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ELECTRON DAMAGE IN ORGANIC CRYSTALS
D. G. Howitt* and'G.;Thomas
Materials and Molecular Research Division, Lawrence Berkeiey Laboratory

‘and Departmeht of Materials Science and Engineering,
s University of California, Berkeley, California 94720

ABSTRACT

'.The éffects of.fadiafion damage in three crystalline oréanié materials
havé-been_iﬁvestigatéd{by electfon micrdscopy.' |
u_The degfadatioﬁ.of these ﬁafefials has been fqund'to be‘cénsistent_with a
graduai collapse of their crystal étructures brought about by ionization
damage to fhe comprising molecﬁles.
It is inferred fhat'the-crystallinity_of theée materiais is deStroyed by
ioniziﬁg radiation because the damagea.molecules cannof'be incorporated into |

the framework of their original structures.

*Present Address
Department of Metallurgy and Materials Science
Case Western Reserve University
Cleveland, Ohio 44106 o
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INTRODUCTION

Radlatloa damage 15 a fundamental 11m1tat10a to the.appliCation.of
electron mlcroscopy in the study of organlc materlals( ) anddmore ihformation
is aeeded concerning the detalls of the mechanism Of specimen degradation

In this investigation three organlc materlals 1 va11ne( ), eyt051ne(3)
and copper phthalocyanlne(4) were examined undet in-situ 1rrad1at10n in the
electron microscope and their structural behaviour was compared with the
_available iadiOchemical data.

In 1 va11ne and cytosine radiation damage in the dry state is ‘known to be
domlnated by fragmentatlon about the functlonal groups(s)(6) whllst in copper‘
phthaloeyanine fission of the outer conjugated rings and hydrogen bond

rupture are the most likely eyents(7).



~ EXPERIMENTAL DETAILS

- .Large’Single'crystals ofblfvaline and cytosine,‘éuitabievforieiectfon'i
microScopy, were prepared on formvar coated'copper grids by the»&ropwise
evaporation of dilgte éolutions: L;valine Was_orepared from an oqoeouS'
solution whilst, to prevent the formation of cytosine monohydrate, cytosine
was prepared from én ethaoolic solution. Single crystais of coppcr
pﬁthalocyaniné wére deposited onco similiar grids from an ethanolic sﬁspen;ion
“of finely ground powder;

The specimens tobbe obéerVed solely in diffractiOnvwere vacuom'depo$itéd
with gold to calibréfe their lattice spacings aﬁdvali the‘specimens were
examined at 100 kev in a Siemens 102 electron microscope under a constant beam
current to the-soecimon. In this wéy the behaviour of the specimen could be

compared with the radiation dose that it had sustained.

The criticalveXPosures of the_macerials were measured using a Faraday

cup(s) and, during expefimental obsoryations, the exposure sustained by any
~crystal was determined as.o_fraction of this dose at the particular cufrent
densit}. | |

The high'resolution images were recorded at a mognificétion of 100,000. x
vfrom a symmetrically‘oriented <100> diffractioh pattcrn with'thc transmitted
.beam aligned to the optic axis of the microscope. The contribution of six

(00L) beams to these images was established by.optically transforming the
original electron micrograph.

The image aﬁd diffraction patterns were.recorded on kodak 4489 sheet film.‘

and developed in 50% diluted D-19.
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" RESULTS

Tﬁe critical expoéures of 1—va1ine, cytosine and copper phthalocyéniﬁe'
were determined to bé'3 X 10‘3, 4.x 102 and 3_Coulombs'cm“zvrespectiﬁely to
100 keV electrons.

The degradatibn of these materials, prior fo their tbtal'loss of
' crystalline'diffraction’is characterized by a change in spacing of ééme of the
diffraction spectra and the maghitude of these variations, in terms of real
space paramefers, is shown' in table I. These variations aré independent of the

™ .

Specimen orientation to the incident electron beam and can be consistently
intefprefed for each material as an unique deformation of the crystal lattice.
| In copper phthalocyanine‘the lattice deformation involves an eXpansion of
the unit cell alohg([IOO] ahd‘a cdntraction along [OOl].v In cytosine there éré
cbntractiqns along [100] and [Qle and in l-valine there'is a dominant éon—
‘traction of the'unit_cellvalongv[001].v

| The [001] direction in l-valine and the [010] and [1001' directi0n$ in
» cytoSine are those along which_the_unit'cells wbﬁld collapse if the functional
Vgroups of the molecules were té be removed (figure la, 1b) whilst in copper
phthalocyanine [100] 1is significant because the molecules stacked in this
diréction sustain the éhortest intermolecular distance.

The shértest intermolecular distance is indicéted in figure lc and is‘that
getween a carbon atom in an outer conjugated ring and a nitrogen atom in the
core of its neighbour. Increasing this intermoleqular separation, which could
~arise from fiSsién to the conjugated ring,IWOuld predominantly increase the
interblanar spacings of (201) and (100) which is the deformation observed.

Iﬁ'all'these materials therefore the,structﬁral modification$ whichvargv

observed can be attributed to the response of a unit cell in accomodating the

most likely fragmentation events.
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The magnitude of the eiéqtfbn dose necessary to.initiate a detectéble
fstruétural modification to fhese materials is about a tenth oflthe Critical
exposure and in figurev2 the éhanges in spacing of twelve sepéfaté (ZOI)
reflections of copper phthalocyanine are shown as a function of électroh dose.

In coppér phthalocyanine it is also’poésible to observe the rédiapion
damage directly by high resolution lattice imaging énd in‘figure 3 lattice
images from the (001) plahes, recorded almost immédiately after the specimen
was exposed to the electron beamn, illustrate tﬁe characteristic specimen
deterioration. _Th¢ resolution in these images is better than_4z and an
electron dose to the specimen of about 1C.cm_2 was necessary to record them;
The photographs were all processed froh the same microgfaph and are at

different magnifications to illustrate the size distribution of the radiation

damaged regions.

DISCUSSION

The fragmentation précesses which occur in a.méferial_éan be quéﬁtitively
determined by rédiolysis.ih terms of both the total number of fragméntation
-e?ents (G_m) and the number of individualvfragmentation products A, B, C;..
(GAGBGC) which resﬁlt from the absorption.of 100 ev df energy from the primary
beém. | |

The energy loss rate of a 100 kev electron traversing a thin specimen can

(9)

be calculated readily from stopping power theory and hence the concen-

tration of fragmentation products at any dose can be predicted from a survival
curve(lo) of the form

s=5 e /D3y
-0

where So'is the number of molecules in the.specimen; S is the number which

‘survive fragmentation after an electron dose D, and D3 is the electron dose

7
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equ1valent needed to produce an average of one such fragmentatlon event

per molecule. In reality 37% of the molecules are intact at this dose because

- some. of the 63" have suffered more than one 1nteraction - : S
When the electron doses are in units of electrons_cm‘2

D37 = 100Nm | dE |71
G dx

where ‘Nm is the volume den51ty of moiecules and dE is the energy loss rate of a
100 kev electron in ev cm 1. o

The radiolytic yield of l—valine.has-been.determined-by Gejvall and
‘ Lofroth(s) and a totai degradation (G-M) of 8 was established; Theltotal
degradation yield is almost entirely derived from fragmentation across the
functional groups whilst small amounts of methane, ethane and propane were also
reported which is characteristic of the fragmentation of the carbon chain. These -
products were assessed to be a minor component of the hydrocarbon yield, which was
assigned a G value of 0.2. | |

It is apparent from the‘survival curves corresponding to these G vaiues_which
are plotted in_Fig. 4 that fragmentation of the carbon chain.cannot account for the
value of the critical exposure in L-valine since. substantially feuer,than 3% of the
molecules have been affected in this way by'this dose. The onset ofistructural
deformation at an electron dose of 3 x 10—4 Ccm_2 and its progressionvto the
critical exposure at 3 x 1073 Cem=2 are however readily interpreted in termspof
‘fragmentation about the functional groups, since at these doses 20% and 90% of
the.molecules in the specimen have sustained sucn an event.

The radiolytic'yield of cytosine has not been determined in the dry
state hoWever those.aromatic compounds which have been analysed invaribly
?Xhibit a total degradation yield between 0.2 and 1.0(6)., The electron dose
wnich corresponds to the critical,exposure of thosine would fragment'QO% of tne o

molecules in a material where the total degradation yield is 0.7.



 ‘Copper phthalocyanine ié»sufficiently stable tﬁat the_chéngesvin inter--
planar spaéing can be determined asba funqtion of electron dése and So cbmbared
direétly_to the Single hit target model. - | |

The change in spacing of twelve separate (201) planés.is-shown in'figure.z
and When these variations are averaged and set proportional to the number of
damaged molecules their behaviour closely.follows a survival éurve corresponding
to a G valve of 0.004 and a destrﬁction of 99% of the molecules at the crifical
exposure (figure 4). |

| Whilst the loss of crYstallinity_in l—valine‘and cytosine can bé
satisfactorily explained by the depleted concentration of perfect molecules;
copper phthaiocyanine may not be so straight foreward to>interpret since 0.004

is an extremely sméll value for the total degredation yie1d of an afoﬁatic
compound; |

In addition to its ability to induce ionization damage, which results froﬁ b_v
electron-electron collisions, a 100 keV electron is also capable of destroying
~ the structure of an organic compound by displacing the atoms directly in
electron-atom collisions. Thié knock-on damage is extremely rare in éomparison
to the number of electron-electron collisibns which occur. However, in a.
material such as copper phthalocyanine, which is extremeiy resistant to'ioni;a-
tion damage, this type of radiation damage must be considered.

Thevrole of displacement damage by the electrons can also be considered in
terms of a survival curve since the cross section for a-particﬁlér event is the
inverse of the electron doée equivalent needed to produce it.

The appropriate survival curve is therefore described‘by

| S - So e ba/n
where o is the total displacement cross section offered by a moleéule in cm2' 

and n is the average number of displaceménts whiéh will destroy it.



,Thé direct displacemeﬁt surVival curve fof copper phthélocyaﬁine.shown'in
figure 4 corresponds to a tqtai displaceﬁént_croés Sectioﬁ of 2.4 x 1621 o>
where oné displacément'éveht is sufficient to destroy the m01ecu1¢.(n ivl).

The total cross Secfion was obtained by summing the'célculated éross

| sections of the constituent atoms to 100 kévielectrons(ll) assuﬁing the
threshold energy for the displacement of a single atom to be the product of its
Valency with an average bond energy of 4 eQ.

The degree of displacement damage, baéed on these Croés sectiéns, is too
low to contribute significantlf to the radiation‘damagg of this material |
involving.less than 5%bof the mdlecules at a dose equal to.thencritical'exposure.

The radiation damage»bf éopper phthalocyanine must therefdre also be
' ihduced byiionization damage.
The'nétufe of the ionizatibn processes in:an orgénic mafériai‘has_'béén

(12)

considérédﬂby Magee , who describes it'in.terms of spurs, blobs and éhort

"tracks being induced by the primary electron from eﬁefgy loss'events df 0-100
év, 100;506 ev and 500-5000 ev. These processes describe the behaviof of tﬁe‘
secondary ele;tfoﬁsrwhose range confines the size and distribution of these

] . (<]

evenfs, not éxéeéding 15; for a spdr, 120A for a blob or 7000A  for a short
__track7 Iﬁvthe complete absqrption of a1l Mev'electron‘Magée estimates fhe
ratio of spurs : blobs :"short tracks to bé 500 : 5 : i. |
The high reso1ution lattice:images from the (001) planes of copper
phthalocyanine\(figure 3) indicate that the distruction of crystallinity,.which.is
- characterised by the absencé of fhe 1attiée period, is induced by eVeht# whose
influenc¢ extends over a range of dimeﬁsions fromvas large as IOOOR'to as small .
as SOK. In addition,the:contrast from thé 1at£ice images as a whoie'i;

suggestive of radiation damage on a much finer scale being widespread over the

whole specimen.
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The high resolution latfi;é imagesvof cépper‘phtﬁélocyéﬁine (figufé SJ'Cah‘
be interpreted acéording‘to the description of‘Magee if the fine scale modifi;
'cation‘is at?ributed to spurs énd those of 1arger.dimension to Blobs or
short tracks.

It is noteworthy that as the regionsrqf damage become larger their

projectéd shape becomes elongated which is suggestive of the progression from

blob to short track as the energy of the secondary electron increases.

'SUMMARY

‘The‘radiation‘damage of organic matefials in the‘electron microscope has -
 .been shown to be structﬁrally conSistent.witﬁ the sequential feplacement of tﬁe
comprising moletules by their fragmentation ﬁrodﬁcts.at a rate consistant with
their radiolytic yields and by a mechanismvappropriate'tb ionization damage .

In 1-valine and cytosine it has been shown fhaf,even a singly ffagmeﬁted
molecule cannot be accomodated in the.crystal 1Attice whilst in coppér
phthélocyanine this can only be confirmed by a determination of fhe radiolftic
lyield.

The  degree of direct displacemeﬁt damage, in even the most'resistant of
these matérials, ﬁas‘been shown to be too small to be responsible fof the
radiatioﬁ damage which is observed. The large differences between the
critical exposures of the materials examined reflects only their resistance

to ionization damage.
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TABLE 1

' The interplanar spacings and lattice pérameters bf_copper phthalo¢yaniné,
cytosine and 1-valine measured by diffraction in the electron. microscope.

The values marked with an asterisk are characteristic of radiation
L . v

damaged material.



TABLE I ELECTRON .DIFFRACTION MEASUREMENTS OF -THE CRYSTAL STRUCTURES

COPPER PHTHALOCYANINE . CYTOSINE , L-VALINE

X—ray(S) Electron Diffraction X—ray(z) - Electron Diffraction X—ray(l) Electron Diffraction -

-7

MAXIMUM ~ MINIMUM MAXIMOM  MINIMUM MAXIMUM ~ MINIMUM'
+0.01A # 0.1A +0.1A +0.0lA + 07112 +0.1A +0.01A +0.1A +0.1A
doo1  12.57 12,8 12.4%
921 9.63 10.3* . 9.6
Y500 16.88 21.0%  16.8 o S 9l 9.7 8.9
4010 4.79  4.9% 4.8 9.49 9.5 = 9.3% 5.27 5.3 4.9+
110 4.61 4.8% 4.6 7.67 7.7 7.5% "_ 4.63 4.6 4.3%
41 4.54  4.6% 4.5 3.42 3.4 3.4+ 4.33 4.4 3.9%"
do11  4.29 4.3 4.3
do21 2.35 2.4% 2.3 |
401 | o 3.66 3.7 3.6 )
4210 | - R 3.6 3.2%
do11 | - - . 4.82° 4.8 4.3%
a - 19.6 22,9% » 13.04 iz.s* ' 9T 8.9%
b 479 4.9% 9.49  9.3* . 5.27 4.9+
¢ 14.6 13.6% 3.81 s.8r o 12.06 9.2%
8 120.6¢ 0 13.6% - L o 90.8° 90°% .
| Unit Cell 1179;823: | 135733 472.30° ._'452A°3' O e17.28® 4_01;3 -

Volume :"




FIGURE CAPTIONS

Figure 1

Projectibns_of the unit cells of a) éytpsiné:b).l-vaiine‘andWC) toppei
phthalocyanine, illustrating the 1ocati§n$ bf the molecules. The shortést
: intermélecuiar distance in céppef.phtﬁalocyanine_is arrowed and ié betweenx

molecules whose alterﬁate inclination is disguised by the projection.

Figure 2

‘The éhange in fhe (201) interplana: spaéing of‘cppper_phthalogyanine as. a
function of electron dose. The measuremeﬁts were made from.twelfe separate
diffraction patternébfrom specimens which were coafed with a thin layer of

evaporated gold for calibration.

‘Pigure 3 ' . ¢

Lattice images from the (OOl)lplanes'of cqppér pﬁthalocyanine shoWiné the
extent and diétribution'of the structural collapée.' | |

The photégraphs were all processed from the same mi;rograph and the
: apﬁ}opriate dimensions corresponding to the extentvbf blobslahd spurs are éndicated.
Figure.4
' Survival curves relating the proportion of ﬁolecuies‘in the specimen
hosting rédiation damage‘to the electron dése received. ‘The particular cprves >
felate to the va?ious types of radiation damage considered in_the text. In'fhe‘
case of direct dispiacement a damaged molecule is one Which'has suffered knock-on of
at least onc of if's:éonstituentvatoms regardléss‘of type.

The.average spacing of the (201) planes of copper phthalocyanine as a

function of electron dose is also shown in the lower figure.
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