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ELECTRON DAHAGE AND DEFECTS IN ORG}\NIC CRYSTALS 

David George Howitt 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Nat'erials Seience and Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

The nature of the defects discernable from, and the radiation dam~ge 

that is induced by, high !esolution electron microscopy is !cportcd. 

It has been shown that,it is possible to correlate the structural 

aspects of the radiation damage process to the expected radioC}lcmicnl 

decomposition of these ,materials and to identify these effects. It haD 

also been shown that the types of local defect formed by radiatJon 

damage are often clearly distinguishable, in high resolution images, 

from those inherent in the microsiru6ture. 

The particular techniques used in this type of electron microscopy 

'and the limitations imposed by radiation damage are described as are the 

relevant radiochemical characteristics of these processes. 

In copper pthalocyanine microstructural features distinct from 

those induced by radiation damage have been identified which <Ire conl;is-

tent with those pr~dicted and described by other workers in similar 

materials. The high resolution studies indicate that some of the m:l,cro­

structures observed are caused by structural rearra:ii:riements that bad 

account, td some extent, for additional crystallographic forms that ~ave 

been identified in this mat~rial and the photochemical behaviour of 

related structures. 

The purpose of this study was to demonstrate that it is possible for 

high resolution electron microscopy to playa significant role in the 

structural investigations of organic materials. 
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I. ELECTRON MICROSCOPY AND ORGANIC MATERIALS 

A. Introduc tion 

The application of the techni~ues of electron microscopy to the 
.. 

study of crystalline organic m~terials is severely restricted by the 

phenomenon of radiation damage, which is induced in these materials 

by the electron beam., Under conditions of experimental analysis this 

radiation damage is encountered as a rapid loss of specimen mass and 

crystallinity, which become more pronouncedas'the electron exposure 

continues. 

This situation is hardly an attractive one and since no solution 

to the radiation damage problem can be found, the attempts at microscopy 

in these materials are often only token studies. 

The purpose of the investigation d~scribed here was to compre-

hensively examine some organic materials in the electron microscope ~d 

to attempt to identify the~r microstructures at high resolution beforcl 

they were destroyed by the radiation damage. A study such as this 

neeessarily requires an investigation of the effects of radiation damage 

and an assessment of the factors appropriate to its induction in the 

elettron microscope. 

The ways by which radiation damage can occur in these ~~t6rial~' 

are considered in chapter II, however, it arises principally from the . . 
effects of ionization, caused by the high energy electron beam, which 

promote violent chemical reactions. The term ionization is in this case 

referring to both the ionization and excitation of moleculew or.jtoms. 
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The radiation exposures of conventionnl lOOkV ele~tron mic~oscope;; 

are· in fact extremely intense; the commonly used electron intensity of 

-2 one ampere cm when given to an organic specimen corresponding to 

approximately 400,000 Mega rads per second. Such:ln exposure is seldom 

encountered outside the electron microscope and is equivalent to the 

exposure received by an object thirty ynrds away from a series of 100 

Megaton 11 bombs' exploding at the ra te of ten ~l secoilCl. Not surprisingly, 

therefore, radiation sensitive materials nre not wcli suited to invcsti-

gation by electron microscopy. In most organic mGterial~ the critical 

exposure, or dose to destroy the specimen, is rarely better than about 

1O-2C c;;2 which corresponds to a specimen lifetime of 10-2 seconds at 

conventional intensity levels. The techniques of microscopy that can 

be tised and the limitations that are involved in the study of these 

materials are the su~jects of Chapter III. 

In the event of the successful recording of micrographs, the 

problem of interpretation is not al\vays trivial. The degree of radiation 

damage sustained, and iis contribution to the results, is of course 

increas~d as the electron dose to record data approaches the critical 

exposure, however no structural significance can be attached to inter-

mediate values of this dose. The nature of the progression. of radiatJorl 

damage and its significa'nce to the interpretation of electron micrographs 

is the subject of Chapter tV. 
I 

The microstructural analysis of one of the most iadiation resistant 

organic materials (S-copper pthalocyaninc) is the subj e'c t of Chapter V 

and here, at high resolution, it is possible,to identify some of the 

.. 

. . 
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microstructures that have been predicted in oth~r m6lecular Qrganic 

material~ and to acco~nt for some anomolies also~ 

B. The Materials Studied 

The materials employed in this investigation were the aliphatic 

amino acid I-valine, the pyrimidine cytosine, in its hydrated and 

anhydrous forms and the metalo-organic aromatic copper pthalocyanine. 

These materials have respective critical exposures of 3x10-3, 1xIOO, 

4xIO-2 and 3x100 Ccm -2 to 100kV electrons and are all mol.ecular organic 

compounds. All the materials studied are therefore monomeric in 

structure with the molecules in the lattice being held together by 

hydrogen bonds and Vander'Waals forces. The structures of all the 

materials have been determined by X-ray analysis (Torri and Iitaka 

1970; Jeffrey and Kinoshita 1961; Barker and Harsh 1964; Robertson 1935) 

and all but the anhydrous form of cytosine which is primitive 

orthorhombic, are primitive monoclinic. The space groups and lattice 
\ 

parameters of these materials arc listed in Table I-I. The molecular 

compositions and arrangements of the molecules in the crystal lattices 

are shown in figures 1-1, 1-2 and 1-3, where the prOjections of the 

three dimensional structures represent views along stacked rows bf 

molecules which project out of the plane of the drawings. Analter-

native method to visualize these complicated structures is to consider 

the molecules of different orientation in the lattice as separate units. 
I 

The copper pthalocyanine structure iherefore could be envisaged~s 

an ordere4 array of distinguishable molecules in a C centered monoclinic 
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unit cell, with molecules of type A at the cell corners and molecules 

of type B at the centers of the C faces. This type of approach to 

these structures 1s particularly useful when characterizing tlleit 

microstructures, since it emphasizes the moleculat arrangements. 
.~ 

- . 
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Table I-I The Lattice Parameters and Space Group Symmetries of the ,., Materials Studied. 

\~, . Haterial a b c a 8' y Space Group 

I-valine 9inA S.27/\. 12.06A 90° 90.8° 90° P2
1 ./ 

cytosine 13.04A . 9.49A 3.82)\ 90° 90° 90° P2
1

2
1

2
1 

cytosine 7.80A 9.84A 7.68A '90° 99.7° 90° P2 1/ c mo.nohYdrate 

copper 19.6)\ 4.79A 14.6A 90° 120.6° 90° P21/a 
pthalocyanine 
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FIGURE CAPTIONS 

Fig., I-I The projection of the crystal structure of I-valine along the 

b axis is shown in (1) whilst a stereoscopic drawing of the same projcc-

.' " 
tion of a single layer is shown in (2). The chemical structure of 1-

valine is shown in (3). 

Fig. 1-2 The projectiQn of the crystal structure of cytosine'alongthe 

c axis is shO\m in (1) whilst a projection of the crys.tnl structun' of 

cytosine monohydrate perpendicular to the band c axes is shown in (2). 

In (2) the lone oxygen atoms represent water molecules which lie 

roughly in the plane of the cytosine,molecules. The chemical structure 

of cytosine is shown iri (3). 

Fig. 1-3 An orthographic projection of the crystal structure of 

B-copper pthalocyanine is shown where (1) is a view do'wn the b axis, 

(2) is a view down the a axis, (3) is a view down the c axis and (4) 

is a view perpendicular to the a and b ·axes. (5) is. the structure 

of the molecule which is represented by the projected squares in the 

Fig. The central square of the molecule represents the copper atom, 

the open circles the carbon atoms and the closed circles the nitrogen 

atoms. 
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II. RADIATION DM1AGE IN ORGANIC MATER1ALS 

A. The Radiation Dnmage Processes 

In the electron microscope organic materials can undergo radiation 

dam'age via the processes of ionization or direct atomic displacement, 

. the magnitude of the respective contributions being dependent upon the 

material's composition, its structure and the energy of the incident 

electrons. These two processeS are energetically somewhat diff~rent 

since in the case of direct displacement, where the atom rather than· 

the electrgn is the target, momentum conservation imposes a severe 

restriction on the amount of energy that can be transferred from the 

impinging electron. The maximum energy transfer ~rom a 100keV electron 

in a displacementco1lision with a hydrogen atom is only about 200 eV, 

whilst half the incident electron's energy can_be transferred to an 

atomic electron in an ionization event. In addition, since the energy 

transfer necessary for displacement is about 2eV, only electrons with 

energy greater than about 1keV are capable of affecting displacement 

damage, whilst electrons of only a few eV can affect ionization. This 

difference is significant, since the degree to which secondary electrons 

can effect the damage process will be very much larger for ionization 

and will greatly increase the overall probability of such an eVent 

occuring in the specimen. The probability of an ionization event 

(Howitt, 1974), even without this correction, is some four orders of 

magnitude larger than a displacement event fo~ lOOkV electrons (Seitz 

and Koehler, 1956) and hence the contribution from direct displacement 

processes is usually small. 
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Similarly, and because the energy transfer to a displacement event 

is small, the total energy lost to the specimen by the electron beam is 

almost entir~ly constimed 6y ~onization events. In penetrating carhon 

a 100keV electron will on the average lose 'V833 eV /~ (Berger and Seltzer ~ 

1964); 'a value that remains constant for the first ten microns in this 
I 

material and corresponds to some 16 ionizations/~ (Rauth and Simpson, 

1964). The effect of high energy secondary electrons escaping the 

sample will tend· .to reduce this value .. as the specimen thic,kness is 

decreased and as the energy of the incident electrons is increased. 

Alt~rnatively the additional energy losses from Bremstrahlung (radiation 

~. losses), and the interaction of the resulting electrom~gnetic radiation 

with the specimen, will tend to increase the radiation damage process 

at very high electron energies (>10MeV) and as the specimen thickness 

is increas~d. The possibility of a Bremstrahlung contribution to the 

tadiation damage process at 100keV is however very small. In the firs~ 

place the probability of these events is low (Bethe and Heitler, 1934), 

and. in the second place the resulting hard X-rays are extremely pene­

S trating in comparison to electrons of the same energy ('Vl/10 ) and will 

interact to a proportionately smaller extent. 

The radiation damage process resulting from direct displabebe~~ 

is simply caused by the rearrangement of atoms within the material, 

whilst the damage from ionization is more complicated involving sub-

sequent chemical interaction of the ionized or excited species. Th~ 

total probability of an ionization event . followed by a subsequent. 

chemical event is nevertheless much greater than the probability for 

\ ' 
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the more simple direct displacement event in most organic materials 

and it is the probability of these chemical interactions that determines 

the sensitivity of a particular materi<Jl to radiatioll dam<:Jge. The 

critical exposure is an inverse measure of this probability and in 

l"-valine, a material that damages almost totally by ionization, the 

. -3-2 critical exposure at IO.QkeVl.s 3.10 Ccm . In chlorine substituted 

pthalocyanine on the other hand, where the probabili ty of chemical 

interaction is greatly suppressed, the c~itic8] exposure at 100 keV is' 

1 -2 2.Sx10 Ccm . 

B. The Physical-Effects of R~djation Dumage 

The processes of radiation damage that are jnduced'in organic 

materials by fast electrons tend to distribute themselves firstly along 

the primary track of the electron and tllcn, as the depth of penetration 

increases, along branching tracks, resulting fr6m everits caused by the 

secondary electrons. 

The majority of the secondary electrons produced from a 100keV 

primary are incapable of producing direct displacement and so the events 

from this process tend to be confined to th~ primary track. In a 100~ 

thick carbon film only one such event will OCCllr for every 20,000 

incident 100keV electrons. These events involve the (Usplaccnieht of a 

single atom and its incorporatJion elsewhere in the structure to form a 

stable Frenkel pair. 

Ionization events on the other hand will not be so confined to the 

primary track since they are prolifically produced by the secondary 

" 

electrons. In a IOOA thick carbon film an ionization event will occur 
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. for every 6 incident 100keV electrons. 

In the collision Df a primary electron, wit~ the electrons of the 

specimen, secondary electrons are produced whose energies can vary from 

~ few electron volts to half the energy of the prtmary. The secondaries 

which have sufficient energy to produce their own track, (E ~ 100 eV), 
. , 

are referred to asa.,..rays. In the case of complete absorption of the 

primary electron the subsequent ,interactions of the a-rays account for 

almost half of the total ionization; eyen though only about 5% of the. 

primary electron interactions gen~rate such electrons (Newton, 1963). 

The m~jority of the primary electron interactions produce lower energy 

secondaries directly. 

The radiation damage process characteristic of low energy second-

aries is ioniz~tion clustering and these events are often referred to 

a~ spurs (Magee, 1951). A spur is thought to contain between one 

and five ions, two and ten exc{tedmolecules and about twenty unexcited 

molecules within a sphere of some 20A in diameter. The fast electron 

track is therefore a string of spurs with branches from the a-rays 

which are in turn also spurred and branched. The intensity of the spurs 

and· branches will of course increase as the associated electron becomes 

less energetic, until its energy falls below the lowest electronic 

excitation potential. The behaviour of these remaining electrons is not 

well understood but their energy transfer is to the vibrational (~O.l eV) 

and rotational states (~0.01 eV) of the molecules. These mechanical 

processes are not associated with radiation damage. At very low' electron 

energies (O.leV) these processes are in competition with electron 
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capture by neutral molecules or positive ions. These processes, of 

which the foruler is most likely, respectively produce negative ions 

and highly excited molecules which are capable of contributing to tIle 

radiation damage process. 

In the case of thin specimens in the electron microscope total 

absbrption of the electrons does not occur and so the electron tracks 

will not all end inside the specim~n. The range of a 100keV electron 

in carbon is about 100~ and the thickness of specimens in the electron 

microscope vary between about 50 and IOOOA. The total track from the 

primary electron is therefore truncated. This does not however preclude 

the possibility of some electron tracks ending inside the specimen. 

C. The Chemical Effects of Radiation Damage 

The mechanisms by which the ionized and excited molecules in the 

specimen decay from their excited states determines the local structure 

of the radiation damage and the chemical products that form. 

In general all the possible excited states of the molecules can 

be achieved and singly and doubly charged molecules are the result of 

direct ionization. Doubly charged molecules, which account for less 

than 10% of the ionized species (Newton, 1963), will either immediately 

fragment, into. two singly charged daughter molecules, or exchange cllarge 

from one or both sites to yield two singly charged, but otherwise 

intact, parent molecules. 

Singly ionized molecules ~an charge exchange with other molecules 

or fragment to form either a radical ion-radical pair, or a molecule 

ion-molecule pair, the latter requiring the formation of a double bond 
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in one of the spe~ies with the evolution of heat. Fragmentation"of th~ 

ion species can continue or alternatively recombination with neutral 

molecules to create a different pair can follow. Alternative to the 

~fragmentation is recombination with a slow electr~n to form a highly 

excited molecule which will decay in the same way as those created by 

collision. 

The fate of the excited molecule also includes fragmentation, to 

yield radicals with excess kinetic energy,but in addition radiative . 

decay, resulting in fluorescence and phosphorescence, vibrational decay 

rir energy transfer to an adjacent molecule can occur. 

The chemical procasse~ which foll6w these events all involve the 

ihteraction of the ions and radicals, with either themselves, each 

other or with neutral parent or daughter molecules. 

The broken bonds and reaction products that form need not arise 

from the least energetically stabie portion of the molecules since 

many of the active species are held firmly in the lattice, preventing 

their reaction and forcing them to recombirie. This "cage" effect in 

solids is often the deciding factor as to the nature of the final 

products formed. 

"D. The Characteristics of Radiation Damage in Selected Matedais 

1. Amino Acids (l-valine) 

The radiation damage of amino acids in the dry state is almost 

entirely due to ionization damage. The site of main attack in these 

molecules is principally determined by the length of the carbo~chain 

and in l~valine such fragmentation of the molecule is thought to occur 
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across the amino and acid bonds, the degradation pathway being in the 

main via deamination and decarboxylatibn (Cejvall and Lofroth,1975). 

The bulk of the molecule's skeleton should therefore be preserved ilt .. 
least during the early stages of irradiation. Thcstructurc, and compo-

sition of I-valine are shmvn in fig. I-I. 

2. Pyrimidines 

The presence of the conjugated L-ing renders ,the pyrimidines more 

resistant to ionization damage than the aliphatic amino acids., In 

cytosine rupture across the C"~O mid c-tm; bonds would be expected 

first, followed by the C-H bonds and finally by the rupture of the 

ring itself (Hall, Bolt and Carrol 1963). The structure and composition 

of the anhydrous and monohydrated forms of cytosine are shown in 

fig. 1-2. 

3. Pthalocyani,nes 

In these materials the C-H bond rupture 1.n the outer conj ugaU!d 

rings produces the early breakdm.Jn of the crystal lattice whilst the, 

centre of the indigo molecule, consisting of carbon and nitrogen atoms, 

is very stable (Reimer, 1965). The molecule therefore most likely 

radiation damages inwards from the outside, gradually removing the - , 

influence of the "cage" effect. The structure .1I1d composition of 

copper pthalocyanine is shown in fig. 1-3. 
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III. THE REDUCTION OF RADIATION DAMAGE IN THE ELECTRON NICROSCOPE 

A. Introduction 

In order to reduce the radiation damaging effect' of the electron 

" microscope it is necessary to reduce the probability of an ionization 

event followed by a subsequent chemical interaction o~curing in the 

specimen. The probability of ionization is chiefly controlled by the 

energi of the impinging electron rather than the composition of the 

s~ecimen and it has been shown that the eff~ctiveriess of the electron' 

beam to induce damage can be reduced by some 75% when electron beams 

with energies in excess of 500 keV are employed (Howitt Thomas and 

Glaeser 1975). 

The suppression of the chemical aspects is, on the one hand, a 

question of specimen design in the sense that the beam sensitivity of 

materials can be reduced by the substitution of certain components. 

In this W;ay charge exchange away from the most sensitive sites for 

fragmentation can be promoted, so that the tendency for radiative decay 

is enhanced. Similiarly the closer packing of molecules to enhance the 

cage effect and radical scavenging can be achieved by the simple add i-

tion of appropriate compounds. The addition of aromatic components, 

which apparently protect nearby species from attack without readily 

sacrificing themselves would be probably the most singly effective 

additive. 

Alternatively the chemical aspects of radiation damage can be 

reduced by external modification of the specimen, the sandwichin~ of 

specimens between metallic films (Salih and Cosslett 1975) and using 
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frozen hydrated specimens (Taylor 1975) being two significant techniques. 

The mechanisms by which these techniques effect the radiation damage 

process is not well understood .since apart from their ability to act 

in the same way as the chemical additives they also ~lOdify the intel:face 
, 

between the specimen and the microscopes environment. In the cnse of 

thin specimens this interface cannot be ignored since the microscopes 

environment will effect the equilibriullI of the chemical internctiolls 

that ensue. The hard vacuum of the microscope will for example t(,l1(\ 

to extentuate the formation of any gas~ous products alld it has been 

shown that the direct control of the microscopes environment can play 

an important role in the reduction of radiation damage (Parsons 1975). 

B. The Techniques of Transmj.ssion Electron Ni.croscop.1. 

In the application of electron micr~scopy to the study·of a specific 

material a limitation to resolution is imposed whe~ the rtumber of 

electrons required to recrird an image is greater than the number re-

quired to destroy the specimen. This limitation is cohveniently 

expressed in the equation due to Glaeser (1971); d > I 
c 

where d is the size of the object detail, c the contrast of the object 

feature, ·f the detection efficiency of the recording device and Ncr the 

critical exposure, is the number of electrons in unit area which will 

dcst:roy the specimen. In any attempt to apply electron microscopy 

therefore all these parameters should be maximised. Greater contrast 

can be achieved by the correct choice of specimen thickness and the 

substitutio~ of heavy elements which promote. strong scattering from 

the specimen. Similarly the eo.lll'ct inll, ef fi.c i.ency of the rccor,d iug 

device should b~ evaluated and in the case of photograplliccmulsions 
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a balance between film speed, grain size' and image magnification should 

be attained such that the resolution of the emulsion is no better than 

the expected image resolution. 
'.oj 

At t~e present time photographic emulsions are und6ubtably the 

most efficient recording device. 

The value obtained for the possible resolution, after the contrast 

and recording efficiency have been maximised, will represent an upper 

limit experimentally since additional electron doses to the specimen 

may be involved in the establishing of conditions for a suitable 

recording to be made.' The choice of experimental technique should 

therefore be one which involves a minimal exposure to the specimen 

before the recording is made. 

The only microscopy techniques which do not involve e~posure of 

the specimen to the beam, other than that required for recording, 

involve the restriction of the illuminating electron beam to adjacent 

portions of the specimen until the moment when recording begins (l,Jillams 

and Fisher, 1970), the nearness of the adjacent portion of specimen 

controlling the degree to which imaging conditions can be approximated. 

The methods by which the beam can be deflected are nume+ous however 

the principal difficulty encountered is control over the beam size 

r itself. In the conventional electron microscope the diameter of a 

reasonably undivergent beam is some five microns at the specimen which 

does not represent a problem at low resolution. At 20,000 X magnifi-

cation however this area covers the final screen and by 200,000·X it 

is a meter broad. In addition, at high magnifications, local specimen 
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instahility to rapid ch.::mges in beam current hecome more of a problem 

and the periods of stahilization can be large in comparison to the 

periods of recording. The application of such techniqucs is therefore 

very difficult at high magnifications. 

The problem of beam size and specimen stability have been overcome 

at high resolution, in this study~ by employing a continual low electron 

incidence to the regions of interest and performing microscopy at these 

low levels 'of illumination. Typically the electron incidence ratl~ is' 

such that photographic exposures arc of Ule order of forty tri sixty 

seconds and hence the time to establish image conditions can be kept 

to less than half the period of a recording. The principal disadvantage 

of this technique is the large error involved in establishing the 

conditions appropriate to the image at these low intensity levels. The 

experimental technique used for moderate resolution studies was the 

condenser objective or Riecke mode (Reicke, 1969) where the incident 

area of illumination on the specimen is controlled by the size of the 

condenser ap~rture and is independent of condenser excitation. The 

principle of this mode is that using a Lorentz pole ,piece the objective 

lens can be strongly excited to make the plane of the second condenser 

aperture conjug.:Jte to the specimen. This technique hilS been exploited 

in the study of selected area diffraction since the definiti.on of 

electron incidence is so high that the intermediate aperture can be 

dispensed with. This refinement is directly applicable to the study 

of beam sensitive materials since the conditions for imaging can'be 

established, and the intensity of the beam decreased slowly, without 
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dist~rbing the regions of interest. The condenser aperture can then 

be translated to expose the desired regions for recording. 

At present however the Lorenz pole piece cannot be introduced 

into 'the high resolution stag~s of mostelectron microscopes and hence 

the limitations to resolution are controlled by instrumental design. 

c. Experimental Data 

The specimens of all the materials examined were prepared on 

formvar coated copper grids which were subsequently vacuum deposited 

with carbon to prevent their charging in the beam. 

Observations of the specimens were performed in both a Philips 

301 and Siemens 102 electron microscope in the Reike and conventional 

transmission modes respectively. 

The image and diffraction patterns from these crystals were 

recorded either on Kodak E.H. or Kodak no-screen x-ray film, the Intter's 

emulsion being effectively seven times faster. 

To minimise the electron exposures to the material the images were 

-12 -2 recorded at electron intensities of approximately 10 amperes em 

at the final image plane where magnifications of between 20,000 nnd 

100,000 were used. Thus. although these intensities involve exposures 

of approximately 20 seconds for the x-ray film the proportional elcctrdh 
.1 

exposure to the specimen during the operation of the microscope is 

reduced. 

The recording of diffraction data for analysis was performed in 

the Reike mode at a proportionally lower beam current density to" the 

specimen than for the image work, hence the effects of radiation dnmage 
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could be more nicely defined. The diffraction patterns \"rere stancbr:disl'd 

by covering the specimens \Olith a layer of evaporated gold and the oi.ulo1ge 

magnifications were calibrat~d directly from this diffraction dat'l. III 

this way the latticc spacing could he measured directJy using tht' 

superimposed spacing of known value. 

The magnitude of t.he critical exposures for all the materiaJ.[; were 

made using a Faraday cup (Howitt, Thomas and Toutolmin, 1976). During 

experimental observations of these materials the exposure sustain~(1 by 

any'crystal was detcrmined as a fraction of its· lifetim~at the 

particular current deI,lsity. In this way the electron doses to the 

specimen could be calculated without hilVing to measure the beam illtt'n~:;i·­

ties through. the specimen. 

The Kodak electron imag~ plates and x-ray films were developed at 

room temperature using DI9 and Kodak liquid x-ray developei respectively. 

No stop bath was used and development was continued to a visibl.c ]0vcl 

of background fog. 

Diffraction patterns for all the materials cxamined were calculated 

from the crystallographic data from x-ray analysis. 
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IV. THE DIRECT OBSERVATION OF RADIATION DAMAGE IN ORGANIC MATERIALS' 

A. Iritroduction 

In the study of organic materials by electron microscopy the effects 
. 

of in-situ radiati~n damage to'the specimen is always encountered to 

some extent. The susceptibility of a specific material to radiation 

damage is often ~xpressed as its critical exposure, which can also be 

expressed iri terms of an upper limit to resolution when the ~ignal 

requirements of a statistically noisy ima~e arc considered (Glaeser, 

1971) (Chapter III~B). 

• 
The studies of unstained organic materials, using techniques of 

electron microscopy, are therefore usually limited to the attainment 

of a particular resolution from the material, or the analysis of 
, 

microstru<::tural features where the required resolution for identifica-

tion is well below the limit imposed by radiation damage. The 

assignment of this reliable resolution limit for a specific material 

is necessarily experimentally derived sinc~.the structural aspects of 

t~e radiation damage process are not well understood and the critical 

exposure refers to the loss of all resolvable detail .. 

The chemical and physical aspects of the radiation damage process, 

on the other hand,have been reasonably well. characterized suggc~tirig it 
~ ~ .: ~ . 

should be possible to elucidate upon some of the structural! aspects of 

the process by an investigation of the behaviour of organic materials 

under in-situ irradiation in the electron microscope. With thIs 

information it would then "be possible to study these materials ~t . 
higher resolution when the necessary dose levels are inducing significant 

radiation damage. 
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B. Results 

The effects of in-situ irradiation in the electron microscope can 

be directly observed via three characteristic coritrast phenomena. 

Firstly, as changes due to structure factor; secondly, as changes due 

to mass thickness; and thirdly, as changes due to differences in the 

local diffracting conditions (diffraction contrast). 

The changes in structure factor contrast \11111 arise since the 

structure fa~tor is dependent upon thi lattice pa~ameters and point 

group configuration_ of the specimen. Any change in the point group 

configuration is evidenced as intensity changes in the fourier compo-

nents contributing to the diffraction pattern and the image, Wllilst 

thel$ttice parameter fluctuations are evidenced as changc$ in their 

reciprotaland real space co-ordinates. 

The changes in mass thickness or diffraction contrast are solely 

characteristic of the orientation and bulk dimensions of the specimen 

and are therefore best monitored in the image at moderate magnifications. 

Experiments in diffraction upon the materials examined showed 

that the co~ordinates of many diffraction spectra were strongly radiation 

sensitive. With continued electron exposure,variations in the magni-

t~de and direction of their associated reciprocal 1~~tice iectd~s 

(g .. ) were observed, these variations being independent of the orienta­
~J 

tion of the specimen to the incident electron beam. This behaviour, 

which corresponds to a contraction or expansion of- the associated 

lattice spacings in real space, cannot be. so satisfactorily monitored 

in the images because of the small electron exposures <'" lO-4cc~-2) 
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needed to induce such changes. The magnitude of these variations in 

terms of the real space separation between lattice planes are given in 

Table IV-l for all the materials. Examples of the diffraction data 

are shown in Figure IV-l and lattice images from cytosine mOllohydrdte 

showing their de~truction with continued exposure is shown in 'Fj gurc IV-2. 

A lattice imag~ from the (201) planes of copper pthalocyaninc ~[ler 

about 5% expansion is shown in figure IV-3 and the optica] di ffr;lctogrC:lln 

iridicating that the image still contains resolvable detail to about 

3..\ is also shotro. 

In copper pthalocyanine it was possible, at high resolution, to 

monito~ the induction of radiation damage in the lattice images 

themselves. Examples of this radiation damage arc shown in Figure IV-4. 

These images are distinct from the homogeneous fading of lattice images 

which was also observed, often with their reappearance in a later, 

photograph (figure IV-3b). 

The effects of mass loss is most conveniently monitored in this 

material by the disappearance of the sloping edges from this faceted 

material with increasing electron dose (figure IV-Sa). In figure IV-6 

the changes in the spacing of the (201) planes in copper pthalocyanine 

and the visible effects of radiation damage are correlated with doSe. 

C. Discussion 

The structures and molecular configurations of all the materials 

studied, except copper pthalocyanine, have been determined directly 

from x-ray diffraction (Torri and Iitaka, 1970; Jeffrey and Kinoshita, 

,1961; Barker and Marsh, 1964). 
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The structure of B-copper pthalocyanine has been determined from 

an x-ray analysis by Robertson (1935) and the close similarity thi~ 

material bears to the nickel derivative (Robertson and Woodward, 1937) 

enables the atomic positions within the crystal lattice to be defined 

with good accuracy. These atomic positions tannot be used directly 

because of an error in one of the transformation matrices used to 

convert from the molecular to monoclinic axes; however by employing 

the ori.ginal coordinates from the four;ierprojettion the correct 

monoclinic coordinates can be obtained. 

The structures of all the materials are listed in table I-I and 

from this ~ata it is straightforward to calculate the expected 

diffraction patterns; however, in none of these materials was an exact 

correspondence found between this data and the electron diffraction· 

patterns obtained. 

In previous studies of copper pthalocyanine (Menter, 1956) certain. 

spacing inconsistencies were observed in the images, and were assigned 

to the projection of the (20I) planes differing from their actual value 

of 9.6A, being cloSer to values betw~en 10.3 and 13A. Thus in recip-

rocal space this effect was explained in terms of the strong shape 

factor from the reflection intersecting the.Ewald sphere. The magnii~J~ 

. of these deviations is,howeve~ too large to be acc6unted for by this 

-1 
pheno~enon, inv6lving reI-rods of ~ O.lA and deviations from the 

Bragg condit~on of 30
G
or more. 

The results obtained in this study indicate that in copper .. 

pthalocyanine, as well as in the other materials, the spacing variation 
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is electron dose dependent and can be monitored with increasing total 

exposure from the electron beam (figure IV-6). 

Tilting experiments were also performed in these materi,Jis and no 

I~ignificant deviation in spacing was observed other than that due to 

the electron exposure, which can be readily confirmed by returnin~ to 

the original orientation. 
. . , 

The consistency in the variations and the associated dependence 

upon electron exposure therefore indicate that these chimges ill latt:ice 

,spacing are in fact due to the radiation damage process and th<lt they 

are associated with the degradation of the crystal latt.ice. The eX<.lct 

molecular and crystal structure to which these materials degrade could 

not be determined exactly b~cause of the difficulty associqted with 

inducing the same degree of radiation damage in all the necessary 

crystal orientations. 

An indication of the nature of this degradation can however be 

obtained by indexing the new diffraction patterns in the consistent 

notation of the perfect structure. This can be achieved by recording 

successive diffraction ~atterns, where the earliest recording can be 

unambiguously identified (figure IV-lh). Thus, by al;;sociating these 

fndices with the more heavily irradiated patterns a new structure I 

based orr the same bra~ais lattice, can be identified as long as two 

dimensional periodicity is present. 

The end point, where the radiation damaged structure has been 

identified in these materials, is identified at the electron: dose to 

destroy two dimensional diffraction. In all the materials except 
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copper pthalocyanine the symmetry of the diffraction patterns obtai[wd 

were such that this dose represented the critical exposure of the 

material. 

In copper pthalocyanine however the diffraction patterns always 

sustain a single :line of low resolution reflections which degrade 

less r~pidly than the other higher resolution reflections that ar~_ 

initially present (e.g. figure V-la). The induced structural changes 

in copper pthalocyaninc, that are cited her~are calculat~d from the 

measurements made at the loss of two dimensional diffraction. These 

final values of the spacings of specific reflections are shown in­

Table IV-I. 

The best fit data from these calculations are also shown in 

Table IV-I for all the materials, compared to the data from x-ray 

diffraction. 

In copper pthalocyanine it is apparent that a contraction in the 

<001> direction by some 7% ~ccurs with a compensating expansion in ~he 

<lOO>direction by some 17%, there being a small variation along <010> of 

about 2%. This corresponds to a unit cell expansion of some 18%. 

This behaviour is corisistent with the structure of this material 

since the primary effect~ of radiation damage are assotiated withth6 

outer conjugate rings of the molecule (Chapte~ II-D). These rings are 

not uniformly distributed about the molecule (Fig. 1-3) but are of 

maximum density at the corners of. the projected squares. Loss of 

these outer rings would cause the unit cell to cont~act along th~ c 

axis and in the absence of mass loss Ol· product escape from the crysul1 
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surfaces the disordered array of radiation damage products would lend 

to increase the overall volume of the unit cell. That there is no 

notable expansion along the b axis suggests that these early rildi <l tion 

damage products distribute themselves very close to, or in the planeS 

of the mole~ules and therefore arrange themselves around die remaining 

nitrogen cores. 

From the evidence of the degradation of defect structures in this 

material (Chapter v1 it appears that the pthalocyanine molecules of 

different orientation lose this distinction with conti.nued irnldii.lt:i.on. 

The degradation of the molecule may therefore be to a more sYlltmetrical 

form itself or it may become more symmetrically oriented within the 

crystal lattice. 

It is noteworthy that in platinum pthalocyanine the spacing 

anomaly was not observed by Menter; however, in this material the 

crystal morphology is such that in an untilted specimen the crystal 

pole is invariably within 2° of the <102> pole, considerably closer 

than in the copper derivative~ Hen~e the strong (20T) reflection which 

in copper varies in spacing by only 7%, is encountered in alm6st every 

crystal. 

In anhydrous cytosine an overall Contraction of the im1t cell is 
observed. There is no detectable change in the b axis; the contraction 

b~ing confined to the a and c axes. This behaviour correlates ~cll 

with the expected early rupture of the C = 0 and C - NH~ side groups 

since it is apparent from Fig. I-20~ which represents a projecti"on of 

the (001) planes of the structure, that these groups are c16sely 
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confined within the (001) planes. The invai"iance of the spacing of the 

(001) planes and the overall decrease in volume indicates that the 

damage products are probably escaping. 

In cytosine monohydrate the effect~ of irradiation are much more 

marked. The contractions along the a and c axes are nearly by 30% with 

an unit cell volume contractiori of over 50%. This apparently lends to 

difficulties in the accommodation of radiation damaged material in the 

parent matrix. Figure IV-2 is a sequence of consecutive micrographs 
(Tid (S--01~) 

of the lattice i~ages showing the breakdown of 

structure. This breakdown is already present in the first micrograph, 

but can ~e seen to be extending into the region of uniform contrast in 

the top right hand corner. Before the first micrograph was recorded 

the crystal displayed this type of uniform contrast over the whole 

surface. The cross hatched structure that develops is thought to be 

due to the local contraction of the specimen to form islands. These 

islands apparently.separate from the body of the crystal along 

crystallographically preferred directions, resulting in a building block 

type ·structure. This behaviour is also evidenced by the development 

of the strong shape factor to the diffraction spots. These marked 
, 

changes in structure are also apparent in other orierita~lo~s exe~piified 

by the <Ill> diffraction pattern of Fig. IV-lb. 

The large contractions in cytosine monohydrate are thought to be 

due to the escape of water molecules which originally lie nearly within 

the (010) planes. Thus in Fig. 1-2(2), which is a p~ojection onio the 

(100) plane of the structure, the lattice is contracting both alting 
• 

.'." 
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the c axis and a axis which is inclined out of the drawirig. The a 

a~is runs roughly out of the paper along the cytosine molecules and 

tQrough the water molecules which are represented by the lone oxygen 

atoms. The loss of water from the structure is therefore consistent 

with the 6ontraction of the a axis and since the water molecule~ 'are 

displaced out the molecular plane of the cytosirie molecules by about 

2A along the c axis, i't can account for this contraction also. 

Despite this marked change of structure the overall effect of 

hydration in cytosine is to markedly increase-the specimen's resistance 

to radiation damage, which is reflected in the respective critic~l 

exposures. The lattice images of cytosine monohydrate that were ob-

tained involved extremely high radiation doses, for example, the dose 

received by the specimen before the first micrograph of Fig. IV-2 was 

recorded is about the critical exposure of the anhydrous derivative. 

/' 
In I-valine the changes in lattice parameter can again be well 

correlated with the expected radiation damage. In this material the 

overall contraction is most prevalent along thec axis which is very 

close to the vector connecting the ends of adjacent molecules 

(Fig. I-3(l)~ The deamination and decarboxylation that is expected in 

this material, which would represent t~le removal of the nitrogen anJ 

oxygen atoms in (Fig. 1-3(1)., would contract the lattice predomin<lntly 

along c. 

In addition to the changes in, lattice spacing the effects of 

radiation damage can be monitored by lattice imaging. Figure IV-4 

shows two such lattice images, of the (001) <tV l~A) planes of copper 
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pthalocyanine, from the same region of crystal but after different 

electron exposures. The second micrograph clearly shows the local 

~estruction of the crystal lattice which bounds two regions of about 

50A in diameter. This dimension is of the same order of magnitude as 

that predicted for a spur (Magee 1951) (Chapter II-B). 

This type tif contrast should be distinguished from the fading of 

lattice images which are often tbought to he indicative of uniform 

radiation damage. The sequence of lattice images in Fig. IV-5b, for 

example, displays such uniform fading with a subsequent return of the 
I 
lattice images after continued irradiation. The effect in this case 

is thought to arise from changes in specimeri thickness inducing changes 

in the contrast from the lattice images. This effec~ whereby the 

contrast is maximised when the specimen tl1ickn~ss is an odd multiple 

of a quarter of the extinction distance (lIir_sch et. al 1965A was 

confirmed by monitoring the disappearance of the sloping edges frolll 

these cleaved crystals. These thinning edges are obvious in dark field 

(Fig. IV-Sa), and also in the micrographs of Fig. IV-Sb upon close 

inspection. 
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Table IV-1. The Crystallographic Da ta of the Radia tion Damaged Ha ter.i.:d.~; 

-- . --------::-- --------- _._-_._ .. _---.-... _._ .. __ ._--_ .• _ .. _-_ ...... _-_ ..... . 
Copper Cytosine 

Ptha10cyanine Nonohydratc Cytosine l-Valinc 

Reflec­
tion 

.001 

201 

100 

010 

110 

111 

211 

. 021 

210 

011 
-,101 

121 
,-

112 

211 

a 

b 

c 

1 

12.57 

9.62 

16.88 

4.79 

4.61 

4.54 

4.29 

2.35 

19.6 

4.79 

14.6 

120.6 

3 Volume 1179.8A 
of the 

Unit 
Cell 

2 

12.4 

10.3 

21.0 

4.9.· 

4.8 

4.6 

4.3 

2.4 

22.9 

4.9 

13.6 

113.7 

1 = Origin~1 spacing in A 

1 

3.58 

6.00 

5.92 

3.51 

3.42 

3.45 

2 

4.6 

2.5 

4.5 

4.5 

2.6 

2.6 

2.6 

1 

9.49 

7.67 

3.42 

3.66 

7.801 5.6 13.041 

9.844 9.8 9.494 

7.683 5.4 3.815 

99.7 111.2 

2 l. 2 

9.71 8.9 

9.4 5.27 (,.9 

7.6 4:63 4.2 

3.5 4.33 4.9 

3.7 

3.57 3.2 

4.82 4.3 

12.8 9.71 8.9 

9.3 5.27 4.9 

3.8 12.06 9.2 

90.8 90~0 

2 = The average spacing in A after radiation damage equivalent to the 

loss of two dimensional periodicity 1.n diffraction, in all but 
-2 copper pthalocyanine which corresponds to 0.7 Ccm ~ this repre-

sents the critical exposure. 
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FICuRE CAPTIONS 

.Fig. IV-l' (a) Diffraction patterns from crystals of copper p thalocyanine 

in the <110>. The micrograph showing two patterns a
J 

is a 

double exposure of .the same diffraction pattern after electron 

-2 -2 -2 exposures of -10 Ccm and 1 Ccm respectively. The dif·-

f~rence in spacing of the respective (001) reflections rcpre-

sents a contraction of about 4%. The diffraction pattern where 

the gold rings are most obvious .1
4 

shows additional spots 

which are from an overlapping <102> pole with a common <010>. 

axis. 

(b) Piffraction patterns from cytosine monohydrate in the 

<111> pold showing the effects of radiation damage in the 

{lID} type reflections. The micrographs \l.Ure recorded COll-

secutively (1 throush 4) from the same area of crystal at 

intervals equivalent to electron doses of 3 x 10-1 Ccm-2 at 

the specimen. 

Fig. IV-2 Lattice images from the" (T11) planes of cytosine monohydrate 

showing the breakdowncf structure with radiation damagc~ 

The micrographs were recorded successively, each corresponding 

. . -1-2 to an electron dose df approx1mately 3 x 10 Ccm «a) 

o 
through (d». The marker in d corresponds to 100 A. The 

figure (a) has been magnified in (e) to show the (210) lattice 

~mages which wer~ taken under conditions of tilted illumina-

tion. 

Fig. IV-3 A lattice image and optical diffractogram from· the (201) 

lattice images of copper pthalocyanine. The spacing of the 
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o 
lattice images (10.3 A) is 7% larger than the cry~tDllographic 

data predicts. The optical diffractogram shows the image 
o 

resolution to be better than 3.5 A. 

Fig." IV-4 Lattice images of the (001) lattice planes of copper pthalo­
r 

cyanine showing the effects of radiation damage. The micro-

graphs are from the same region after electron exposures of 

-1 2 -5 x 10 Ccm (a) and 1 Ccm- (b). 

Fig. IV-5 (a) A dark field (20I) micrograph of copper pthalocyanine 

showing the strong contrast from the cleaved edges of tho 

crystal which are inclined to the foil plane. 

(b) Lattice images from the (201) plan~s of copper 

pthalocyanine displaying" contrast fluctuations with con-

tinued electron exposure. The micrographs were recorded 

successively each requiring an electron dose of approximately 

-1 -2 2 x 10 Cern" with intervals equivalent to the same dose 

between them. 

Fig. IV~6 The dependence of the spacing of the (20I) lattice planes 

in ~opper pthalocyanine to electron exposure. 
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a 1 a 2 

a 3 a 4 

b 1 b 3 

b 2 b 4 

XBB- 758-5823-A 

Fig. IV- l 
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(0) 

(d) 

(e) 

XBB765-4593 

Fig. IV- 2 
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XBB744-2656A 

Fig. IV-3 
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Fig. IV-5 
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EFFECTS OF RADIATION DAMAGE 
VISIBLE IN THE LATTICE FRINGE 

(FIG: Ii-4) 

REGION OF VISIBILITY OF LINEAR DEFECTS 
(FIG. JZ: -9) 

10.0 

I
REGION OF VIS IBILITY 

OF PLANAR FAULTS 

~~ (FIG.ll·3) /+--+--+1--+(201) 

+-t~*-+ . 
-+1¥ 

9.5~--------~~--------~----------~------o 1.0 2.0 3.0 
ELECTRON DOSE, C/cm 2 

XBL 766-7068 

FIG. IV-6 
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V. TUE OBSERVATION OF DEFECTS IN COPPER PTHALOCYANINE 

A. Introduction 

In crystalline molecular organic materials t~ere is good evidence 

to presuppose the presence of defects similar to those already confirmed 

in metallic crystals (Tho~as and Williams 1972). The direct confirma-

tion of th~se defects by electron microscopy is ho~ever severely 

hindered by the radiation damage sustained by the~e materials under 

electron exposure. 

The techniques that can be employed for the examination of crystal 

defects in electron microscopy are high resolution lattice imaging and 

low resolution deficiency contrast (bright field) techniques of which 

the la t ter have been mos t popula r . 

. The advantage of the low resolution techniques in the sttidyof 

beam sensitive materials is of course from the smaller electron dose 

necessary to record an image, this dose {ncreasing as the square of 

the linear magnification~ The disadvantage is that since only one 
) 

image can be recorded at a time and that in the analysis of some defects 

many different two-beam conditions are required, the complete analys1.s 

may involve a total exposure greater than that to record .one high 

resolution micrograph. Irideed if the 6igh resolution micrograph is a 
! 

mUltibeam.image it may be possible to determ~ne the nature of ,8 defect 

from such a single recording. 

The limit to the information obtainable from either of these, . 

techniques, in a specific material,. can of course be estimated from 

its critical exposure. However, it is possible that the contrast from 
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.', 

the defect will b~ lost at a dose considerably smaller thun that 

required to destroy the long range crystal structure (Chapter IV). 

Of the materials employed in this study, the most appropriate for 

microstructural investigation was copper pthal9cyanine; firstly because 
,.j 

of its large critical exposure but also because it does not drastically 

change its structure under such an electron dose. Furthermore, this 

material bears a structural similarity to the antl1racen~ derivatives, 

upon which most of the indirect and low resolution defect analys0s hav~ 

been done (Thomas, 1974; Desvergne, Thomas, \.Jilliams and Bouas-Luurent, 

1974; Jones, Thomas, Williams and Hobbs, 1975) and since t~e lattice 

spacings are quite large it affords the opportunity to study defects 

in this class of materials at high resolution. 

In the interpretation of the results from any electron microscopy 

investigation, especially at high resolution, it is important to be 

able to distinguish between heterogeneities inherent in the micro-

structure and those induced by irradiation. It is necessary therefore 

to compare consecutive micrographs taken tinder identical condj lions and 

to identify any heterugeneity which becomes more prevalent. with con tin-

ued irradiation. 

In copper pthalocyanine the earliest stages of radiation domage 
. ,~ 

~ ., 

are associated with an expansion of the unit cell (Ch~ptcr IV) and tile 

induction of heterogeneities within the microstructure, certainly th~se 

that appear in the (001) and (201) lattice images, are in general 

confined to the latter stages of the materials degradation when the 

electron dose is in excess of 1 C cm-2 • 
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Thus by studying the lattice images of a material during the very 

early stages of radiation damag~ microstructural information can be 

positively identified. The effects of radiation damage upon the 

beha~iour of the defects themselves can also be significant since some 

of the predicted defects rely on the ~istinguishableness of mole~ules 

of different orientation, which may be destroyed more rapidly than 

,', . 

the molecular framework. In the studies performed here microstructural 

features consistent with both modification to the original 8-crystaUfnc 

form 6f copper pthalocyanine and a transformation to a different crystal 

structure have been observed. 

B. Results 

From the high resolution lattice images of copper pthalocyanine 

two distinct structural modifications of the standard B-form have bcc!n 

identified. Neither of these modifications, or faulted versions of the 

B-form, have direct counterparts in metallic systems although their 

mechanisms of formation may be closely' related to those known to occur 

in such systems. 

The characteristics of these faults are that at high resolutiop 

they display both lattice images and diffraction spots characteristic 

of twice the spacing of a fundamental reflection, Wllich cannot be 

interpreted in terms of the original structure. These transformed 

regiQns sustain an unique orientation relationship to the parent phose. 

in conflict with the results obtained by ~nyukh (1963) and Kilargorodsky 

(1965, 1975) who found that such 6rientat10n relationships between 

phases do not usually exist in organic crystals~ Indeed the orientation 

. , 
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relationship between both the structures observed and the parent matrix 

is one of direct correspondence, where their diffraction patterns 

superimpose exactly except for the additional reflections (Fig. V-Ia). 

The additional reflections are thought to arise in both c~ses 

from a change in the nearest neighbor configuration of the molecilles. 

In this way the stacking sequence is changed from one of regular spacing 

to one of alternate large and small spacing such that the separntion 

of these low index planes is no longer a monorepeat sequence but js all 

alternate repeat sequence. Since an alternate repeat sequence lIDS only 

th~ periodicity of the sum of the two spacings this is the new periodic-

ity that is observed and being constrained in the parent matrix it 

would correspond to twice the average spacing of its surroundings. 

The first example of this type of fault is the (001) type which 

1 
includes the (002) (25.1 -+ 23.4A) reflection (referred to the 

coordinates of the perfect crystal). Representative micrographs of 

this type of fault are shown in Fig. (V-I), in both image and diffrac-

tion, which were all recorded in the <310> pole. 

With r~ference to the crystal structure of copper pthalocyaninc 

(Fig. 1-3(1) Fig. V-2a is seen to represent the (100) projection of the 

perfec,t structure whilst Fig. V-2b represents the same projection 

but of the faulted structure. Here and in other subsequent Fi.gs. the 

white projected squares (reduced in size in tile (100) projection but 

to scale in the (010) projection) represent the molecules of the 

orientation of the molecule at 000. The black squares represent 

molecules of the orientation of those molecules at the !- .!. -0 
2 2 sites. 
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The orientation relationship between these two types of molecule i.s a 

(100) mirror plane. 
1 

The presence of the (OOi) reflection is therefore 

thought to arise because of the change in spacing of alternat~ pairs 

of (001) planes, caused. by the differences in the nearest neighbor 

configuration in alternate planes. 

Confirming evidence for the faulted structure wns obtained 

by monitoring the lattice images under continued irradiation since the 

-
effec~ of radiation damage (Fig. V-3) is to degrade the coarse perio-

dicity to half of its original spacing in both image and diffraction. 

The additional planar faults visible in Figs."V-l and V-3 are 
'\ 

also consistent with the faulted structure explan:ltion and are thouBht 

to arise from mis-stacking within the regular array that is present 

(Fig. V~2c). 

That these (OO~) lattice images and the associated faults lose 

contrast with continued irradiation and degenerate into a flncr more 

regular lattice image (Fig. V-3) suggest thnt the disU.nguishablet1t~ss 

of the alternate (OO~) planes, which is due to .the alternate orlentation 

of molecu1e~ in the <110> direction, is lost. TIlis degradation from 

a primitive monoclinic structure with two atoms per lattice point to 
. ~ 

c-centered monoclinic would be due to the relaxation of ~he mbiecuies 

after degradation and possibly involves some rotation of the mo1e~ulcs 

within the damaged unit cell. In addi lion to the !;uperpcr.iodicity In 

the f~rm of the (OO~) lattice images, superperiodicities of the (201) 

(9.62 ~ 10.6A) planes, the (10~) (19.2 ~ 21.2A) ima~es havebe~n 

observed and identified in the (102) pole. Similarly these can be 
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interpreted in terms of the same stacking faults but in the (201) 

planes, since again nearest neighbors of unlike orientation can be 

bro~ght together. Such an interpretation however cannot account for 

the presence of broad faults within the (201) lattice i~ages (Fig. V-4) 

which do not extend along the length of the t·ransformed crystal. 

The superperiodicity of the (201) planes can alternatively be 

formed however from the miss tacking of (201) planes as is evident in 

Fig. V-5b where the alternate misstacking generates the alt~rnntc 

double planes of differently orientated molecules.. The effect of a 

miss tacking within thf.s array, in the form of triplets along (201), 

is shown in Fig. V-Sc. That these triplets, or the appropri~te defect 

arising from an irregularity in the array, do not lie along a (201) 

plane means that their. contrast will not be of the type observed ill 

the (001) planes. In Fig. V-Sd which represents a thin cry~tal some 

four· moletules ~hick the presence of one stacking irregularity is some 

seven (201) planes broad and occurs at two different thicknesses 

within the foil. Similarly, thicker specimens will contain more defects 

at different depths extending over more (201) planes. Thickness 

differences along the crystal will determine the presence of the (nult 
, 

and it need not extend over the whole transform~d iength. 

In addition to superperiodicities, stacking arrangements of th~ 

type shown in Fig. V-6 can cause changes in the average spacing of 

planes. This effect would be also evident in diffraction since the 

difference .in spacing will cause a doubling of diffraction spot~ with 

an azithmal componant difference. 
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,Figure V-7 is an example of a lattice itu;\ge displaying such 

characteristics and the associated diffraction pattern. The pole is 

<100> and <010> is along the length of the crystal. The lattice fring~s 

either side of the interface correspond to the '(0'01) planes. 

c. Discussion 

That the general nature of these images can be explained in terms 

of the miss tacking of alternately orientated-moletules certainly 

substantiates the predictions that such stacking irregularities exist 
I ' 

in similar crystals. Such faults could be responsible for certain 

products of solid state photodimerization (Thomas, 197 1l), where molcc-

ular orientations different from those sustained in the perfect crystal 

must be accounted for. 

It is interesting tonote that Ashida, Uyeda and Suito (1966), have, 

by electron diffraction, identified an a form of copper pthillocymlilw 

with a C2/c structure with lattice parameters of a = 29.52A, b = 3.79A, 

c = 23.92A and B = 90.4°. The c spacing in this form being comparable 

to that resolved in the (001) type of transformed structure which if 

otherwise unchanged from the Sform has lattice parameters a = 19.6A, 

b =4.79J\,c = 28.21\,8 = 120.6° .. It is interesting to not however that 

the volume of the unit cell identified by Ashida et al is 2348 A3 

.' 3 
compared to that of 2359 A for twice the unit cell volume of the '5 

1 . 
fOfm and that 'Jah radiation damage the (OOZ) spacing decreases from 

25.14A to 23.4A. This structure of the a form is in coriflict with 
.-

the data of Robinson and Klein (1952) who determined the a form'to be 

1 
probably C

4h 
P4/ with a = 17.36A and c = 12.79/t Thus it is certainly 

m 

, \ 
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possible that more metastable forms of copper-pthalocyanine exist them 

have yet been predicted. The str.ucture observed here however is 

apparent only indiscrete portions of a crystal and will degrade with 

radiation damage to a structure conSistent with the standard B-form 

within a very limited electron exposure. 

It is apparent that the presence of such stacking modificatiOllS 

results in the gen~ration of a distinctly different crystal stru~tllre 

and h~nce the generation of such modification represents a transtorma~ 

tion of crystal str~cture. Quite obviously the orientation of the 

transformed to the parent phase is well defined Dnd therefore in 

conflict with the exhaustive studies of Mnyukh (1963) and Kita:ir,orodsky 

(1965, 1975) who find that the orientation relationships between the 

transformed and parent regions are not well defined in organic crystals. 

Thomas (1974) conversely notes that in the monomeric 1,8-dichloro-l0-

methyl anthracene (Williams, 1973) all the symptoms of stress induced 

martensit!c transformations are displayed with orientation relationships 

that are well defined between the daughter and parent phase. 

The transformation product observed here could well be formed by 

a shear mechanism and the analogy it bears to the FCC-HCP transition 

in metals is clearly apparent when this mechanism is considered. 

The simplest explanation for the formation of such a structure 
" 

from the a form is in terms of the motions of partial dislocations of 

the type ~<110> (001) acting on every other glide plane. Thus if A 

represents an (001) plane and B the same plane displaced by suell" a 

dislocation we may represent the transformation in the notation commonly 

used in the descriptio~ of partial dislocations, i.e. 
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A A A A 

A A A A 

A A A A 

-+ 
A B B B 

A B B B 

-+ 
A B A A 

A B A A 

-+ 
A B A B 

A B A B 

Thus the perfect structure projected onto (010) is shown in 

Fig. V-Sa where the black rectangles represent molecules of different 

orientation from those in white. The identical stacking of the (001.) 

planes is disturbed in Fig,. V-8b by the passage of a partial dislocation 

(arrowed) of the form ~<110> (001) and a pair ~f adjacent planes where 

like molecules are not stacked on top of each other is generated. 

These layers where the original molecule at 000 (white) is replaced by 

one which usually appears at'~~O (black) is the B type. 

of four such dislocations is shown in Fig. V-8c. 

The passage 
\ 

It is interesting tonote the analogy of the predicted FCC HCP 

transition generated by dlC passage of a/2<112> partial dislocations 

on a1 terna te (111) planes in FCC. 1. e. 

"/ 

"' 
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A A A A 

B B B B 

~ C C C 

·A B B B 

B ~I C C. 
I 

C A B B 

A B ~ C 

B C A B 

C A B C 

A B C A 

B C A B 

C A B C 

Thus in both cases each dislocation introduces an antiphase 

boundary in its passage. 

Similarly the stacking sequences predicted in' the (201) planes 

can be gerterated by the passage of partial dislocations of the form 

~<112> (201? on every other glide'plane. Figure V-Sa shows the perfect 

structure projected onto (010) where again the convention of black 

and whi.te projected squares is maintained. In Fig. V-5b the passage 

of partial dislocations (arrowed) of the form ~<112> (201) can bd h~bn 

'to generate the associated structure with the appropriate spacing 

variations of alternate planes. 

The stacking sequence responsible for the differently spaced 

lattice planes on either side of an interfa . .ce Fig. V-7 can be ,generat(~d 

by parti~l dislocations of the form ~<110> (001) and ~gain an analogy 
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with. FCC metals can be cited since this stackinr, sequence can be 

generated by the passage of dislocations of this form on every plane, 

i. e. 

A A A A A A 

A A A A A A 

A A A A A A 

A A A A A A 

4 B B 13 B B 

A 11 A A A A 

A B 4 B 13 B 

A B A ] A A 

A B A 13 4 B 

A B A B A A 

compared to the proposed twinning reaction in FCC metals on (111) 

planes, i. e. 

A ,A A A A A A 

B B B B B B B 

C C C C C C C 

A A A A A A A 

B B B B B B ---B---

~ A A A A A A .., 
A 11 C C C C C 

.B C ~ B B B B 
, 

C A B ~ A A A 

• 
A B C A 11 C C 
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The effect of these arrowed dislocations on the (100) projection 

is shown in Fig. V-6b. The twin 'analogy is interesting since the 

effect is indeed to generate a psuedo twin, which is apparent when the 

(010) proje~tion of the crystal is considered (Fig. V-6c). This 

coincidental twin-like configuration may well acc6unt for the small 

rotation across the interface which is visible in the diffraction 

pattern of Fig. V-7. 

The presence of dislocations in this material is indicated by the 

contrast features consistent with the predictions of Cockayne et a1 

(1971) where in general terminating fringes are not observed. Thus 

in Fig. V-9b where the number of terminating fringes is zero if the 

N = g.b relati6n holds then (20i) <hkl> = D and the burgers vector 

is 1. <lk2>. 
n 

It is noteworthy that the vector ~<102> connects molecules of 

alternatively different orientation and is one of the six such vectors 

c_pable oi iritroducing an antiphase boundary and is the partial 

dislocation predicted to account for one of the transformed structures. 

Defects where the number of terminating fringes is not zercrhave also 

been observed in the (201) lattice images. For example in Fig. V-9a 

three adjacent tegioris of lattice distortion are evident on top of 

each other in the [010] direction and are indicated by the intersection 

of the arrows. Here the burgers circuits taken within the indicated 

area show each region is associated with one terminating fringe and 

hence g.b = 1 = (20i) • (hkl) which'is consistent with a burgets vector 

of the form b = ~<110> which is predicted to be responsible for two 

other transformations observed. 



It is well known that the associated displacement fr6m the passage 
-. 

of a dislocation introducing an a~tiphase boundary involves the presence 

of a r~tarding force. Thus in an extended crystal the transformed 

region should be contained by two partial dislocations, constituting 
I 

a "super-dislocation", the passage of the pa~r regenerating the. perfect 

crystal structure. The presence of transformed and untransforrned 

regirins along a crystal is therefore predicted and these contrast 

features are observed (Fig. V-l). Certainly.alarge tiumber of b~und-

aries are observed in some crystals. Regions of preferential radiation 

damag~,different focus and thickness ~ariation could however, also 

contribute to this form of contrast. 

Although the technique of defect characterization from lattice 

fringe behaviour is a well established technique it is difficult to 

perform in this material because the enclosur~ of a complete burgers 

circuit. is usually difficult. Edge effects are prevalent because of 

the small dimensions of these crystals and the large lattice spacings 

tend to incre~se the problem further in terms of the requiremenis6f~ide 

crystals. 

.. 
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7 

FIGURE CAPTIONS 

I 

'\Fig.V-1 The diffraction pattern (a) and image (b) from an (001) type 

·stacking fault in·c6pper pthalocyanine in the <310> pole. Regions of 

the perfect crystal structure' are also visible along the same crystal (c) . 

Fig. V-2 The stacking sequences responsible for the (001) type stacking 

faults in copper pthalocyanine; (a) shot.Js the perfect structure wlli] st . 

(b) shows the new structure. The structure shm.Jn in (c) is an example 

of the ~ype of structure expected when miss tacking occurs, giving rise 

to the inconsistencies in the double spacing of Fig. V-1b~ The views 

are along the a axis df the crystal. 

Fig.V-3 Consecutive micrographs (a through el) taken Jrom the same 

region of an (00l) type stacking fault in copper pthalocyanine showing 

its disappearance under radiation damage. The micrographs involved 
. . -1 -2 

el~ctron e~posures of about 10 C cm to the specimen in their recording. 

Fig. V-4The diffraction pattern and image from a (201) type stacki.ng 

fault in copper ~thalocyanine in the <102> pol~. A region of the 

perfect crystal structure is also visible further along the same crystal. 

Fig. V-5 The stacking sequences responsible for the (201) type stacking 

faults in copper pthalocyanin~; (a) shows the perfect structure whilst 

(b) shows the new structure. The structure shown in (c) is an exatnpf~ 

of the type of structure expected when miss tacking occurs and d is the 

type of miss tacking thought to give rise to the inconsistencies in the 

double spacing of Fig. V-4. The views are along the b axis of the 

crystaL 

Fig. V-6 The stacking sequences thought to be responsible for the 
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structure observed in Fig. V~7 of copper pthalocyanine; (a) represents 

ihe perfect structure and (b) the faulted structure both viewed along 

the a axis of the crystal. (c) represents the faulted structure viewed, 

along the b axis of the crystal. 

Fig. V-7 The diffraction pattern and ,image from a twin-like interface 

in copper pthalocyanine. The crystal pole is <100>~ 

Fig. V-8 A possible mechanism for the form~tion o~ the <001> type 
. . 

~tacking faults in copper ~thalocyanine by th~ motion of partial 

dislocations of tye type ~<110> (001). The perfect Structure (a) is 

shown modified by the passage of one dislocation (b) and of four 

dlslocations (c). 

Fig. V-9 High resolution images from copper pthalocyanine showing 

(a) thr~e dislocations within the (201) lattice images each displaying 

one termi~ating fringe and (b) a dislocation image ~ithin the (201) 

• 
lattice images displaying no terminating fringe. 

• <",., 

• ,~ 



o 0 8 

-57-

(a) (b) 

(c) 

XBB765-4595 

Fig. V-I 
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(a) 

(b) 

(c) 

• 

(D) 

XBB755- 3888 

Fig . V- 3 
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• 
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Fig. V-4 
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XBB758-6377-A 

Fig. V-7 
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'. 

XBB758-5819-A 

Fig. V- 9 
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VI. SUHMARY 

The role of high resolution electron microscopy in the study of 

molecular organic materials has been reported. 

It has been shown that the effects of radiation damage are pre­

dictable when the degradatiori pathway of the material is knowri and that 

the effects of radiation damage on ,the stability of certain types of 

microstructure can be estimated qualitatively. 

The predicted structural features of radiation damage hive been 

identified and in addition changes in crystal structure induced by 

radiation damage have been reported. 

In copper pthalocyanine it has also been shown that a variety of 

planar fa~lts exist, representing transformed regions that sustain an 

,uniquely defined orientation relationship to the parent phase. These 

faulted regions, and the two phase structures they induce arc identifi­

able only by electron microscopy and are possibly responsible for some 

of the crystal structures that have been previously identified as single 

phase. , 

A model for the formation of these structures has been presented, 

which i~_closely analagous to those thought to be responsible fo~ 

certain she .• r trans fonn;lt ions in IlIctil.~l i.e systellls. 
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