e  beyond t h a t  a t ta in a b le  w i th  l i q u i d  

n i t rogen  coo l ing ;  however, the r e l a t i v e  gain does decrease 

below 100K, a temperature which can be a t ta ined  comparat ive ly  

e a s i l y  in  a microscope stage.

8.2 - The P a ra f f in s .

Images of  p a ra f f i n s  c r y s t a l l i s e d  e p i t a x i a l l y  in  the Okl 

o r i e n ta t i o n  may be recorded at room temperature w i th  s u f f i c i e n t  

con t ras t  to  view d i r e c t l y  the i n t e r la m e l1ar l a t t i c e  spacing and 

the defects  occur r ing  in the be plane. In t h i s  study the 

b -ax is  was not resolved in t h i s  o r i e n t a t i o  due to  the phase 

con t ras t  t r a n s fe r  func t ion  of  the microscope which does not 

permit  record ing of  such w ide ly  d i f f e r i n g  spaces. Further 

work might enable the cond i t ions  to  be found whereby the be 

face o f  the c r y s ta l  might be imaged.
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For the hkO p ro je c t io n  of  the c r y s t a l ,  high res o lu t ion  imaging 

requ i res  low-dose, low-temperature cond i t ions  but a res o lu t io n  

of  2.488 can be detected by op t ic a l  d i f f r a c to m e t r y .  

Densi tometry and image processing can ex t ra c t  the in fo rmat ion  

from the micrograph.

More defects  are v i s i b l e  in  the Okl p ro je c t io n  than in  the hkO; 

t h i s  may be the r e s u l t  o f  l a t e r a l  t r a n s la t i o n s  o f  molecules,  

which leave the hkO p ro je c t io n  unchanged. This exp lanat ion is  

supported by s o l i d  s o lu t io n  images in which the hkO p ro je c t io n  

and d i f f r a c t i o n  pa t te rn  appear i d e n t i c a l  to  those o f  pure 

p a r a f f i n s ;  a void at  the chain end plane does not seem to 

a f f e c t  the image produced of  the hkO p rop jec t ion .  Fur ther  

in v e s t i g a t io n  is  requ i red ,  however, to  determine whether and to 

what ex ten t  " l a t t i c e  de fec ts"  in  t h i s  p ro je c t io n  are an 

a r t e f a c t  of  the image processing technique i t s e l f .

L a t t i c e  images o f  s o l i d  so lu t ions  of  p a ra f f i n s  show no evidence 

o f  f r a c t i o n a t i o n  or separat ion o f  the two components in to  

d i s t i n c t  c r y s t a l l i n e  reg ions,  e i t h e r  f o r  even-even or odd-even 

mi x t u r e s .

Features o f  the c r y s ta l  f o r  both pure and mixed c r y s ta l s  of  

p a r a f f i n s  inc lude tw inn ing ,  bends in  the l a t t i c e s ,  step-growth 

and amorphous regions i n t e r r u p t i n g  c r y s t a l l i n e  areas, which may 

be screw-type d i s lo c a t io n s .



151

Measurements from l a t t i c e  images of  the changes in 

i n t e r l a m e l1ar spacing in s o l i d  so lu t ions  of  d i f f e r e n t  

concentra t ions d i f f e r  from those obtained by e lec t ron  

d i f f r a c t i o n  (see Section 7 .6 ) .  There are too few po in ts  on 

the graph of  spacing versus composi t ion to  say whether the 

s t e p - l i k e  expansion observed in e lec t ron  d i f f r a c t i o n  

measurements which occurs here,  but there is  some evidence o f  a 

negat ive dev ia t ion  from Vegard's law at  low concentrat ions  of  

the longer  molecule,  which becomes a po s s i t i v e  dev ia t ion  as the 

p ropo r t ion  o f  the longer molecule increases.
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Direct lattice imaging of crystalline paraffins

*C H M c C o n n e ll,*  J R F r y e r , * * D  L D o rs e t, * * * F  Zem lin

^ U n iv e rs ity  o f  G lasgow, Glasgow G12 8QQ. * *M e d ic a l Fou nd ation  
o f  B u f fa lo ,  In c ,  73 H igh S t r e e t .B u f f a lo , N .Y . * * * F r i t z - H a b e r  
I n s t i t u t ,  Faradayweg 4 -6 .  1000 B e r l in  33.

In t r o d u c t io n

P a r a f f in s  p ro v id e  an in t e r e s t in g  s e r ie s  o f specimens f o r  e le c t r o n  m ic ro ­
scope s tu d ie s , b e in g  in  e f f e c t  s h o r t -c h a in  polym ers and in  some ways 
analogous to  l ip id s  and o th e r  b io lo g ic a l  sub stan ces . The s tr u c tu r e s  o f  
th e  d i f f e r e n t  polym orphs o f  v a r io u s  p a r a f f in s  have been d ete rm in ed  by 
X -ra y  d i f f r a c t io n  methods (S h e a re r  and Vand 1955, Teare  1958) and th e  
s p i r a l  growth o f th e  nCqgH7 ^ c r y s ta l  from  s o lu t io n  was s tu d ie d  by e le c t r o n  
m icroscopy by Dawson ana Vand (1 9 5 0 ) .

A l ip h a t ic  hydrocarbons a re  e x tre m e ly  b e a m -s e n s it iv e , but i t  has been 
p ro ved  p o s s ib le  to  o b ta in  s t r u c t u r a l  images o f  m o n o lam e lla r c r y s ta ls  o f  
nC Hg0 a t a r e s o lu t io n  o f  0.25nm u s in g  a low -dose tec h n iq u e  (Z e m lin  e t  a l  
1 9 8 5 ) . The 001 l a t t i c e  o f  w&s imaged by F ry e r ,  1981.

In  th e  p re s e n t w ork, p a r a f f in s  o f  v a r io u s  cha in  le n g th s  were c r y s t a l l is e d  
in  two o r ie n t a t io n s ,  a llo w in g  l a t t i c e  images to  be made o f th e  la m e lla r  
spacings as w e l l  as o f th e  o rth o g o n a l (0 0 1 ) p r o je c t io n  o f th e  cha in  
p a c k in g .

The hkO O r ie n ta t io n .

S in g le ,  m onolayer p a r a f f in  c r y s ta ls  grown from hexane s o lu t io n  were  
re c o rd ed  in  th e  hkO o r ie n t a t io n  u s in g  th e  h e liu m -c o o le d  superco nd ucting  
m icroscope a t th e  F r i t z - H a b e r - In s t i t u t . B e r l i n .  C h a in -le n g th s  s tu d ie d ”

W0re C82H1 6 6 ’ C60H122 C44H90 and C36H7 4 ’ plUS “  examPle  each o f an odd“ 
even ana an e v e n -e v e n ’ s o l id  s o lu t io n .  Low m a g n if ic a tio n  images o f the
lo zen g e -sh ap ed  c r y s t a ls ,  grown from  s o lu t io n ,  o f  lo n g -c h a in  p a r a f f in s  show
s t r ia t io n s  in  th e  ( l3 0 ^  d ir e c t io n ,  as w e l] as s e c to r is a t io n  s im i la r  to
th a t  observed  w ith  p o ly e th y le n e  (D o rs e t , 1985(b)* B a s s e tt and K e l l e r ,1 9 6 2 ) .

To in v e s t ig a te  t h is  e f f e c t  fu r th e r ,im a g e s  were recorded  w ith  a m a g n if ic a t ­
io n  o f  6 0 ,0 0 0 X , u s in g  a minimum dose tec h n iq u e  and w ith  th e  specimen 
coo led  to  15K. I t  was found th a t  a s a t is fa c to r y  image cou ld  be o b ta in e d  
a p p ly in g  an e le c t r o n  dose o f  12e / 8 2 to  th e  specim en. I t  has been found  
th a t  under th ese  c o n d it io n s , at 2 .5 8  r e s o lu t io n ,  the  d i f f r a c t io n  in te n ­
s i t i e s  w hich c o n tr ib u te  to  th e  image do not change t h e i r  r e la t i v e  in te n ­
s i t y  u n t i l  beyond 14e / 8 2 (D o rs e t and Z em lin , 1 9 8 5 ).

The e le c t r o n  d i f f r a c t io n  p a t te r n  o f  C in  f i g . l  is  c h a r a c t e r is t ic  o f a l l
0 6
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th e  p a r a f f in s .  A low -do se  image is  a ls o  shown ( f i g . 2 ) .  The p e r io d ic  
in fo rm a t io n  cannot be seen by eye but th e  l i g h t  o p t ic a l  d i f f r a c t i o n  
p a t te r n  ( in s e t )  shows a r e s o lu t io n  o f  2 .5  X .

S e le c te d  areas  o f  th e  m icrog rap hs  were e n la rg e d  by a f a c t o r  o f  5 , then  
d ig i t i s e d  u s in g  a f l a t - b e d  D atacopy m ic ro d e n s ito m e te r  w ith  a 2 5 ^ a p e r tu r e . 
The images w ere th e n  f i l t e r e d  u s in g  th e  "IMAGIC" programme o f  van H e e l, 
(1 9 8 1 ) .  A f i l t e r e d  image is  shown in  f i g . 3. V a r ia t io n s  in  c o n tra s t  seem 
to  in d ic a te  s m a ll changes in  th e  s u r fa c e  s t r u c tu r e  o f th e  c r y s t a l  about 

4nm a p a r t ,  a lth o u g h  th e s e  are  too  s m a ll to  account f o r  th e  < 1 3 0 )  
s t r ia t io n s ^  th e  cause o f  w hich is  s t i l l  under in v e s t ig a t io n .  As is  
e x p e c te d , th e  f i l t e r e d  images in  t h is  p r o je c t io n  o f th e  s o l id  s o lu t io n s  
are  s im i la r  to  tho se  o f  th e  pure  compounds.

2* E p i t a x i a l l y  C r y s t a l l is e d  S o lid  S o lu t io n s .

The fo rm a tio n  o f s o l id  s o lu t io n s  by c r y s t a l l i s i n g  two d i f f e r e n t  c h a in  
le n g th s  to g e th e r  in  c e r ta in  p ro p o r t io n s  has been re v iew ed  by Mnyukh (1 9 6 0 )  
who s ta te d  th e  fo l lo w in g  c o n d it io n s  f o r  t h e i r  fo rm a tio n :

(a )  The form  and d im ensions o f th e  two components must be
s im i la r .  In  th e  case o f p a r a f f in s  th e  cha in s  must be
n e a r ly  th e  same le n g th .

(b ) The symmetry o f th e  b in a ry  c r y s t a l  s t r u c tu r e  must be th e  
same as o r lo w e r than  th a t  o f  th e  pure  component c r y s t a ls .

S e r ie s  o f  s o l id  s o lu t io n s  o f  p a r a f f in s  have been s tu d ie d  by D o rs e t (198^  
a and b) who has c o n s tru c te d  m e lt in g  and f r e e z in g  po:'..n ~urves to  show 
th a t  w h ile  th e  r e s t r i c t i o n  on c h a in  le n g th  d ^ i± e re n c e  appears to  h o ld  fo r  
th e  fo rm a tio n  o f  t r u e  s o l id  s o lu t io n s ,  i t  is  p o s s ib le  to  combine a 
p a r a f f in  w ith  an even number o f  carbon atoms in  th e  c h a in  w ith  one w ith  
an odd number to  make a s o l id  s o lu t io n .  T h is  is  because th e  polym orphs  
in v o lv e d  a re  s im i la r  h ig h  energy c r y s ta l  form s; f r a c t io n a t io n  is  expected  
in  th e  lo w e s t energy form s, how ever.

In  o rd e r  to  see th e  c h a in  le n g th  d i r e c t l y ,  th e  Okl p la n e  o f th e  p a r a f f in
c r y s t a l  must be p ro je c te d  on to  th e  image s c re e n . T h is  is  ach ieved  by
e p i t a x ia l  c r y s t a l l i s a t io n  on b en zo ic  a c id , as d e s c r ib e d  by W ittm ann e t  a l ,
(1 9 8 3 ) .  Images were rec o rd e d  u s in g  a JEOL 100B m icroscope a t room
tem p e ra tu re  k e e p in g  th e  e le c t r o n  dose v e ry  low and u s in g  th e  dark  f i e l d
d e f le c to r  s w itc h  to  focus on an a re a  o f c r y s t a l  a d ja c e n t to  th e  one to  be
p ho to graph ed . The p a r a f f in s  chosen were C0 _ /C „_  and C: „ /C „ „  s o l id32 36 33 36s o lu t io n s  in  v a r io u s  p ro p o r t io n s , as exam ples o f  even -even  and odd-even
s o lu t io n s .  Images were reco rd ed  w ith  a m a g n if ic a t io n  o f  1 7 ,000X and
t h e i r  001 spacings measured by o p t ic a l  d i f f r a c t i o n ,  w hich in  some cases
exten ded  to  3rd  o rd e r . An example is  shown in  f i g . 4 o f  a 9 :1  s o lu t io n  o f
CoqH an<3 C H a long  w ith  i t s  o p t ic a l  d i f f r a c t i o n  p a t t e r n .  F ig .  5 .OO vQ -i 74 ,(a  and b ) shows graphs o f th e  observed  spacings a g a in s t th e  p ro p o r t io n  
o f  th e  la r g e r  component. The r e s u lts  appear to  sup po rt D o rs e t 's  
o b s e rv a t io n  o f  con tin u o u s  s o lu t io n  fo rm a tio n . F o r C /C  th e  cha in  
le n g th s  l i e  above th e  s t r a ig h t  l i n e  jo in in g  th e  v a lu e s  f o r  th e  two pure  
components. I t  appears th a t  th e  lo n g e r c h a in  dom inates and in c o rp o r a te s  
th e  s h o r te r  a t a l l  r a t io s .  W ith  th e  C3 3/ C36 system  th e  r e s u l ts  l i e  
around th e  l i n e ,  but because o f th e  r a th e r  coarse sample o f  t h is  c u rv e ,  
f u r t h e r  work w ith  in te rm e d ia te  com po sitio ns  is  needed to  g iv e  a b e t t e r  
in d ic a t io n  o f  th e  b eh a v io u r o f  th ese  s o lu t io n s .

Organic crystals
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The im ages, once f i l t e r e d ,  show d e fe c ts  in  th e  l a t t i c e s  ( f i g . 6 ) .  *P a irs  o f
d e fe c ts  a re  common, and th e  l a t t i c e s  are  seen to  bend to  accommodate th e
s t r a in .  Some areas  o f  c r y s t a l  appear q u ite  f r e e  o f  d e fe c ts ,  b u t the
c o n c e n tra t io n  o f  d e fe c ts  does n o t appear to  change much w ith  th e  com po sitio n  
o f  th e  s o l id  s o lu t io n .

C o nc lus io n

The above r e s u l ts  show th a t  im p o rta n t in fo rm a tio n  about l a t t i c e  d e fe c ts
and c r y s t a l  te x tu r e  can be d i r e c t ly  o b ta in e d  by e le c t r o n  m icroscopy from
such b e a m -s e n s it iv e  m a te r ia ls  as th e  p a r a f f in s .  So f a r  we have exam ined
b o th  pure  and p o ly d is p e rs e  system s as a model o f  p o ly e th y le n e  c r y s ta l
p ac k in g  and a n t ic ip a t e  fu tu r e  work o f  th is  k in d  on m ic ro c ry s ta ls  o f  th e  
p o lym er i t s e l f .

Thanks to  the  N a t io n a l S c ience  F o u n d atio n , U .S .A . who p a r t i a l l y  sup po rted  
t h is  work (D M R 81-163i8 ) and to  SERC f o r  g ra n t  support (CHM).
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Fig.3 Filtered image of hkO 
projection
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ELECTRON DIFFRACTION AND IMAGING OF EPITAXIALLY GROWN CRYSTALS OF mono 
GALACTOSYLDIACYLGLYCEROL

A. Sen*, E.L.  Hur ley* ,  S.W. Hu1*, D.L. Dorset**  and C.M. McConnel l**

♦Roswell Park Memorial I n s t i t u t e ,  Buf falo ,  New York 14263 
♦♦Medical Foundation of B u f f a l o ,  Bu f fa lo ,  New York 14203

The molecular s t r uc ture  of  1,2 -3 -d isteary l -monoga lactosy ld iacy l  glycerol  
(MGDG) was studied by e lec t ron  microscopy and e lect ron  d i f f r a c t i o n .  MGDG 
was ex tracted from spinach leaves,  p ur i f i ed  and hydrogenated to a dis teara te  
compound. Crys ta ls  of  MGDG were obtained in two o r i e n t a t i o n s .  Thin  
crys ta ls  grown from solut ions by evaporat ion of  non-polar  solvent on th.-> 
carbon coated gr id  showed the long axis of the molecules near ly  perpendicu­
l a r  to the carbon f i lm  subst ra te.  The acyl chains were packed in a hexa­
gonal l a t t i c e  commonly found in phosphol ipid c r y s t a l s .  In order to study 
the s truc ture  along the long axis o f  the molecule,  an e p i t a x ia l  method of 
crys tal  growth (1 )  was used to obtain c rys ta l s  with the long axis of the 
molecule p a r a l le l  to the carbon subst ra te .  Ep i tax ia l  c rys ta ls  was grown 
from solut ions in naphthalene or benzoic acid on 400 mesh, carbon coated 
gr ids .  A f t e r  c r y s t a l l i z a t i o n  of the l i p i d ,  which 1s d irected  by the cooled 
aromatic subst rate by l a t t i c e  matching,  naphthalene and benzoic acid wer e  
removed by subl imat ion under high vacuum. The e p i t a x ia l  crystals we r e  
coated with a th in  l ayer  of  carbon.  The gr ids were examined in JEOL imn 
elecron microscope.

Crystals of MGDG of  var ious thicknesses were observed. Electron d i f f r a c ­
t io n  pat terns were obtained from th inner  areas.  D i f f r a c t i o n  patterns were 
recorded on Kodak DEF-5 x- ray f i l m .  Regions which showed good d i f f r a c t i o n  
pat terns were photographed using low dose imaging techniques.  The average 
dose per recording each image or d i f f r a c t i o n  pat tern  was below ID elect rons/  
nm2.

The image of  the c ry s ta ls  show per iod ic  pat terns with repeating electron  
l i g h t  and dense l ines  ( f ig u re  1 ) .  The opt ica l  d i f f r a c t i o n  pattern - 
region st raddl ing  two adjacent  c r y s t a l l i t e s  is shown 1n f igure  2. The e l -1 
t ron d i f f r a c t i o n  pat terns obtained ( f ig u re  3) showed lamel la r  structures  
with repeat d is tance of 5.4 nm which agrees very wel l  with previous x-ray 
d i f f r a c t i o n  studies of unoriented samples. Patterson function for the 
ep i t a x ia l  c r ys ta ls  are determined from the measured in t e n s i t y  of electron  
d i f f r a c t i o n  pat terns which have 12 to 15 orders of  r e f le c t i o n s .  The phases 
of  the r e f le c t io ns  are determined e i t h e r  by model bui lding  or by the inverse 
Fourier  transform of  the image. The resu l t  y i e ld s  an atomic densi ty p ro f i l e  
across the b i l a y e r .  This work demonstrates the use of  the e lect ron c r ys ta l ­
lography technique to study the molecular s t ruc ture  of l i p i d s .
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i ! t v  t tor .  m i c r o g r a p h  af  an . i n - , - ,  mit. i  iniing two di < f e r c n t  1 y o r i e n t e d  
MGDG r y s  t.a 1 s e p i t a x i a l l y  g r own on napht hal ene.  Line spac i fif’ - 5 . 4nm

f i g u r e  / .  O p t i c a l  d i f f r a c t i o n  p a t t e r n  
from e l e c t r o n  micrograph of two a d j -  
■n.erit MGDG c r y s t a l s .

f i g u r e  J. e l e c t r o n  d i f f r a c t i o n  
p a t t e r n  of an area c o n t a i n i n g  two 
a d j a c en t  MGDG c r y s t a l s  e p i t a x i a l l y  
tp'own on n a pht ha le ne .
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