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ELECTRON DAMAGE AND DEFECTS IN ORGANIC CRYSTALg
| David George Howitt
Materials and Molecular Reseqrch Division, Lawrencé Berkeley Lﬁbotutory
and Department of Materials Science and Engincering, ‘
! University of California, Berkeley, California 94720
| ‘ ABSTRACT | |

The nature of the defecté discernable ffom,aﬁd the radiation damage.
£hat is induced by,high resolution electrén microscoby‘is reported.

‘It'has been shown that!it is possible to correlate fhé structhal.
aspects of the radiation damage.process to the éxpected radioghemital
decomposition of.these.ﬁateriéls and to identify these effects. It has
also been shown that the types of local. defect fofmed by radiation
damage are often clearly distinguishable, ih high resolution images,
from those inherent in the microstruéture.v |

The patticular techniques used in this type of electron miﬁrosqopy
‘and the limitations imposed by radiation damagé are described as ére the
relevant radiochemical characteristics of these procésses.

In copper pthalocyanine microstructural features'distinct from'
those induced by radiation damage have been identified whiéh are consis-
tént with those predicted and described by othér workers in similar

. materials. The ﬁigh résplutioﬁ studies indicate that some of the micro-
structures.obse%ved are caused by strucﬁqral rearfﬁﬁéemeﬁés &haé cari

~account, to some extent, for'additional crystallographic forms ﬁhat‘have
been identified in this material and the photochemical behavidUr‘of
related structures.

The purposé'of this study.was to demonstrate that it is possible for
'ﬁigh.resolution electron microscopy to play a significant role iﬁ‘the

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

A. Introduction

The application of the techniques of electron microscopy to the
studybof‘cfystailihe prganic matérials is severel&»restricted by thé
phenomenoh of radiatiéﬁ damége, which is induced in these‘matériais
by the electron Beém;, Under-condition§ of'experimen;al analysis.this
radiétion ddﬁage islénéduntered.as a rapid loss of spéciﬁen mass and
érystallinity; VhiCh bécomé_more pronounced as'tﬁe electrén éxposure»‘
continues. | | |

This situation is hardly an attfactiyé cne and since no solutibn.

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 described here was to éompre—
hensively‘éxamine some organic materials in the electron microscope and
ﬁo attempt toAidentify their microstructures af high resolution Beforé
they were destroyed by the radiation damagé. A stﬁdy such as thié'
necessarily requires an ihveétigétion.of the effe;ts of radiation damage

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

. electron microscope. -

The ways by which radiation damage can occur in these r'na'térialfs‘_,I

are'considered'inbchapter II, however, it arises principally from the

effects of ionization, caused by the high energy electron beam, which

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

‘referring to both the ionization and excitation of molecules’ or.atoms.



The radiation exposures of conventioﬁnl'lﬂOkV elcdtron_micfoscope&
are-in fact extremely intense; the coﬁmonly uscd eleétron intensity of
one ampére cm;z‘when giveh to an organic spccimén corresponding to.
approximately 400,000 Megé rads per socondh Suéh.an exposufe is seidom
encountered outside -the clectfon microscope and ‘is equivalent to the
‘ekposurc teceive& by an 65jeét thiréy yards away from a séries éf 100
‘Megaton 1 BombS'expldding at the'rafc of.ton'a sécdhd. Not sufprisingly,
therefore,radia;ionjéénsi;ive ma;erialsvare not‘wcll suitcd to investi-
‘gation by eleéﬁfon microscdpyﬁA in most oréqnié mate;ials the critical
eprSure, or dose to destroy the speéimen, is rarely bettér tﬁun about
.10_2C caz which corfesPOnds to a spécimgn lifetime of 10—2'seconds at
conventional intensity<levels. The tpchniques éf microscopy that_cqn
‘be used and the limitations that are involved in the study of. these
materials are the sﬁbjects of Chapter III.

In»the event of the successful recording‘of micrographs, the
prqblem of interpretation is not always triVial, The degree‘of radiation
damage sustained, and its contribution to the resuits, is of course
- increaséd as the electron doée to record data approaches the criticai
exposure, however no structural significaﬁce can be attached to inter-
mediate values of tﬁis dose.. The nature of thé progression of radiaﬁloﬁ
'damage and its significanée to the intérpretation df electron micrographs
is the SugjeCt of Chapter IV,

The microstructural analysis of éne of the most radiationlresistant

organic materials (B-copper pthalocyanine) is the subject of Chapter V

and here, at high resolution, it is possiblé-to identify some of the
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- microstructures that have been predicted in other molecular organic

materials and to account for some anomolies also.

.

B. 'The Materials Studied
The materials employed in this investigation were the aliphatic
amino acid l-valine, the pyrimidine cytosine, in its hydratéd and

anhydrous forms and the metalo-organic aromatic copper pthalocyanine.
These_matéfials have fespective éritical exposures of 3x10'3; 1X100,
4Xi0f2:and 3><10o Ccm—2 to 100kV electrons and are all molecular ofganic
compounds. _All the méterials studied are theréforevmdnomefic in |
structure with the molecules in thg'lattice being held tbgéther by
'hydrdgen bonds and van der Waals forcesf The struéﬁures of all the
--méterials have been determined by X-ray analysis (Tér:i and Iitaka
1970; Jeffrey and Kinoshita 1961; Barker and Marsh 1964; Robertson 1935)
and all but the anhydrous form of cytosine which is.ptimitive
orthérhombic,'are primitive monoclinic. The space groups and latficév
parameﬁefs.of these maperials are 1isted.in Table I-I. The moleculary
compositions apd arrangements of the molecules in the cfystal lattices '
'are shown in figures 1-1, 1-2 and 1-3, where the projections of ghe

. three dimensionai sfruttures represent views along stacked rows b%
moleéuleé which projeét.out of the plane of the drawings. ‘An.alter-.
ﬁatiVe meéhod’to yi5uaiize these cohplicaﬁed str;ctures is.tOICOnsidcr
the mélecules of diffgrent'orientatioh in the lattice as sepafate units.
The copper pthalocyahihe structure fhereforé-c0uld Be enQisagedpaé

an ordered array of distinguishable molecules in a C centered monoclinic



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 is particularly useful when characterizing theiv

microstructures, since it emphasizes the molecular arrangements. '



Table I-1 The Lattice Parameters and Space Group Symmetries of the’
Materials Studied. , . S .

_Material a b c - a P Y Space Group -
l-valine 9/71A 5.27A 12.06A 90°  90.8° 90° P2
cytosine . 13.064A . 9.498A -3.82A 90°  90°  90° 2,22
cytosine = 7.808 - 9.84%  7.688 90° 99.7° 90° le/»

: . ' . , C
monohydrate
copper © 19.6A . 4.79A 14.6A  90°  120.6° 90° P2, .

pthalocyanine




FIGURE CAPTIONS

Fig. I-1 The projection of the
b axis is shown in (1) wﬁilst a
tion of é single layer is shown
valine‘is‘shown in (3).

Fié. I-2 The pfojection of the

¢ axis is shown in (1) whilst a
lr N .

crystal structure of l-valine along the *
stereoscopic drawing of the same projec-

in (2). The chemical structure of 1-

crystal structure of cytosihe\along_the

projection of the crystal structure of

cytosine monohydrate perpendicular to the b and ¢ 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 in (3).

Fig. I-3 An ofthographic projection of the crystalfstructure of

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

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

is a view perpendicular to the a and b axes. (5) 1s 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 DAMAGE IN ORGANIC MATERIALS

A. The Radiation Daﬁage Processes

In the‘elgctron microscope ofganic materials can undefgo fadiation
damage via the brocesses of ionization or direcf ;fomic displacement,
_»the_magnitudevof the respective contributions béiqg dépenden;iupon the
material's composition, its structure and thevenergy.6f>the inéiden;
elections. vfhese fwo.processes are_ehergetically somewhat different
since in the case of direct displaceménp,'whéré the ato@ rather thmd1{
the electron is_the.target, momentum conservation imposes a severe
restriction'on the amount of enefgy that can be transferred from thé
impinging electron. The maximum energy transfer ﬁ:om a 100keV electrbn
in a'displacement'coiliéi§n with a hydrogen atom is only about’ZQO eV,
-whilst half the incident electron's energy can be transferred to aﬁ
atoﬁic electron in an ionization event. In addition, since the energy
transfer necessary for displacement is about 2 eV, only'elgctrons with
energy gfeater than about lkeV are capable of affécting'dispiacement
.damage? whilst electrons éf onlx a few eV can affect ioniia;ioh. This
difference is éignificant, since the degree to which secondary electrons
cah efféct the damage process will‘be very much larger for’ioni;ation”‘

. ) ' PR i
and will greafly inérease thé overall probability of such an esené
occuring in the specimén.v The probability of an ionizatién event
(Hdwitt, 1974), evén'without this correction;‘is.somé fouf orders of
maghitude larger than a displacement event for 100kV electrons (Seitz

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

processes is usually small.
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Similarly; and beﬁausé.the energy‘transfer to a displacemenf event
is small, ;he total energy lost to thé spetimen by_the electron Beam i§
almost éntirely c%nsdmed.By ionization eQents. In penetrating.carbon
aIIOOkeV electron will on the average lose &833veQ/u (Bergér and'Seiczer;
1964); a value that remains constant for the fifst tenimicrons iﬁ this -
'matériél and coréesponds to Some 16,iohizations/uv(Réuth and Simpson,
1964). The effect of ﬂigh eneréyvsecbndary.eléqtroné escaping the |
sémple will tend to réduce this valuelas‘fhe specimen'thiqkness is
.decreased and as the ehefgy of the-incideng elecﬁrdns is increased.
Altérnati&ely the additional energy iosées from Brémstrahlung (radiation
losses), and the interaction of the resulting electromégnetic‘radiation
witﬁ the specimen, will tend to increase the radiation.damage process |
at very high electron energieé (>10MeV) and as the specimen thickness
is increased. The ﬁossibility of a Brems;rahlung con;ribution to the"
fadiation damége process at 100keV is however very small. 1In tﬁe first
place-tﬁe'probability-Of these‘events is low (BethézuuiHeitler, 1934),
‘anq,in_the seqond,placenthe resulting hard X-rayS‘arevextremely pene~
trating in comparison to eléctrons of tﬁe samé energy_CM1/108) and wiil
‘1nteract ﬁo a broportionately smaller extent.

| The fadiation damage process resulting from direct displaéeﬁgﬁl
"is simply_céused by the rearrangement af atoms withiﬁ thé'méééfiéi,
whilét thé'damagé from ionization is more complicated involving sub-
sequent chemidai'interaétion of'ﬁhe ionized or excited speéiesf The

“total probability of an ionization event .followed by a subsequehti

chemical event is nevérthéless much greater than the probability foE
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the more simﬁle direct displacemcnt.evcnt in most organiclmaterials

and it is the probability -of these chémical intéractions that determines
'the‘sensitivity of a particular méterial tq radiation damage. The
éritical exposure is an inverse measure éf_this péobability and in
I;valiﬁe, a’material that damages almosf totally by ionization, the
critical exposure.ét 100keV is 3.10~3Ccm—2. In chlorine.substitutcd
pfhaiocyanine on the other hand, where the prpbability of chemical |
interaction is:greatiy suppressed, the critical exposure ?ﬁ 100 keV is’
2.5><_1o1 Cem 2. | |

B. The Physical~Effccts of Radiation Damage

.The processes of radiation damage that aré induced in érganic
materiéls by fasf éléctrbns tend to distribute themselves firstly alqng
the primary track of the electron and thgﬁ, as the depth of penetrétién
ihcréasas, along bfanching tracks, resulting from events causéd by the
secondary electrons. |

The majority of.the secondary electrons prbduéed from a 100keV
primafy are incapable of producing direct displacement and so the events
from this process tend to‘be confined to the pfimary t;ack. In a 1003
thick carbon film only one suph event will occur for every 20,000
incident 100keV electrons. These events involve the displacement of d;
single atom and its incorporénion elsewhere in the structure Lo form a
stable‘Frénkel paif.

Ionization events on the other hand will not be so confined to the
primary track since they are prolifically produced.by'the seconddryv

electrons. In a 100A thick carbon film an ionization event will chur
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. for every ‘6 incident iOOkeV electrons.

In the collision of a primary electron; with_thé electrons of the
specimeﬁ, secondary electrons’aré produced whose energies can vary from
~a few elect;on.vol;s to half tﬁé energy of the'primary. The secondaries
which have suffiqiént‘energy fo pfbduce théir'own éraCk, (E R 100 eV), B
are referred th;:d—rays.> Ih the case of_completelabsorﬁtion of the |
brimary electrén the:subseqﬁentninteractions of the 8-rays account for
almost half bf ﬁﬁe'tofaliioniiation; even though only about 5% of the.
primary eleéﬁron intefactions generate such electrqns (Newton, 1963).
The.majority of the primary électron interactions produce.lower_energy
secondaries directly. )

The fadiation damage pfocéss charactefistic of»low<energy éecond-
;afies is ioniéation clusteriné and these events are ofﬁen referréd to
as spurs (Magee, 1951). A épur.is thought to contain between one
and five ions, two and ten excited molecules and about twenty unexcited .
molecules within a sphere'of sohe 20A in diameter. The fast electron
track‘is therefore a string of spﬁrs yith brénches from the §~-rays
which are in turn also spurred and branched. The intensity of the spurs
‘énd:brahches will of‘course iﬁcrease as the associated ele;tron becomes
lesg'energetic, until its energy falls below ﬁhé loﬁest electronic
Vexcicatibn.potential. The behaviour of these remaining electrbns is not
well undefgtood but.ﬁﬁeir energy'transfer is_to ﬁhe vibraﬁional 0.1 eV)
and rotational states_CV0.0l eV) of the molecules. These mechanical
processes are not associated with radiation Aamage. At very low“électron

energies (0.1 eV) these processes are -in competition with electron
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- capture by ncutral molecules or positive ions. These processes, of
which the foruwer is mést likely, respectively producé negative ioﬁs
and highly Qxcitéd molecules which are capable of contributing to the
'fadiation damage process. ;

In the case of thin specimené in the electron microscope Eotal
ébsbrption of the electrons does not occur and so the ele;trqn eracks
will,not all end insidé the specimgn. The range of a 100keV electfonv
in carbon_is about 100u and the thicknes; of specimens in the electrénﬂ
microscope vary between about 50 and IOOOA; The’totél tra;k fromvthé
primary eléctrqn is therefore truncated. This does not.howevef 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 ekcitéd states determines the locél structufe
of the radiation damagé and the chemical producfs that form.

In general all.the possible excited states of.;he'molecules can
be achieved and singly aﬁd.doubly chargcd molecules are the result of
direct ionization. Doubly charged molecules, which account for less
than 102 of the ionizedrspécies.(ﬁewton, 1963); will eithef immediately
fragmept, into‘fwo-singly éharged daughter molecules, or éxchange charge
from one ér bdth sites to yield two singly charged, but otherwise
intact, p;rent molecules.

Singly ionized molecules can charge exchange with other moleéules
or fragment to form eitherjé radical ion-radical pair,. ot a_molgéﬁle

°

ion-molecule pair, the latter requiring the formation of a double bond
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*in oné oé the spegies with the evolution of’heat;‘ Frégmentation'of the
ion spéciés‘can continue or altérnati?ély récombination with néutfal
molecules to create a different pair can fqllow. Alternative to the
sfragmentation is recombination with a slow elecﬁrén to form a highly
'excitéd mblecule-which will decaylin the same way as those created by
collisioh.‘ | | |

| The fate of ﬁhe excited mblecqie alsp'includes fragmentétion, tb
yield radicals with ekéeés kipétic energy, but in addition radiative
deﬁay, résulting in fluorescence'apd phosphorescence, vibrational‘decayA
or energy transfer to_aﬁvadjaceng molecule can occur.

‘Thé cﬁemical processes which follow these events ali involve the
interaction of the ions and radicals, withleither themseivés, each
‘other or with neutral parent or daugﬁter moledﬁles.

The broken bonds and reaction products that form need not arise
from the least energetically étabie portion of the molecules since
many of the active species are held'firmly'in>the lattice, preventing
their feaction and forcing them to recombine. This '"cage' effect in -
solids.isroftenvthe deciding factor'as to the nature of the final

products formed.'

-D. The Characteristics of Radiation Damage in Selected Maéerléls
1. Amiﬁo‘Acids (1-valine) |
| The ;adiafion démage.of amino acids in the &ry state is almost
entirely due to ionization damage. .The site of main attack in these
molecuieé.is princip#lly detérmined by the length 6f the»carbon,éhain

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

main via deamination and decarboxylation (Cejvall and Lofroth, 1975).
The bulk of the molecule's 'skeleton should therefore be prescrved at
) . , . 2

least during the early stages of irradiation. The structure, and compo-
sition of 1-valine are shown in fig. T-1.
2. Pyrimidines - ‘ g

The presence of the conjugated ring renders the pyrimidines more
resistant to ionization damage than the aliphatic amino acids. 1In

. + :
cytosine rupture dcross the C=0 and C-NH bonds would be expected

2
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. I-2.

3. '~ Pthalocyanines

In these materials the C Eond rupture in the outer conjugated
rings produces the early breakdown of the cfystal iatticé 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 inwardélfrom'tﬁe dutside, gradually removing the

influence of the "cage" effect. The structure and composition of

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

A. Introduction

In.order ﬁovreducé the radiation damaging effect of the glectron
micfoscope it is‘neceséary to féduée the probability of an/ionizatién
event followed by é subsequent cheﬁical interaction occuring in the
sbecimen. The'pfobébility of ionizatidn‘i§ chiefly controlled by the
energy of the impinging electrdn‘rather”than the composition of the
specimen aﬁd it has bgeﬁ showﬁ tﬁatsﬁﬁé effectiveness of the electron-
’beam tovinduce'damége cah be reduéed_by some 75% whéﬁ electron beams
wiﬁﬁ enefgies ih excess of 500 keV are empioyed (HOQift«Thomas and
Glaeser 1975). |

The,suppression’of‘the chemical aspects is, on the one hand, a
question of specimen design in the sense fhat the beam sensitivity of
matefialé can be reduced by the substitution §f certain éomponeqts.

In thié.way charge exchapge.away from the most sensitive sifes fbr
fragmentatioﬁ éan be promoted, so that the tendencf for radiative decay
is enhanced. Similiarly the closer packing of moleculés to enhance the
cage effeq; and ra&ical scavenging can bevachiéved by the simple addiF
,ktipn.of appropriate‘COmpoundQQI The additioﬁ of aromatic compdnents,
which-apparéptly proteét nearﬁy species from attack without readily
sacrificingvﬁhemselves would be probabiy the mést singly effective
additive.‘> | o

Alternafively the chemical aspects of radiation damage can be'

reduced by external modification of the specimen, the sandwiching of

specimens between metallic films (Salih and Cosslett 1975) and using
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frozen hydrated speciméné (Ta?lor 1975) being twp significant techniques.
The mechanisms by which these techniqﬁcs effect the radiation damage
process is not well undefstééd‘since apart from their ability to act

in the same way as the chemical additives theyal;qhodify the interface
between the specimen and the microscopes envirénment. Iq the case of
thin specimené this interﬁace cannot be ignored sincé thé microscopes
environment will effect the eqﬁilibrium of thé-chcmical intérdctions
that ensue. The hard.vaéhuh'of.thc microscoﬁe will for e#ample tend
to extentuate the formation of any gaséous pr&ducts and if 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 Transmission Electron Microscopy

In the application of electron micrqscopy to the study-of a specifié'
material a limitation to resolution is imposed when the number of
electrons required to record an imagé is gréatef than.the number re-
quired to destroy the specimen. 'This limitation is conveniehtly

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

1. 5
c viNcr
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

-

destroy the specimen. In'any attempt to apply electron mictoscopy
therefore all these parameters shéuld be maxiﬁised. Greater confrast
can be achieved by the cofrect choice of specimen thickness and”;hé
substitution of heavy elements which promote. strong SCattering'f;om
Lhé specimen; Similafly the coiluctinnyefficiency‘of the recording

device shouid be evaluated and in the case of photbgraphic'emulsions'
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' a balance between film speed, grain éizé and image magnification should
be attained such that fhe resolution df the emulsion is no betterlthan
the expected image resolution.

vAt the present time phot&éraphié emulsions a;e undoubtably the'
ﬁost efficient recording device.

The value obtaiﬁed for.fhe'ppséible resolution, after the contrast
and recOrdiﬁg efficiehc& héve been maximised, wiil represent an upper
limit éxperimentally‘éince.additional electron doses to the specimen
may be involvediin thé’establishiﬁg of conditions for a 3uitabl¢.
fecording to be made.’ The choice pf e#perimentql technique should {
therefore be one thch involves a minimal exposure to the épecimen
before the recording is made.

The oniy microscbpy techniques which do not ih&olve éXpOSure of
the specimen to the beam, other than that fequired for recording,:
involve the fes;rictibn,of the illuﬁinating electron beam to adjacent
pértioﬁs.of the specimen until the moment when recording begins (willams
~and Fisher, 1970), thé nearness of thgfadjacent{po;;ion of specimen
‘controlliﬁg the degree to which.imaging conditions can be approximated.

g The metﬁods by which the beam can be deflected are numerous however
the principal difficﬁlty enéoun;ered ig control over thé beam siié
itself. 1In the conventional electron micfoscope the diameter of a
reasdnabl§ undivergent beam is some five microns at fhe specimen which
does not represent a probiem at low resolutiod. At 20,000 X magnifi-

rcation:hoﬁever this‘area covers the final screen and by ZOO,OOQJX‘i;

is a meter broad. In addition, at.high magnifiéhtions, local specimen
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- instability to rapid changes in beam current become more of a problem

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

) .
*

periods of récording, The ‘application of'such'techniquos is therefore
very diffiéuit at high magnifications. |

The problemvof beam size and specimen stability have been o?ercome
at high resolution, in-thié study, by employing a qontinuél low-electron
incidence to the regions of interest ahd.perfo;ming‘micfoscopy at thése‘
low levelsuof‘illﬁminatidn., Typically the~cleétron‘iﬁcidepce rate is-:
3uch_that photographic exposures are of. the order of forty to sixty
seconds and hence the time to establish image conditions can be kept
to less than half the period of a recording. The principal disadvanpage
of this.technique is the large error involved in establishing thev
conditions appropriate to the image at phese-low intensity leyels. The
experimental technique used for moderate resolution studies was the
condenser objcctive or Rigcke mode (Reicke, 1969) where the incident
area of illumination on the specimen is controlled by the size of the
condenser aperture and is indepéndent of'Condenservexcitation. Thef
principle of this mode is that using a Lorentz pole piece the objective
lens can be strongly exgitea to.make the planc’of the_second.condeps¢r
aperture conjug&te to_thc specimen. This technique has been exploited
in the s;udy of selected area diffraction since the definition of
electron incidehce‘is sé high that the intermediate aperture can be
dispensed with. This refinement is directly applicable to the stuay

‘of beam sensitive materials since the conditions for imaging can’be

‘
.

established, and the intensity of the beam decreased élowly, without
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* disturbing the regions of interest. The condenser aperture can then
be translated to expose the desired regions for recording.
At present however the Lorenz polé piece cannot be introduced

into the high resolution stages of mostelectron microscopes and hence

the limitations to resolution are controlled by instrumental design.

C. Experimental Data'.

The.specimens of all the mate;ials examined were prepared on
" formvar coated‘cqpper.grids which were subsequently Qacuum deposited
:, with carbonlto prevent their charging iﬁ the beam. |

»0béer§ations of the specimens were performedvin both a Philips

301 and Siemens 102 electron microscope in the Reike and conventional

_ tranémission modes respectively.

The image'and diffraction patterns from these crystals were
recorded eifher on Kodak E.M. or Kodak no-screen x-ray filﬁ, the 1attér's
emulsion being effectively seven times faster.

To minimise the electron exposures to the material the images were

recorded ‘at electron intensities of approximately 10_12 amperes cm
at theifinal image plane where magnifications of betweén 20,000‘and
100,000 were Qsed. Thus,aithough‘these intensitieé involve exposures
of ap§f0ximately 20 séconds'for the x-ray film the propqrtional electron
expoSufg to the specimen during the operation 6f the microséoée is J
reduced. - |

Thé 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‘damage’
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. could be more nicely defined. The diffraction patterns were stunddrdisbd
by covering the specimens with a layer of evaporated gold and thé image
magnifiéatiods were calibrated directly from this diffraction data. In
this way the lattice spacing could be measured difcctly using the
superimposed spacing of known value. |

The magﬁitude of the critical exposufes for.all the mareriais.were
madé'using a Fargday cup (Howitt, Thdmas and Tbutolmin; 1976). During
_eﬁperimental observations»pf these mape;ial§1thé exposure suStaiﬁéd‘by
any'crystél was determined as'a'fréctiqﬁ of ité  lifetime at the
particular current density. In this way the electron doses.to the
Speciﬁen could.be calculated without having to measure the beam intunsi»
ties fhfough.the specimen. |

The Kodak electron image plates and x-ray films were &evélopcd at
room température using D19 and Kodak liquid x-ray developer respcctivély.
No spopfbath was used and development was continued to a viéible']ovci
of background fog.

Dif fraction pattefns for all the materials examined were calcq}aced

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

A. Introduction

In the ét&d& of organié materials by electrop microscopy the effects
of'in—Situ radiatibn damage to the specimeﬁ is aiways encounﬁered to
some extent. 'The susceptibility of a specific mateiiél to rad;ation
damage is often éxpregéed as its cfiﬁiﬁal exposure,.whichlcan'also be
ekpreésed‘ih terms éf éh upper‘limit to resolution when the éignai_
requirements of a sﬁatisticélly;ﬁoiéy imagglare éénsidefed (Glaeser, -
1971) (Chapter III-B). |

The étudies bf uns;ained organic materials: using techniqués_of
electron micgoscopy, are therefore usually limited to the attainment
of a particular résolution from the material, or the énalysis of
microstructural features‘where the required resolution for'identificaf
tion is‘well below thellimit imposed by radiation damége. The
assigpment of this reliaBle fésolution limit for a specific material
ié necessérily.éxperimentally derived since.thé structural aspects of
the radiation‘damage-process are not well.understood.and the critical
equsufe refers to the loss of ;ll resélvable aetail,

Thevchemical'éndvphysical aspects 6f thé radiation damage process,
on ;he:qther hand,have been re;sonably well_characterized'Suggeggﬁﬁg it

éhould be poséible to elucidate upon some of the structural asbéégé of
the process by an investigation of the behavibur of organic materials
under in-situ irradiation in the electron microscope. With this
information it Qould then ‘be possible to study these materials ai

higher resolution when the necessary dose levels are inducing significant

-radiation damage.
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v B. Results

The effects of in-situ irradiation in the electron microscope can
be directly observed via three characteristic contrast phenOmcﬁé.
Firstly,  as chaﬁges due to structure factor; secondly, as changes due
to-maés thickness;-aﬁd thirdly, as changes due‘to differences in the
local diffracting conditions (diffraction.contfasf).

The changes in structure factof contraét wili arise sihce the
structure.féqtof ié dependent upon the lattice pafameteré and péint
group coﬁfiguration_ of the specimen. Any change in thé poing group
config;ration is évidenced as'iﬁtensity changes in thelfourier compo-
ﬁents contributing to the diffraction pattern and‘the image, whilst
the»iaftice parameter fluctuations are evidenced as changes in their
.reciprbcal.and real space co—ordinates.

.The‘changes_in mass thickness or diffraction contrast are sqlely
characteristic of the orientation and bulk dimensions of the specimen
and are therefofe best mqﬁitored in the image at moderate magnifica;ions.

Experiments in difffaction upon the materials examined showed |
that the co-ordinates of many diffraction specﬁra were sttongly radiatidn
sensitive. With continued electron exposure,variations invthe magni—.
tude andvdirection " of their associated reciprocal iéfticé 3ect5é5‘
(gij) weré obsgrved;vthesé Yariations being indepeﬁdent of the orienta—
tion of tﬂe specimen to the incident electron- beam. \This behaviour,
which corresponds to a contraction or expansion of’ the éssociatedv,
lattice spacings in real space, caﬁnot be so satisfactorily moniibrcd

in the images because of the small electron exposures (Vv IO—QCcm—z)
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. needgd to induce such changes. The magnituae of these variationé in
terms of the real space separation beﬁween 1éttice.plénes are given in
Table IV—I for all the materials. E#amples of the diffraction data
I , :
are shbwn in Figure -1 and lattice images from Eytosine monohydraée
showing their de;tfuction with cénfinued exposure is shown in. Figurc IV-2.
A lat;ice image from the (201) planes of copper pthalocyanine after
_abqut 5% ekpdhsién is shown in figure IV-3 and thelbptica]:diffructogram
ihdicating that.the image'sti11 contains reéolvéble detail to aboﬁt
BA is also shown. |

In copper pthalocyanine it was possible, at high resolution, to
monitor the inducﬁiéﬁ of radiétion damage in the lattice images |
A'themselves. Examples of this radiation déﬁage are shown in Figure IV-4,
‘These images -are diétingt from the homogeneous fading of lattice images .
‘which was.aléo obsefved,'often with their reéppearancé in a later
ﬁhotograph (figﬁfe IV—ﬁb). |
- The effects of mass loss is most conveniently monitored in this
material by the disappearance of the éloping edgeé from this faceted
‘matérial with increasing electron dose (figure Iv-5a). Ih figure IV-6
the ¢hanges in ;he spacing of the (201) planes in copper p;halocyanine
- and the visible effects of radiation damage are correlated with dose.

| C. Discus;ion |

The éfrﬁctutes and molecular configufations:of‘all the materials

studied, excepf cpppet pthalocyénine, have been determined directly

from x~ray diffractioh (Torri and Titaka, 19703 Jeffrey and Kinoshiéa,

.1961; Barker and Marsh, 1964).
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The structure of PB-copper pthalocyanine has been determined. from
-an x-ray énalysis by Rbbertson (1935)‘and the clgse similarity thiQ_
material §ears'td the nickel derivativé (Robéftson and WOodwurd; 1937)
en&bles'the atomic positions within the crystai léftiée to be definéd';
with good accuracy.' These atomichOSitions cénﬁpt bé_used directly
'Becausc'of.an error in one of the transfoﬁmatién matriceg us@d to
convert from the moleéula; to monoclinic axes; however byvemploying
the origihal coordinateé‘ffdh tﬁé_fo;rief pfbjeétionvthé.correct
monqclinic cooraingtes can bé:Obtained.

The SCructures:pf all the materials are listed in table I—l‘énd"
from this data it is straightforward to cglculate the expected‘
diffraction patterns; however,'in none of thésg materials was an exuc£
éorrespondence‘found between this data and thcAelectfon diffraction
patterns obtained.

in previous studies of copper pthalocyéniné (Menter, 1956) certain.
spacing inconsisténcies were observed in the images, and were assigned
to tﬁe‘pfojection of the (201) planes différing from thelf actual value
of 9.6A, being cioSer to values between 10.3 and 13A. Thus in fecip-
rocal space this effect was explained in terms of :he‘strong éhape
factor»from»the.refIGCtibh.iﬁtefsectingvtheAEwald sphere. The magnitﬁ&é v
-of these deviations ié,ﬁoﬁéver,too large té be accounted for by ;hié
phenomedoﬂ, involving rei—rods of '().1/’\_1 and deviations from the
Bragg condition of 30°of mbre.

The results obtained in this study indicéte that in copper,"

pthalocyanine, as well as in the other materials, the spacing variation
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is electron dose dependent éndvcan be monitored with incréasing'totnl
exposure from fﬁé electron beam (figure IV-6).

Tilting experiments were also performed in these materials and no
}Significan; deviation in spécing was obserVea othéf than that duc to
thé eleétron'exposure, which_Can be readily confirmed by returning to
.the original oriéntation.

The édnsistency in thg vafiatiohs_ahd the nssociatéd dependence
upon electron exposure'thereforé indicéte that these changes in laftiéc
.spacing aré.in fact due ﬁo the radiatiqn damage proééssvand_thut they
are aésociated with the degradation of the crystal lattice. Tﬁc exact
mblécular and crystal structufe to which thesé materials degrade could
not Se determined exactly because of the difficulty éssociqted with
. inducing the same degree of radiation damage in ail thé necessary
crystal ofientatiohé. )

An indication of the nature of this degradation can however be
obtained by iﬁdexing the new diffraction patterns in the consistent
-notatign of the perfect structure. This can be achieved by recording
successive diffraction-patterns, where ;hé earliest recording can bé
Unambiguoﬁsly identified (figure IV—lb).'iThus, by aésociating these

v iﬁdices Qith the more heavily irradia;ed patterns a new sgrupturéf
:based‘én the same bravais lattice, can be identified as long as two
dimensional'periOdicity is present.

The end point, where the radiation damaged struéfﬁrevhas been

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

destroy two dimensional diffraction. 1In all the materials except
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- copper pthalocyanine the symmetry of the diffraction patterns obtained

were such that this dosé represented fhc critical ¢prsure of the
material. |

In coﬁper pthalocyanine however the diffraction pétterns alwayé
sustain a single:linc of 1ow,resolﬁtion reflections‘which degrade
less rapidly thaﬁ the other'higher resolution feflections tﬁat are,
initially presént'(e.g. figure V-1a). fhe induced structural chaﬁges'
in copper pthalocyanine} that are cited ﬁere,aie calculated from'the
measurements made at the loss of two dimcnéionql diffraction. Thesc:
final.values of the sbacings of specific reflections are shown in-
Table IV—li

The best fit data from thése calculations are also shqwn in
Table 1V-1 for all the materials, compared to the déta from x-ray
diffraction. ‘

.In copper pthalocyanine it isAapparent thét a contraction in the
<001> direction by soﬁe 7% occurs with a compensating expénsion in the
<100$direction by some 17%,‘therevbeing a\small variation aldng-<010>vof

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

* This behaviour is.consistent with the structure of this material
since.the primary effeéts of radiation damage are associated with 'thé_'
outer conjugate rings of the molecule kChapter II—D); These rihgs are
not unifoéﬁly distributed about the molecule (Fig: 1-3),b§ﬂ are of
maximum density at the corners of the projécted squares. Logs of

these outer rings would cause the unit cell to contract albng the ¢

axis and in the absence of mass loss or product escape from the crystal
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|
shrfaces:thé disordered array of radiation damage pfodUcts would tend
- to incre&selﬁhe overali voiume of thevunit cell. Thét there is no
notable expahsioh_along Ehe b éxis s&ggests that these carly radiation
dahage'products distrib@te themselves very close fo, or in the planés
of the moleéuleé and therefore arrange themselQes around the remaining
nitrogen cofes.

o From the‘evidencé_ofbthe degrédation of deféct étrucfurés in this
material (Chapter V), it appears that the pthalocyaﬁihe molecuies of
differeh; orientation lose this distinction Qith continued irradiafion.
The dégrada;ion of the molecule may therefore be to a more symmétrical

 form itself or it ~may become more symmetrically o;iented within the
crystal lattice.

It is no;eworthy ghat in platinum pthalocyanine the spacing
‘ énomaly was nét obsérved by Menter; however, in thié material the
_crYstal morphology is such_that in an untilted specimén the.crystal
pdle‘is invariably within 2° of the <102> pole, céﬁsiderably closer
than.in the copper derivative. ‘Hence thé‘strong (201) reflection which
in Eppper‘varies in spacing by only 7%, is encountered in almost every
crystal, |

In anhydro@s cytosine an overall contraction of the udié Eé]lvi;
observed. Thefe isvnb detectable change in the b axis; tﬁe contr#étion
being con%ined to the a and c gkes, This behaviour correlates well
with the expected éarly rupture of the C = 0 and C - NHD side groups

ya

since it is apparent from Fig. I-2(1} which represents a projection of

the (001) planes of the structure, that these groups are closely
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.confined within the*(OOi) planes. The invatiuncq of the spacing pf the
(601) planes and the overall decrecase in volume indicates that the
damage products are probably éséaping.

Iﬁ cytosine‘monohydrate the'effecté of irradiation are much more
marked. The contfactions along the a and ¢ axes are‘ﬁéarly'by 30% with
an unit cell volume contractioﬁ of over 50%. This-apparen;ly l;ads to
diffiéulties in the accommodation of radiation daméged material in the
parent matrix.’ Figure_IV;Zvis‘a‘séguence of consecutive'hicrdgréphs

. (tu) (s:01%)

of th lattice images showing the Bfeakdown of
structure. This breakaown'is already present in.the‘first micrograph,
but can be seén to be extending into>the region of uniform contrast in
thé‘top right handvcornér. Before the first micrograph was reqdrded
the crystal‘displayed this type of uniform contrést over the whole
surface. The cross hatched structure that deveiops is théughf to be

~ due to the iocal contraction of the specimen to form islanas. Thesg :
islands apparéntlyzseparate from the body of the crystal along
crystallographically preferred difections, reéulting in a building block
type‘structufe. This behaviour is also evidenced by thé development
of'ﬁhe strong shape factor to the diffraction spots. These marked‘ 
changes inlstructure are also apparent in other orieﬂtééfoéé exé&piifieév
by the <111> diffraction'pattern of Fig. IV-1b. |

| The large contractions in cytosine monohydrate are thought to be
due to the escape of water molecules which originally lie néarly within
the (010) ﬁlanes. Thus in Fig. I-2(2), which is a projection onf6 the

(100) plane of the structure, the lattice is contracting both along
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the.c axis and a axis which is ‘inclined out of ;hé drawing. The a
axis runs rbughly dﬁt of the‘paper along the cytosiné molecules and
through the water molecules which are r;prgsented by the loné oxygen
atoms. The loss of wafer from tﬁe structure is ;£erefore consistent
with the éontraction of the a axis and sinéé thé water.moleculeS'are
displaced outvthé molecular blane‘of phe cytosine molecules by about
ZA,#i°“8 ;he;c aXié; i;:can-accognf for this cdntraction also.
v.Despite thi;;ﬁéfkea éhénge of structure the‘ovefall effect bf
hydration in'cyCOsiné is to-mafkedly‘increase the specimcn‘s resistance
':td radiation.damagé, which is reflected in the respéctive critical
eXpdsufes.' The lattice images of cyfosine monohydrate that were ob-
tained inVolved extreﬁely high radiatioq doses, for example the dose
réceived by ;he_Sbecimen before the firsﬁ micrographvof Fig. IV-2 was
recérded_is about the critical exposure of thé anhydrous derivative.

In l-valine fhé changes in 1attice'parameter can agaEE be well
correlated with the é#pected radiation damage. 1In this material the
.ovérallkcﬁntraction is most prevalent along the ¢ axis which is very
‘close to the vector connecting thc ends of.adjacent molecules
(Fig. 1-3(15; The deamination.and decarbokylation'that is eﬁpected in
this material,‘which would represent the removal of the nitrogen dnJ
.oxygen atoms in (Fig. I-2(1), would contract theilattice predominantly
along c. |

In addition t; the changes in,lattige spacing the effects of
rédiatioﬁ damage can be monitored.by lattice imaging. Figure IV;AV

.

shows two such lattice images, of the (001) (b_lzﬂ) plaﬁeskof copper
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pthalocyanine, from the same region of grystal but after different
electron exposures. The second micrograph ciearly shows the 1ocal.
’dcstrﬁction of the crystal lattice which boundé two regions of abouf
SOA in diaﬁeter. This diﬁensioﬁ is of fhe same order of magnitude as
that prédicted for a.spur (Magee 1§5i) (Chaptef II—B);

This type of contrést.should be distinguished'froh the fading of
lattice images which are then thought to Bc indicativc éf uni(ofm.
fadiation damage. The'seqﬁence of lattice ‘images in Fig.'IV—Sb, for
example, displays sucﬁ unifopm fading with a subséquent're;urn of the
iattice images after éontinued irradiation. The effect in this case
.is thought to afise from changes in specimen thickness inducing changes
in.the contrast froﬁ the lattice images. This effect, whereby the
contrast is maximised.wheh the specimen thickness is ap odd multiple
of é quarter of thé extinction distance (Hipséh et al'l9651 was
confirmed by monitoring the disqéhearanca_of the sloping edges from
thesé cleaved crystals.. These thinning edges are oBvious in dark field

(Fig. IV-5a), and also in the micrographs of Fig. IV-5b upon close

inspection.



Table,IV—lg The Crystallographic Data of the Radiation Damaged Materialg

Copper Cytosine _
» Pthalocyanine Monohydrate . Cytosine ~1-Valine
Reflec- : | L ' fb- . B
tion 1 2 1 2 1 2 1 2
Co01 12,57 12.4
201 9.62 -  10.3 ,
100 16.88  21.0 . T9.71 8.9
010 479 4.9 9.49 9.4 5.27 4.9
110 4.6l 4.8 6.06 . 4.6 7.67 7.6 463 4.2
1l 4sh b6 3.42 3.5 4.3 4.9
211 4.29 4.3 |
021 2.35 2.4 |
. 210 R '3.58 2.5 | 3.57 3.2
011 N 6.00 4.5 . C4.82 4.3
101 . . 5.92 4.5 3.66 3.7 o
121 o 3.51 2.6 |
112 342 2.6
211 345 2.6
a 19.6  22.9  7.80L 5.6 13.041 12.8 9.71 8.9
b 479 4.9 9.844 9.8 9.494 9.3 5.27 4.9
s 14.6 13.6 . 7.683 5.4 3.815 3.8 12.06 9.2
B 120.6. 113.7 ~ 99.7  111.2 - 90.8  90.0

Volume 1179.8A5 1397A3 s81.683  276A% 472.383 45283 617.283 40183
~of the o : ,

Unit '
- Cell’

1= Original spacing in A - ‘
2= The\average spaéing in A after radiation damage equivalent to the.
loss of two dimensional periodicity in diffraction, in all but

2

copper pthalocyanine which corresponds'to 0.7 Ccm-.,‘this repre~

sents the critical exposure.
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FIGURE CAPTIONS
(35 Diffraction patterns from crystals of copper pthalocyaniné
in the <110>. The micrograph éhowing_twq patterns a, is a

double exposurce of .the same diffraction pattern after electron

.éxposures of ~1v0“.2Ccm—2 and l‘Ccm.2 respectively. Thc‘difm

ference in spacing of the respectiveb(OOI) reflections repre-

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

, Shows additional spots

which_are,from an.overlapping <102> pole.with a common <010>
axis. | |

(b) Diffraction péttefns from cytosine monohydrafe»invthé
<111> pdld showing the effects of radiation damége in the

{110} type feflectious. The micrographsunre recorded con-

'_secutlvely (1 through 4) from the same area of crystal at

-1 -2
intervals equlvalenL to electron doses of 3 x 10 Cem © at

“the specimen.

Lattice images from the (T11) planes of cytosine monohydrate
showing the breakdown cf structure with radiation damage.
The micrographs were recorded succéséively, cach corresponding

to‘an'electron»dose of approximately 3 X 10'_1 Ccmn2 ((a)

through (q)). The marker in d corresponds to 100 A. The

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

' ﬁmages which were taken under conditions of tilted illumina-

tion.

‘A latLlce 1mage and optical dlffracLogLam from the (201)

‘lattice 1mages of copper pthalocyanine. The spacing of the
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lattice images (10.3 R) is 7% larger than-the'crysfallographic
‘data predicts. The optical diffractogram shows the image
resolution to be better than 3.5 R.
/Fig.'IV-AH.Lattice imagés of the-(OOl).lattice plades Qf copper pthalo-
1 cyanine showing tﬁe-effects of fadiatibn damage. The ﬁicro-
graphs are from the same region aftér‘electron exposufes of
~5 x 10“1 Ccm.(a) and 1 CCm_z (b).
Fig. IV—S’_(a) A dark field (201) microgréph of‘cqpper pthalocyanine .
:showing the strong contraét from tﬁe cleaved edges of the
:crystal which are inclined ﬁo the foil plane.
(S) Latfiée images from the (201) planes of copber
pthalocyanipe dispiaying" contrést fluctuations wifh con-
ﬁinuéd electron exposure. The micrographé Qere recorded
succéssively each requiring an eiectron dose of aﬁproximately
2 x 10~1 (VJc:’m-‘2 with intervals equivalent to the.same dose
between‘them.. v
' fig. IV46 The AGpeAdence of the spacingnof the (201) lattice planes

ih'goppet pthalocyanine to electron exposure.
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XBB765-4593

Fig., 1V-2
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V. THE OBSERVATION OF DEFECTS IN COPPER PTHALOCYANINE

A. Introduction

In érystalliné mOlecﬁlar organic materials tbefe iéfgood evidence
to presuppose theipresence of defects similar to thése already cbnfitmed
| _ .
in metallic crystals (Thomés and Wiliiams 1972). Thévdirect éonfirma-
tion of these defecté by electron microscopy is hoﬁever severcly
hindered by the radiation damage sustained by theée‘matefials undér
electron exposure. | |

The techniques tbaﬁ can be employed for the examination of-cryétnl
defects in electron microséopy are high resolution lattice imaging and
‘low regolution deficienﬁy contrast (bright field) técﬁniques.of which
the latter havebeen most popular.

. The advantage of the low resolution teéhniques in the study of
beam sensitive materials is of éourse from the smaller electron'dose
.necéssarf to reéord an image, this dose increa$ing as the square of
thg lineaf magnification, The disadvantage is that since only one
image'caﬁ_be recofded at a time and that in the a;alysis of some defccts_
many different two-beam qqnditions afe required, the complete'analysis
méy'involve.a total_gxposure greater than thatlto record onc high
resolution miﬁrograph. Indéed if the high resolution micrograph is a

. . o
multibeam, image it may be possible to determine the nature of_a.defcct
from such a single recording.. - ”,

The limit to the inférmation 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 cqntrast from
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the defeét Qill be lost at a dose considerably smaller than that
required fo destroy the long range crystal structure (Chapter IV).

Of the materials employed in this study, the most appropriate for
miérostrdctural investigatioq was copper pthalocy;nine; firstly because
of its large critical exposure but also bécause it does not drastically
change its structure under such an electron dose. -Furthermore, this
"-mafefial bears a structural similaricy to.the anthracene derivatives,
upon which mosﬁ of the indirect and low reéolution defect aﬁalysos.haﬁé
beén déne (Thomas, 1974; Desvergne, Thomas, Williams and Bouas-Laurent,

1974 Jones, Thomas, Williams and Hobbs, 1975) and since tﬁe lattice
Spacings are quite large it affords the oppprtunity to stﬁdy'defects
in this class of materials at high resolution..

In the in;erpretation'of the results from any electron microscopy
investigatioﬁ, especially at high resolutioﬁ, it is important to be
able to distinguish between heterbgeneities inherént in the micro-
structufe and those induced by irradiation. It is necessary therefore
to comﬁ#reéonsecutive micrographs-téken uhder‘idéntical conditions and
to-identify ahy heterogeneity which becomes more prevalent with contin-

‘ued irradiation. |

In copper éthalocyanine the earliest stages of radiation da@gge
{ arg'associéted with an expansion of the unit cell (Chapter IV3 555 thév
induction'of heterogeneities within the microstructure, certainly those
that appear in the (001) and (201) lattice imaéés, are in general
coﬁfined to the latter stages of the materials degradation when”fhe

electron dose is in excess of 1 C cm_z.'
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‘Thus by studying the lattice images of a material during the very
early stages of radiation damage, microstructurél information ¢an be
positively identified. The effects of radiation damage»upon the
behaviour of the defects theméelves can also be significant since some
of the predicted dgfects rely on the distinguishablenessof molecules
of different orientation, which may be destroyed more rabidly than
" the mqlccular framework. TIn the studies peffbrmed here microstructura}
features consistent with both quification to the‘originél B—cryStaIliné
form of copper pthélocyanine andva transfofmation to a different crySCa1 
structure have been observed. )

B. Results

From the high resolutioq lattice images of copper pthalocyanine
two distinct structural modifications of the standard B-form have been .
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 cloself‘related to those known té occur
in éuch systemé,

The charac;e:isticquf-these faults are that at high resolution
they display both lafticé‘images and diffraction spots characteristic
of twice‘the spacing of a fundamental rcflectién, which cannot be
interpreted in terms of ché'originilstructurc. Th¢sc transformed
regions sustain an unique orientation relationship to the parent phase,_
in édnflict with the results obtained by Mnyukh (1963) and kila;gorodsky
(1965, 1975) who found that such orientatjon relqtibnships between

phases. do not usually exist in organic crystals. Indeed the orientation
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A relationship between both the structures observed and the‘parent mﬁtrix
is one of dire;t correspondence, where their diffraction patterns
superimpose e#actly except for the additional reflections (Fig. V-la).

The additional reflections afe thought to ar;se in both cases
from a change iﬁ the nearest néighbor configuration of the moleculces.

In this way ﬁhe stacking sequence is changed from one éf regular spacing
to one ofvalté;ﬁéte large gnd small spacing such that the separation

“of these low iﬁdex plane;“is’no longer a mbnorepeat'seduence but is an
‘alterha;e ;epeat seQQence. Since an alternate repeat sequcnce has only ’
-the peribdicity 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 thisvtype of‘fault is the (001) type which
- includes the_(OO%) (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-1), in both image and diffrac-
tion, whicﬂ were all recorded in the <310> pole.

With reference fo the crystal structure of COppgr pthalocyanine
(Fig. I-?(D Fig. V-2a is seen to represent the (100) projection of the
perfécf structure whilst Fig. V-2b represents the same projection
- but bf the faulted structure. Here aﬁd in other subsequent Figs. the
vwhite projécted squares (reduced in size in fhe tiOO) projection but
to scale in fhe (OIQ) projection) represent the mqlecules of the
orientation»of the‘molecule‘at 000. 'The black squares représent’

molecules of the orientation of those mblecules at the %-%_0 sites.
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The orientation relafiqnship between these th types of moleculevis a
(IOO)Imirror plane. The presence Qf the (OO%) reflectionlis'therefore
thbught to arise because of the éhange in spacing of alterpatc pairs
of(OOl)planes; caused by the differences in thé néarest neighbor
configuratiéh in alternate‘planes.

Cdnfirming‘evidence.for the faulted Structurciﬁﬂs obtained.
by monitoring the }a;tigé images under}cqntinued irradiation-since the
effe;t‘of ;adiation damage_(Fig. V-3) is té Hcgrade.the cbarse peyio—'
dicity to half of its‘originél spacing‘in both image and diffraction.

The additional planér faﬁltS'visible in Figs. V-1 énd V-3 are
also consistent with the faulted structure_;xp]anntion and are thought
to afise‘frém mis—staéking‘vithin the regular array that is present
(Fig. v-2c¢). |

That these (00%) lattice images and the associated faults lose
contrast with continued irradiation and degenératc into é finer more
reéular lattice image (Fig. V-3) suggest that the distinguishableiness
of the alternate (00%) planes, which is due to the alternate orientation
of moleculés in the <110> direction, is lost. This degradation from
a primitive'monoclinic structure with two atoms per lattice point to

.

c-centered monoclinic would be due to the relaxation of the mdiecuies

.

after dégrédation and possibly involves some rotation of the molecules
within the damagea unit cell. In addition to tﬁc supcrﬁeribdlcity in
the form of the (00';) lattice images, superperiodicities of the (201)
(9.62 ~» 10.6A) planes, ﬁhe.(lO%) (19.2 = 21.2A) images havé.beé;

observed and identified in the (102) pole. Similarly these can be

-
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. inferpretéd in terms of the saﬁe stacking faults but in the (201)
planes, since again nearest neighbérs of unlike orientation can be
broUght.together. Such an interprétation however cannot account for
tﬁe presenée éf broad faults within the (ZOT) lag;ice images'(Fig.vV-é)

vwhich do not extend along the.iengfh of the’transfdrmed crystal.

| The superpefiodicity of the (201) planes can alternatively'be

,forméd however from the ﬁisstacking of (2015 planes as is eviden£.in
Fié. V-5b where the altérnaté misstacking generates the altérnnfc
double planes'of differently orientated molecules. The effect of a
misstacking within this array, iﬁ the form of triplets along (201),
“is shown in:Fig; V-5c. Tﬁatvthese triplets, or the appropriate defect
karisinélfrom an irreguléfity:in the array, do not lie along a (201)
piénc means that'their.contrast will not bé of the type observed in .

" the (001) ﬁlanés. In Fig. V-5d which répresents a thin crystal some
féur»moleéules thick the presencé of one stacking irregulérity is some
seven (ZOI) blanes broad and occurs at t&o different thicknesscs
wi;hin the foil. Simila;ly, thicker specimens will contain more defects
at differeht depths extending over more (201) planes. Thickness

vdiffetenées along the crystal'will determine the presence of the fault
and it(geed not. extend over the whole EranSformeé i;hgtﬁ..

In addition to superperiodicities, stacking arrangéménts of the
type.shownbiﬁ Fig. V-6 éan cause changes in the average spacing of
planes. This effect would be also evident in diffractipn since the

differencelin spaciﬁg will cause a doubling of diffraction spoté with

an azithmal componant difference.
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:,Figure V-7 is an example of a lattice image displaying such
characteristics and the associated diffraction pattern. The pole is
<100> and <010>‘is along the length of the crystal. The lattice fringés
either side of the interface cotrespond to thc‘(Obl) planes.

C. Discussion

That the generai héture of these iméges can be explained in terms
of the misstacking of alternately orientated molecules certainly
5ub§tantiates the prediétions_that such stackingvirreguiaritics exist:
in similar érystals. Sdéh faults coﬂld’be rcspoﬁéible for cértain
products.of solid state phofodimeriéaﬁion (Thomas, 1974), where molec—
ular orientations differeﬁt from those sustéined in the perfect crystal
must be accounted for.

It is interesting tonote that Ashida, Uyeda and Suito (1966), have,
by éiectron diffraction, identified an a form of copper pthhlocyaninc.
with a C,/c structure with lattice parameters of a = 29.52A, b = 3.79A,
c = 23.927 énd Bv= 90.4° . The c spaéing in this'form being cémparable
to that resolved in the (001) typé'of transformed structure which if
otherwise unchanged froﬁ the B form hasllattice‘pafametefs a = 19.64,

‘b =/4.793;c = 28.24,8 = 120.62. It is interesting to not howeve;-that
the volume of the unit cell identified by Ashida eg al is 2348 A3
compared to.ﬁhaﬁ of 2359-)\3 for twice the unit cell vblume of the f
fé;m and that with radiation damagé the (OO%) spécing d&creases from v
25.14A to 23.4A. This structure of the a form is in conflict with

the data of Robinson and Klein (1952) who determiﬂed the a’form’zo be

1
4h

probably C, - P4/ with a = 17.368 and ¢ = 12.79%; Thus it is certainly
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; possible that more metastable forms of.copper—pthalocyanine'exist th#n
have yet been predicted. The structufe observed here howeverbis
aéparent only in discrete portions of a crfstal and will dggfadé with
fadiation daﬁage to a sﬁructure consistent with the standard B—férm
within‘a very 1imited electron exposure.
‘ It is apparent that the presence of' such stackigg m§dific5tions
résuiﬁs in the genéra;ion of a distinctly different crystal structure
and hénce.the generation of such ﬁodification represengs a trnusforma*i
tién of cfyétal.strdcfure.‘ Quite obviously the oriehtation of the
tfansformed to the.parent phase is wel; defined and therefore in
. conflict with the exhaustive studies of Mnyukh (1963) and Kjtaigorodsky
(1965, 1975) who find that the orientation relationships between the
transforﬁed and parenﬁ regions are not well defined in érganic crystals.,
Thomas (1974) conversely notes that in the monomeric 1,8-dichloro-10-
methyl anthraéene (Williams, 1973) éll the symptoms of stress induced
- martensitic transformations are displayed with orientation relationships
lthat are well defined between the daughter and parent phase.

The transformation product observed here could well be formed by
" a shear mecha&ism and the analdgy it bears to the FCC~HCP transition
in metals is clearly apparent when this mechanism is considered.

Tﬁe simplést explanation for the formation of such a structure
frdm fhe é‘form is in terms of the motions of pértial dislocations of
the type %<110> (001) acting on every othér glide plane. Thus iflA

represents an (001) plane and B the same planc displaced by such’ a

dislocation we may represent the transformation in the notationvgommonly

used in the description of partial dislocations, ie.
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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 étructure.pfojected onto (010) is shown in
Fig. V-8a where thé black récfangles represent molecules of different
orientation from those in white. The identicalls;acking of the (001)
planes is disturbed in FigJ V-8b by the passage of a partial dislocation
(arféwed) of the form %<110>‘(001) and a pair of adjacent planes where
like molecules are not stacked oﬁ top of each other is generated.
These layers where the original molecule at 000 (white) is replaéed by .
one which usually appears at' %0 (black) is the‘B type. The passage
of fouf such disloéations is shown in Fig. V-8c.

It is interesﬁing toﬁéte the analogy of the predicted FCC HCF
transition generated by the passage of a/2§11§> pnrtial dis1ocdtions

on alternate (111) planes in FCC, i.e.
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A A A A
B B B B
I c c c
A B B B
B S c c
c A B B
A B 5 c
B c A B
c A B c
A B c A
B c A B
c A .r.s c

Thﬁs.in both cgses each dislécation introduces an antiphase
boundary iﬁ its paséage.'
| | Siﬁilarly the stacking sequences preﬁicted in the (201) planeé
cén»be generated by the'passage,éf partial disiocations of the form
k<112> (201) on every other glidéfplane; Figure V-5a shows the perfect
struqturé projecﬁed.onto (010).where again the convention of black
and>white projgctedVSquares is maintained: In Fig. V—Sb‘the passage
of partial dislocations (arrowed) of the form L,<112> (201) can bé_éééﬁ_
]to-gengrate the aésociated structu;e with the appropriate spaéing |
Q#riation; of alternate planes.

The stacking ééﬁuence_fesponsible fo; the differently spaced
.léttice'ﬁlanes on either side of an intérfa@e'Fig. V-7 can bc‘génera;ed

by partial dislocations of the form %<110> (001) and again an analogy
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" with FCC metals can be cited since  this stacking 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
A B B B B B
B A A A A

A 4 B B B
A B B A A
A - B A B A B
A B A B S A

compared to the proposed twinning reaction in FCC metals on (l11)

planes, i.e.

A A A A A A &
B B B B B B B
c ¢ ¢ ¢ ¢ ¢ ¢
A A A A A A A
B B B B B B -—-B---
G- A A A A A A
B ¢ ¢ ¢ ¢ ¢
B ¢ A B B B B |
c A B G A A A ’
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The effect of these arrowed dislocations‘on the (100) projection -
- is -shown in Fig. V-6b} ‘The twin" analogyvls 1nteresting since the
effect is 1ndeed to génerate a psuedo twin. whlch is apparcnt when Lhe
.(010) prOJectlon of the- crystal is consldered (Plg V-6c). This |
c01nc1dental tw1n—11ke conflguratlon may well account for the bmall
rotatlon-agrpss the 1nterface which is visible in the diffraction
battérn qf fig; V—75. : | |
. .Thevpfesénce_of diéloﬁations iﬁ'thié ﬁateriaibis_iﬁdiéated by thé‘ 
'contrast_featufes consistent with tﬂe predictibns of Cockayne éc al
(i971) where iﬁ géneral terminatihg friqges are not observed. Thus
in Fig.:V—Qb where‘thé'number of terminating fringes is zero if the -
=.g;b rélatibn holds then (201) <hkl> = 0 and the burgers vector
s % <1k52>7 | o |
_It is doteworthy that Fhe vector %<102> connects molecules of
altefnétively different_orientation and is onebof the six such vectors
Caﬁab1e of iﬁtroducing an antiphase boundary and is the partial
disldtétioﬁ pfedicted to account for one 6f the transformed structﬁres.
Defects where the numbgr of ?crminating fringes is not zeerhévé alsp-
been observed in the (201) 1lattice imagés. For exémple in Fig. V—9;.
'vbthree adjacént_fegioﬁs of lattice distqftiqn are evident on top of
eaéh-othér in ;5e't010] direction and'are indicated by the intersection‘
.of the arfows. Here the burgers circuits taken within the indicated

area show each region 1s associated with one terminéting fringe and

L]

(201) -+ (hkl) which is consistent with a burgers vector

hence g.bj= 1

¢ of thé'form‘b' 4<110> which isvpredicted to be responsible for tdo

. other transformations observed.
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It is well known that the associqted diéplaccment from thc‘passagc
of a dislocation intfoducing an antiphase boundary involves the presence -
of a retarding force. Thus in an extended crystal tbe transformed
region should be contained by two partial dislocationé, constituting
a "suéer~dislqcation",'the passage of the pair rcgénerating'the.perfccﬁ
crystal structure. Thé-presence of transformed ahd Qntransformed‘
regions along a cryétal_is thercfore predicted andvthesé contfasi
"features are obsérved'(Fig."V—l). Ccrtainly.a~large'nﬁmber of bound-
aries are observed in some crystalé. _Regions of prcﬁérential,rédiation‘
damage, different focus.and.thickness variation could however, also | -
contribute to this form of contrast.

Although tﬁe teéhniQue of defect characterization from lattice
fringe behaviour is a well estabiished te;hnique it is difficulf‘to
perform in this haterial because the enclosure of a comﬁlete burgers.
circuit is usually difficﬁltf‘ Edge effects are prevalent becéuse‘of
the small dimensioﬁs of these crystéls and the large lattice spééings
tend to increase éhe prob1em further in térms of the requivementS'dfwide

crystals.
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FIGURE CAPTIONSv.

'*Fig.'v—l The_diffradﬁion ﬁa;tern (a).and image (b) from an (OOi)ltype
%étackiﬁg_fault in]cdppéerthalocyanine in thc‘§310; pole. .Regions of
tﬁe perféct §rystai structdreiare also visiﬁlé-alﬁng thﬁ séme crystél(é).v
Fig. V-2 The scaéking sequénces résponsible for the (OOI)Itypevscackiﬁg.

'i.faulﬁs.in éoppef pthalbcyaniﬁe; (a) shows the pgrfect.structure whilst

(b) shows the new struéﬁ#re, Tﬁé.sfructure showﬁ in (c)’is an'cxamplg
.of thg'type of structﬁre gxbecfed when misétacking‘occurs; giving rise
‘fokthe incoﬁsistencies inithe double spacing pf:Fig; V—leA The views
:arefalong’the_é axis 6f‘thé.crystal.

‘Fig;gV—B Consecutive micrographs (a through d) taken from the same
region of an (001) type stacking fault in copper pthalocyanine.showing

- its diséppearance undéf radi#tion damage. The micrographslinvoived_
eléctfdﬁléxpoéures éf‘abouﬁ IO—IC cm—z to the specimen’ih‘their.recording.
Fig,'V—4 ~The Aiffraction éattern‘anﬁ image from a (201). type stacking
fault in coppér.pﬁﬁalocyanine in the <102>:polé. A region of the
perfect crystal structﬁré3is also visible further along the same crystal.
Fig;'VfS’vThe_stéckiné seqUeﬁcesrresponsible.for the (ZOT)‘typé stacking
faults 1nrc6pper pthalocyanine; (a) shows the perfect structure whilst

(b) shows the‘new.strqcfuré. The structure shown in (c) is an exampié
of the tybe;of structure expected when ﬁisstacking occurs and dbiglthe

type of mis§tacking thought to give rise to the inconsiStencieé iﬁ the

‘dOUble spacingléf 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) tcprcsents

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

the a axis of the crystal. '(c) réprcsents the faulted structure viewed.

along the b axis of.the érYstal.

»IFig; V-7 vThe diffraction pattern and ‘image from‘a'twin-like inﬁerface
in copper pthalocyanine. The'crystal pole is <100>{

Fig. V-8 A possible mechanism for.the formation of;phé.<001> t&pe
Stdcking faulfsviﬁ coﬁper.bfﬁdigéyaninczﬁy fhéﬂmbtién of p&rtial
dislocations of tye type %<110> (001)} Thc pérfegt structure (a) is
shown.ﬁédified by the passage of bne dislocation (b) and ofvfour

dislocations (c). -

Fig. V-9 "High resolution images fromAcopper pthalocyanine showing

- (a) three dislocations within the (201) lattice images each displaying

one terminating fringe and (b) a dislocation image within the (201) -

lattice images displaying no terminating fringe.
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VI. SUMMARY

The role of high feéolution eleétron microscopy‘in the‘study of
molecular organic materials has been feported.

1t has been shown'tha; the effects of radiéf&on damage are pre-
dictable when the.degrgdatioﬁ pathway of'thg_matérial is known and that
the,gffecﬁs‘pf-radia;ion daﬁage ohlﬁhe stability of certain.tybés of
microétrucfufe.can be estimatedrqualitativeiy; | |

The pfedicted‘structurél features of fadiation‘damAge have been
identified ahd in addition éhanges in érystal_structurc induced by
radiation damagevhave'been reported. |

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

‘planar faults exist, representing transformed regions that sustain an

~uniquely defined_orientation relationship. to the parent phase. These

faulfed regions? andlthe two phase structures théy induce aré;identifi-'
ablé only Ey electron miCroscépf and are possibly responsible for‘some
of the crystal structures that have been previously identified as single
phase.

A mQAeI for the formation of these structures has been presented
which igﬂcloéely aﬁalagous to those thought to be responéible for

certain shear transformations in metalllc systems.
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