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The prospects of achlemng hlgh resolu'tlon in  the electron mlcrosécmy\ﬂ:j,«
'lcal molecules are greatly reducacf because of electrpn wradtatnon damage
qbout the structurhl damage to a speclmen can be obtanned by_

ianges ln the dlffracton pattern and lt us also poesuble to analyze

o

.
bases is descrlbad luslng both of these techmques The, mechanlsm of radnatudn

@

damage to these compounds ls discussed - in terms of thelr crystal and‘
l N X . . . ‘A i 4ox - N . B
] - v '

molecular structures A T R o L E Lo

An assessment of radnatlon damage “is made for ‘the ' first time., on the °
3. N
basns of changes in the P!tterson.functlon Calculatlon of Patt.erson function
: [ \ﬂq v ’

lnvolves computlng a Fourler series using the lntensmes of dlffractlon spots as

LR M

:Fourler coefflclents Patterson functlons were, computed for a ‘series of single

'

”crystal electron dlffrachon patterns of __5—iodouracrl recorded “at’, increasin

» |

lrraclratlon Thé /nechanlsm of radlatlon damage l$ dlscussed |n terms of @
4 1

'dusorder pararrleter whlch was found to lncrease wnth electron d‘ose Cﬁanges in

s - 1

the Patterson peaks have been related to the struotural and qhemlcal damage to

B

5 lOdOul'aCﬂ Slnc.e the computatlon of \the Patterson /functnon does not. reqwre

v «. YW 3

. v % / ] k2
to, the cornpounds of unkhdwn structures e Y .

A method of tobtalmng smgle scatterlng proflle beyond the L edge, from

4

the electron energy—loss spectra of Aluminum "and Slllcon 1S dlscussed~1n the

I

.Appendlx ThlS method is based -upon tHe technlque of | Fourler deconvolutlon

Ho\iyever lt was not necessary to decon\/olutet the elec:tron energy-lo,ss spectra

v, A Tar

.of cthex blorholecules for ,radlatlon damage studues since the thlckness' of these';'

compoqnds was -well--below the ,mean free path of an electron for} melastlc

- scatterlng ,_,»;- '. oo . oL " . '

» ~ * . ¥

‘anges by Electron Enélgy Loss Spectroscopy (EEL9). A comparatlve-

study of radaatlon' damage on sonle blomolecules. .emnno acids and nuclelc acld k

phase mfo?matnon, thus method of Fadiation’ damage jsessment is also 'appﬁcable "
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CHAPTERI R
| INTRODUCTION

v S N

N '.\:“-t’, o

,11The Background . | " " L

, The decade of the nlneteen twentles constltuted a turbulent perlod for Physncs as
the old concepts were changlng yleldlng place to new In the mldst of' these changes and
wnth the emergence of Quantum Mechanlcs a set of new rules were belng deveIOped
germane to these rules was the novel ldea of wave partlcle duallty In 1927 Davusson and
'Germer conducted 8 claSsncal experlment mvolvmg dlffractlon of electrons by crystals »
which flrmly establlshed the wave nature af electrons AIthough the determlnatlon of

) crystal structures by Fourler methods based upon X~—tay_ dlffractlon data was hen a falrly

. lg be: ‘

) ."-'developed technlque stlll it took a long ‘time before successful results
| accompllshed from electron dn‘fractlon data (Valnshtem and Plnsker ‘1949)
Even before the constructlon of the flrst electron mlcroscope Denms Gabor had
v_expresSed h|s apprehens:on about the utlllty of such an mstrument as lS ewdent by hls
: remark ..... what is the use of lt (electron mlcroscopel7 Efverythlng under the electron beam
‘would burn to a cxnder' (Marton 1968) ThIS skeptnc:sm however dld not deter the/ ‘
maklng of an electron mlcroscope and its subsequent use The problern ralsed by Gabor
-was to some, extent clrcumvented by. the technlques of stalnlng and embeddlng Wthh
' l‘when employed on the spec:men seemed to protect 1ts structure up to a resolutlon

. \E
-greater than about. 2 nm. For a llttle more than a decade now, techmques have been :

N 'developed for fully explortlng the potentlal of modern electron mlcroscopes The arm is .

the' wsuallzatlon of structures at atomlc levels elther in |solatlon or in thelr posntlons in

‘crystalllne arrays “When one geeks to gather lnforzmatlon at resolutlons better than l 5 to

20 nm, the conventlonal technlques of negatlve stalnmg fail (Unwm 1975) nThe unstamed\

naked specnmen agaln faces a hostile env:ronment in the mlcroscope column and the long
' vforgotten apprehensuon of Gabor becomes a questlon of paramount lmportance

: “lnas much as X= l:.ay dlffractlon technlquee have been applled so successfully to‘ :
. ’the elucxdatlon of the structure of varlous protems and other- blomolecules at the atomlc |
w level what is the lustlflcatlon of exposmg the specrmen to’ hlgh energy électrons m an

electron mlcroscope7 Thls questlon actually overlooks cértain advantages of |mmense ‘

L



importance "that electron microscopy offers over X—ray .'dif'fraction. Owlng primarily to
.the large cross— sectlons for the scattermg of electrons by matter: compared to those for
,X rays the crystal slze crlterlon whlch requlres larvge slngle ’crystals fo: X-ray R
dlffractron can be’ consvderably relaxed for electron mlcroscopy The phase lnformatuon .
lS lost in the recordlng of the dnffractnon spots (for X—rays and electrons both) The |
oy retrleval of phases in X-ray crystallography hence re% collectlon of dlffractlon data
not only from the spec:men under study but also from sungle or more sets of lsomorphous o
-‘crystals . e crystals from whuch an atom or two in the unit cell, have been substltuted by a

| “heavy. atom wnthout ‘altering th - unit cell in any- other way). - This makes phase determlnatlon )

a »very cumbersome.and lab

ous process m X-ray dlffractlon The . sutuatlon ln an

B

"_electron mlcroscope is much’ easuer Slnce the scattered beam of electrons can be
focused to form an lmage and since the phases are preserved |n the lrr/tages they can be
e retrleved by determlnlng the Fourler transform wof dlgutlzed lmages Another advantage of
'.'uslng electrons is the drastlc reductlon ln the recordmg time. of the dlffractlon pattern

X rays requnre exposures of many hours whereas for electron duffractlon patterns‘

‘recordlng tlmes are of the order of afew seconds to a few minutes. "

i For more- than a. century a. cell has been. consndered to be the un|t of llfe Our
qunderbstandlng of functlpnal aspects of VaI'IOUS mtrxcate physlologlcal andy blochemucal
I processes has a great deal to owe. to thus concept -At the same tlme the UleUltOUS
presence of protélns in-cell membranes and the:r lnvolvement in numerous processes of
._L._vfundamental |mporfant:e to llfe have made membrane protems lndlspensable for the llvmg
-fcells The power of X—ray crystallography in eluudatlng the three-d:menSIonal structure

vof certaln soluble proterns loxygen carryung protelns and certain. enzymes} |s now

' establlshed However‘ X-ray methods are unsuutable for structural lnvestlgatxo‘s of

' membrane protelns, sunce most of the membrane proteins-have resisted all attennpts to
crystalhzatlon On the other hand, they can wuth due effort, be mduced to crys/tfa/lllze into -
Atwo dlmenslonal ordered arrays in the plane of the membranes. These crystalllne sheets

bare., su1table fpr structural analyses by. electron mucroscopy - |

‘ The requlrement of smail crystal sxze for electron dlffractldn has provuded hope o
for elucudatlng structure of blomolecules Wthh resist crystalhzatlon and are not open to

study by X-ray technnques. This initial advantage of electron~fm|crosco_py is, ho_wever, 5
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offset by the damage caused to the structure by lmpmglng electrons Glaeser l1975) has .

formulated an equatlon whnch descrlbes the relatlonshtp between necessary lrradlatnon and

‘obtalnable resolut:on in an electron mncroscope lmage Usin h|s equatlon it can be shown ‘

that the recordlng of an |mage of an ob;ect of 0. 35 hm dlam ter’ one wnll need to expose 4‘

2 The questlon that hlgh~resolut|on

the. specnmen to at least 400 electrons per A
' electron’ mlcroscoplsts have been compelled to ask is how authentlc and truly repllcatlve

of the structure would an electron mncroscope |mage be at such hlgh doses of |rradlatlon7

In other words are the chemlcal and structural features altered durlng the exposure of the :

specnmen to the electron beam? it mdeed ‘seems that smgle chlef source Wthh greatly

'hampers the prospects of hlgh resolution electron mlcroscopy rs radlatoon damage .

(Glaeser, 1975 and Cosslett, 1975). .

LYRIN

Smce radlatlon damage is the blggest barrler to reallzatlon of the dream of atomlc .

-

lmaglng of blologlcal molecules efforts should ‘be dlrected towards fmdmg out the ways .

/

'of reducmg lt However what\even more lmportant before a medlcatlon can be

prescrlbed is a clear understandlng of the\dlagnos:s Myrlads of lnteractlons are possnble
'when an electron paSses through a spec:men whlch could result in- manifold 7 chamsms

of 1rrad|atnon damage Our knowledge of these mte'

tions is, unfortunately!
~and poor (Glaeser 1975) Although it s ‘not posslble even wlth“the best available
mlcroscopes (o] momtor the- lndlvrdual damage events at: the atomlc '
: there exnst several methods for calculatlng the extent “of specumen damai"

dlrected toward the measurement of changes in certain macroscoplcal Features\dumng

lrradlatlon such as the fadmg of dlffractlon spots from a crystalllne specrmen mass loss‘

,'and changes in mfra red or electron energy loss spectra All these dlfferent methods

provide dlfferent types of mformatlon and the use of one or the other depends upon the.: -

‘deswed aspect of unformatlon about radlatlon damage Those technlques of damage

assessment Wthh provnde the convenuence of /n S/tU measurements have naturally been’

- L:_‘more actlvely pursued These comprlse monrtormg the fadlng of- dlffractlon spots and4

changes in an electron energy loss spectrum Changes in- dlffractlon patterns of'

o crystalllne amlno acids and othe\organlc compounds were studled by Glaeser ( 197 » and e

Siegel (1972) lsaacson (1972) usung changes in the low-loss reglon of an electron‘-"

energy loss spectwm as an. lndlcator studled the damage process in nuclelc asld bases

<

‘still scanty.

vel (Cosslett 1978) R

These are

u



He also performed some comparatlve studles by comparlng the lowl-loss data’ cbtalnedr
: from an energy Ioss spectrum w‘ith mass loss measurements and dlffractlon_ '.
measurements (lsaacson 1974l Experlmental measurements whlch have been conducted";‘
so far seem to* suggest the dependence of damage kmetlcs on the olecular and crystal -
, 'structure of the speclmen Esser,ttlally the dlffractlon and energy loss methods provude"
information about the collapse of‘ crystalhne order and chemuca‘ damage to the specvmen >
respectlvely It-is not clear in what order and exactly how ‘the damage actually takes place .
Moreover varlous experlmental parameters have been found to affect the sensmvuty of-
the specumen to electron |rradlat|on as is evndent by large dlfferences exnstnng in' the ”

'pubhshed sen dyvmes of . varlous compounds Slnce no relatlon between varlous'
I

‘ phenomena and loss of structural mformatlon has been made (Zeltler 1982) it is ‘believed
that a greater msught |nto damage mechamsms could be obtalned by quantlfyung damage
process wnth an overall ob;ectlve of comparlng chermbal destructlgn wuth structural

. ;damage S ; - ;

By 2The Oblec

With thlS as background a systematlc study of radlatlon damage was undertaken -

' on nuclelc acid bases and some amino acids. The. purpose was to compare two types of

damage-——structural and 'chemlcal——usmg the techmques of electron dlffractlon and v

eyectron energy- loss spectroscopy In thls study »a comparlson between these damage

processes has been made on the. basrs of their. known crystal structures ‘and- dlfferent

intra— and mter-- molecularbondmgs;

Monitoring the fadlng‘ of diffra‘ction spots with electron irradiation is one way of
v observmg mcreasmg dlsorder wnthln the crystal structure Andther po'ssible method
would be to construct the prolected potentlal of the crystal structure by «computlng a -

Fourler series lnvolvmg structure amplltudes of dlfferent dlffractlon spots las measured ©

from thelr mtensltyl and thelr phases Such calculatlons based on dlffractlon patterns

’ recorded at mcreasnng |rradlatlon would hlghhght the damage klnetlcs and could provrde
- precnse mformatlon about the mechanlsm of radlatlon damage Clark let al (1979)-
} conducted such a’study on @ —copper phthaIOCyanlne to study damage klnetlcs Although R

F0url_er synthesrs does prpvlde extens:ve information about radiation damage, it suffers
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' from two as'sociated.-prob|ems First since the phas
k of a dnffractnon pattern any such computatnon of

| phase mformatl.on would in pruncuple be |mposslb|e

information is lost‘in' the recording )
urier synthesns in the absence of

or d—copper phthalocyamne the

-

_phases were taken from the X—ray data of % struct rally sumllar compound: platmum;-‘.
phthalocyantne However an assessmen,t of radlatlon damage for a compound of

‘unknown structurb cannot be made by reconstructmg the ro Jected crystal potentlal due ~

to lack of phase mformatlon The second problem a socnated ‘with such ¥ Fourver

. synthesns is’ following: Do the .phases change as the speétFnen gets. progress:vely:
: dlsordered and damaged? If answer to this questlon is yes, then an lmmedlate questlon is
" how do the phases change -Clark et al. reasoned that smce the structure of G —copper

' phthalocyanune |s Centrosymmetrlc the phases can assume only two values: O and S

hence a change in phase would occur only. uf the mtensuty of a spot passes through a zero

before reappearmg Since such an event was 'not observed they concluded that the

phases mdeed remam‘the same. Howe\_/er,,..s_f the structure Qf the_specnmen is

non—centrosymmethc the phases onld not be confined to these two values'but could

‘assume any value between these two extremes in such a ca'se(it is not clear whether the

iphases would still stay the same or not. Inclusnon of incorrect phases could then lead to

gy 1.
the determlnatlon of . nncorrect structure |n pro Jectlon'-

in this thesrs a method of radiation damage assessment is reported based upon
Patterson synthesns " This invoives. the calCUlatlon of Fourier serres usmg the mtensutues of :
dlffractnon spots as Fourler coefficients (phases are not mcluded) The resultmg functlon o
known as the Patterson functlon yselds lnformatlon about the distribution: of nnteratomlc : ’
vectors w:thm a unit cell. Thns techmque was applied to a series of d:ffract?on patterns oft;»

5- xodouracnl recorded at increasing doses During. the course of this mvestlgatlon a

relatlonshlp between the d:sorder factor (as the name nmplnes—-—a factor Wthh is related

-to :ncreasmg dlsorder of the crystal structure) and increasing electron trradlatnon-was also

determined. Phases are not’ involved in such a calculatlon so this method is not
handlcapped by - the . problems mentloned above. It should be~ apphcable ‘to both

centrosymmetrnc and non~centrosymmetr|c structures .However, due to absence of

' phase mformatnon the mformatlon obtained by a Patterson synthesus is not as exhaustlve '

LS
o

as it WOU|d be by '”C‘“dmg the Phases ina Fourler synthesis. =~




-

¢ S e
,, T C#APTER e

‘electron irradiation damage , :

ELECTRON- MATTER INTERACTION EL AND ELE TRON Dt FRACTI

The sttuatnon in’ an eleqtron mncrost:ope is mdeed paradoxncal Those same’

electrons whnch by’ vnrtue of thelr mteraqtton wuth ‘the. atoms, reveal the specumen

structure and Surface morphology may alsé” completely obllterate the desnred information
T

dﬁ‘e to- these mteractnons What |s .HEsarable xs to have 2 proper estimate of nrradnat:on

' Wthh can e safely used wuthout dlsturbmg the structural and chenhical characternstlcs of "

the specimen, at a certam resolutzon level. Dependlng primarily upon the spec"nen nature
and the energy of the electrons, there are varnous modes of electron-*spemmen
mteractlon /AII these dlfferent types of scattérlng events are not necessanly damaging in
nature. For a daméglng event to occur energg must be transferred to the specumen by the

electron beam. Energy transfer, however, depends’ upon_the kinetic energy of the

-l

electrons and the chemical constitution of the specimen Hence, the probabnllty of -

occurrence of various damagmg events must be considered in the light of. various

mteract_:on mechamsms. The fbllowing duscussnon wnll h:ghhght certam features pertment

NV

.o 5

&

2.1 Elast‘ic- ScatteNng

. enters a specumen it is attracted towards the nucleus due to the net posmve potent:al

In a neutral atom comprnsnng equal posntlve and negatlve charges the negatnve

potentlal due to electron shells (because of-its spreadmg) is smalier  than the posmve

" to these scattering processes with an overall objectnve of duscussmg the mechanisms of -

potentlal due to the concentrated nature of nuclear charge Hence the potential inside the‘.

neutral atom is posmve and is equal to the nuclear potentlal modvfued by. the screening

effect of the surroundlng atomic electrons. When an accelerated, hngh energy etectron

This Coulomblc attractlon is similar to the scatterlng of a~ partucles flrst observed by

Rutherford, except that the force on an a-— particle is repulsuve An important feature of

) between;the mass of the atomnc nucleus and the eiectron. Thns implies that such an

electron—nucleus interaction is generally not strong enough to dislodge the atom from its

'such an interaction between the lmplnglng electron and the nucleus is the iarge ratio .

" -originak po's"i'tion,: since it involves loss of only. a negligible' fraction of energy of the
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‘ mcommg electron _However, the COulOMbIC nuclear attraction deviates the electron from
. R}

its orngmal dlrectnon and a.transfer of momentum oceurs towthe" nucleus. This type 01“'r
scatterrng whlch involves neghglble energy transfer from the electron to the specimen, is
called elastic scatter/ng The angie of scatterrng is prrmarnly governed by the atomic
number of the atom, energy of the eiectron and its proxlmnty of approach to the nucleus.
The deflécted electron followse hyper‘bohc tra ;ectory with the nucleus at the focus of the
trajectory. Thé probability with which an elastic encounter takes place between an
el‘e_c':tron and an atom is;given by the cross—section for such an event. The cross—section
'fo.r scettering varies with the angle of. scattering and the probaoility with which an incident

electron is dewated from its mmal dnrectlon by an angle 8 into a cone of solid angle dQ

is caued the differential cross—section Formulae for elastic scattering have existed,
quantum meohanical formulation for a long time and are due to Wentzel {1927). The total
elasnc cross—section (ie. total probablhty of scattermg in all the dlrectrons) from the

Wentzel model can be wrltten as: - : :

. ' 2 2
Opp = — [a/a0]” 2 (2.1 .
wR"

. where A, s Compton wavelength, a is the effective atomic radius, a o is Bohr radius, Z is
nuclear charge and B=v/c, where v is the velocity of the electron and ¢ is the velocity of
light 1f according to Lenz (¥954) we chodse a = 3 Z=1/3 | then equation 2.1 can be
written, in the Lenz—Wentzel model, as: '

\/ A W
oy = —5 243 : | 22
) TT82 ) -

e

Because of the simplicity of these eXpressiom often applied in electron

microscopy but the atcuracy of these equations is rather'p‘oor for high atomic number

' elements fo\\whrch the Lenz—Wentzel equations yield low values of the total atomic

cross— section A&ehow incorrect angular dependence for dif ferentiat cross— sections

(lsaacson; 1977). The scattering angles for elastic collisions are rather high. For example,

P

2
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for the collision of a 100 keV electron with 2 specimen of amorphous carbon the

scatterlng angle ls ‘typically 20 mrad. Elastic scatterlng in the case of cr’ystalllne specnmens

gives rise tQ scattered beams of electrons in"well-defined specn‘lc dnrectlons according

to. Braggs law and leads to the formatlon of a dlffractlon pattern. The phenomenon of ’
electron dif fraction is discussed separately later in thls chapter T

It is mlsleadlng to say that no energy Ioss oceurs in the caSe of elastlc scattermg
since some radiation is indeed emijtted when the electron is deflected by ‘Coulombic

nuclear attraction (Schwinger, 1949) but such losses are negllglble compared to the

energy of the incident electrons and beyond the threshold of. detectablllty Even the .

energy spread of the electron beam (due to thermnonlc emussnon and Boersch effect) is

orders of magnitude greater compared to thé amount of energy’ Iost Hence elastlcally
scattered electrons do not cause damage to t‘he» specimen in general. The: only process

whereby' an elastic' scatterihg could result in damage occurs if the angle of scatterlng is

very large, resultlng in large: momentum transfer to ‘the specnmen n such cases the law of

'conservatlon of energy and momentum requires transfer of a certam amount of energy If

the energy transferred exceeds the binding -energy of the atom then’ the atom could get )

_ displaced frorh its position. Corbett (19686) has calculated the recoil kinetic energy (Er )

transferred to an atom usmg klnematlc arguments mvolvnng conservatnon of momentum
M .
and energy and it can be written as: {

T

E’E B ax [sm(—)] o . Cza
E .= 2(mﬂ> 5 (E, +2mc y g
A mc » . .

where 6 |s the angle of scatterlng E is the energy of the mcudent electron beam mis the

rest mass of an electron and mA is the mass of an atom E pax s the maximum energy

~ that can be transferred to an atom by an electron E is usually small in the case of

100 keV electrons for all atoms except hydrogen but for large mCIdent electron energles

and llght atoms the value of E max, S0 be sugnlflcantly hlgh This type of damage due'to "

an elastlc colhs:on is called "knock-on’ damage and emdently is not lmportant for the, . f

. present study which was COnducted at 80 keV’ energy of ‘the lncudent electron beam.

<
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Slnce a solid i§ an ensemble of varloue\types of atoms there exlet varlousmodes :

of energy transfer to the solid by the electron beam. ln a crystalllne solid, the atoms are .
oy N
_not I'lgld|y located at thelr atomlc sites but osculate about their mean posmon due to

-~_thermal vrbratlons When the‘lnCldent electrons suffer Bragg reflectlon from crystal '
planes ‘the mtensuty -of the diffractiqn’ spots is n\odlfled due to thermal scatterlng and l
sharp. mtenslty mamma exhlblt a broader angular dustrlbutlon of Intensity (Hall; 1965) _

: Slnce a quanitized lattice vibration is called a phonon, the electron—phonon interaction ln :
the lattlce leads to the creatlon and annlhllatlon of phonons The energy losses involved |n '

: thls type of scatterlng are very sMall usually of the,order of 0. 1 eV

' " Another feature. that is & manifestation of the solld state is the collect\ve excntatlon .
:of valence electrons by an external stlmulus ‘Ifa small fluctuatlon in the density of valence
electrons occurs due 1o the lncomlng beam of electrons then due to Coulomblc forces '
between valence electrons oscrllatlons occur in electron densrty with a certaln angular
frequency The energy of such oscnllatlons is quantlzed and it the angular frequency of

' oscillations is wp then plasmon energy wnll be h wp B where- h is the Plank $ constant
divided by 27r whlch is of the order of 10-50 eV for most materlals ThlS energy value
is too large to be excited by thermal lattlce vibrations but’ energy Iosses of thls order do
| oceur when an electron beam passes through a solid lPlnes 1963) Most of the-plasrnon"

scatterlng is forward peaked (i.e. confined close to scatterlng angle 6 Ol " The dlfferentlal

cross sectlon of scattering is given by (Raether 1965)

ok .. S
= 2 . ! .o S - . -." . .
m v‘ez +9 E- N o -\,‘ ’ -\ o R
where Kis equal to 6 G(e) /ZTrnao . nis the free electron denslty contrlbutlng to the

oscillations, a, is Bohr radius. If E is the energy lost by the lnoomlng beam of electrons of

energy Eo then . eE‘= EZ_E- .and G{ 6 ) accordlng to: Ferrel (1957l |s\a factor equal to 1
o : ' ~o L , . -

\
A



upto a certain cut-off angle 6 , above Whlch it drcps to zero. ) 3
Beeldes the collectwe mode of excntatlen of valence electrcne, the lncldent
alectron may lose energy by single electron excitations. Core electrons and valence
electrons may both be excited by this process. in the caee of metels which have pertlally
filled hlghest energy band, tfy valence electrons can undergo trensltnon to hlgher levels in
the same band. The. anergy requlred for suc':h an lntrebend trensltlon ls of the order of. i"
few eV. On the other hand, m case of lnsulators or semn-pcnductors havmg energy bands
separated by energy gaps, the electrons in the valence band can make mterbend trensmons "
to the conductnon band upon receuvmg suffucuent‘energy . o " S -
Since, the mner shell, electrons or core electrons are trghtly bound they requlre v
conslderably more energy for excnatpns to thehugher states or for complete lonnzatlon'
compared to valence electrons Prov»ded suffncvent energy transfer occurs.q the core
electrons are excnted to ernpty states above the Ferml level if the mc:dent electron loses, o
energy in excess of thet reqwred for lonlza‘tlon the extre energy is acqutred as kinetic -
--‘energy by: the IOI’lIZSd eleqtron Atomlc losses m thrs type of scattermg are of the order
of lOO ev to many keV dependmg upon the atomlc number of the atom and the proxnmlty . '
-~of the shell to the nucleus le cn the prmctpal quantum numberu n, o-f the shell
» On the basus of the free electron model the angular dnstrlbutlon of those electrons
' 'whlch have been scattered by valence electrons, is proportuonal to the square root. of the S
-, energy..loss at a partlcular valuea of Eo HOWever -expetimients (Egerton 1975l support‘ |
; quantum-—mechanloal calculatnons of Bethe (1928) that for large energy losses the .
scattermg from valence electrons occurs wrthln a rlng in.the dlffractlon plane and lS not
. peakeo in the forward dnrectlon Whereas the scatterlng in the case of plasmon losses
| and for transutlons mvolvmg tlghtly bound core electrons lS peaked in the forward
"'dtrectlon, L - R — i
' Scott {1965) and Lenz (1954 } have shown from theoretlcal calculatlons Jnvolvmg'
fato‘mlc screemng that the ratlo of elastlc to melastlc scattermg is proportlonal to the .
- .- Experlmental measurements (Egerton 1975) have shown a
-preponderance of -lnelastlc scattermg over elastlc scatterlng o carbonaceous materlals
NHowever theoretlcal calt:ulattons based upon more refined models (Egerton, 1982)
'-lndlcate that the lncrease in the ratlo of elastlc to ‘inelastic, scattermg over a llmrted range '

. e : o e . . . -



o _methdd for deter’l‘mnlng the chemlcal composition of the specnmen The -use of the

-
b , . . L4 .

of atomlc numben, is not proportlonel to Z (ap calculsted by Lenz and Scettl
The ponlblllty of knock-on que due to etntically seattered electrem is .
negllglble for 80~ lOO kev electrons. asis ewdent from tho sbove discussion on elgstic ~ -
scatterlng From a crystaliine speclmen the ﬂutlcally scmered electrons may be focused
to form a dlffuctlon pmern Tho occwrcncd of orclend atructurn nd lnduced.
cystallmtnon ol‘ boologacal molecum o torm two-dlmmstonal arrayc of crystlll
_ opened the posslblllty of uslng electron—-dtffractlon technnques in three-dlmnslonal
structural studles as wotnessed by the structure determ;natlon of. the purple membrane - "
from ’Ha/obacter/um (mlob/um by Henderson and Unwin( \l 97%). @ )
’ - Since for damage to occur ‘energy must be d\eposlted into_the specimen, the -
lnelastlcally scattered electrons werg initially col‘tsldered as a ublquutous hindrance m :
electron mlcroscopy rnarrung the irnage quallty qnd causing radiation damage However

with the advent of various -techmques of energy analysis these very electrons prov:ded a

lnelastlcally scattered electrons for chemlcal analysis was ornglnally propose,d by Hillier and *
Baker ( 1944) Howaever, the ldea lay dormant for a long time untll some priliminary - -

. measurements were carrned out by Watanabe (1964l and later by Wlttry et al.(1969) and

lsaacson(1972) o S ‘ B L . g s
The follownng dlSCUSSlOn is mamly about the. technioues of ‘elet:tron energy-loss Do

spectroscopy and electron diffraction and their appllcatnon to radiation damage studles of

blologlcal molecules T . o

P . - - (T

ZsEIectron Energx-Loss Spectroscogy (EELS) - ) / T ‘ Lo ‘ ~

e

’ Assumlng a monoenergetsc beam of electrons lmpmgmg on a speclmen an.'

' electron energy—loss spectrum dlsplays “the . various modes “of lnelastlc scauermg
dlscussed above A typical spectrum shown in Flgure 2.1is 3 plot of mtensuty (number of -

) electrons) as 3 function of energy lost by the mcndent electrons in traversmg the speCImen .
Therd are certam features common to all spectra. In the spectrum shown in Flgure 2.1 the ~ -
peak labelled zis called the zero—loss peak. As is evuf:ent by the name this lmplles a peak o .

due to those electrons Wthh have not lost a detectible amount of energy n passmg ’

through the spec»men The zero-loss peak comprises the unscattered electrons as well as T A

- P
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elastlcally scattered electrons Also mcluded in the zero*loss peak are those electrons

: WhICh have lost a. small amount of energy due to electron-—phonon lnteractlon The
o zero -loss, peak is followed by one-or more peaks (peak vin Flgure 2 1 Wthh are due to

: the mteractlon of the mcudent electron beam wuth the valence electrons of the specnmen

e

" resultlng in. plasmon losses and sungle electron mtra— and inter - band trans:tlons Thxs

peak v, extends over a reglon of about 10- 50 eV in the energy—loss spectrum ‘Since the.

cross- sectnon for lnelastlc scatterlng is maxrmum for valence electron excutatlons and

much reduced for hlgher energy losses correspondmg to- Tnner sheII excltatlons the

; spectrum shows a jump |n the mtenslty after peak v due to galn change mtroduced in the _

detector assembly, whlle acquirlng the spectrum The energy lost by the mcrdent beam in

uomzmg an mner—léhell electron appears in the spectrum as:a sharp rlse lnfthe mtens:ty of

N

v energy-loss electrons at E Ek where Ek is the blndlng energy of.the atomlc shells of
type (3 where k= K L M etc The values of Ek for varlous atoms have been tabulated |n the

‘:Ilterature (Scott, 1965 and Handbook of C’nemlstry and Phys:cs E170) The presence of =

peak i in the electron energy—loss spectrum at posmons correspondmg to Qe binding

: 'energles of mner-shell electrons would lndlcate the presence of. that element ln"‘the '

<

. nrradlated area of the spec:men deflned by the transmltted beam. L -

.

EELS offers a powerful method “of elemental analysls by 'analyzing the«‘

characterlstlc |0ﬂlzat|on edges of varlous elements lt is partlcularly ‘useful for’ the

S quantltatlve assessment of low atomlc number elements (belongmg to the flrst and second
rows of the pernodlc table) where other methods based upon X=ray productlon are
o mapplrcable due to low yueld of photons (Egerton 1978) However the raw energy loss

: spectrum as shown in . Flgure 2. l requ1res a certaun amount of processmg ore any.

quantltatlve conclus:ons can be drawn about the elemental concentratlons

° -
a
. S

_ ‘2 31 Spectrum Processmg for Ouantltatlve Asse gent S ) -

The usual procedure requnred for acqurrlng an nergy loss-spectrum 1nvolves the

" Use of. a magnetnc spectrometer “which drsperses the signal mto its varlous energy

components attached underneath the mlcroscope column Wthh dlsperses the sngnal mto

|ts varlous energy components 'The transmltted electron beam is made to. pass through

the spectrometer and mto a detector assembly and ﬁna ly ‘1o a multlchannel analyzer

R

s



'wherem the electrons are. accumulated in dlfferent channels correspondlng to lncreasmg
’ energy losses A mlcrocomputer can be used as a multlchannel analyser and progragzned

. for the acqulsmon storage dlsplay and processung of an energy—loss spectrum {Egérton

: wand Kenway 1979, ln an energy loss spectrum the logarlthm of lntensxty |s usually

dlsplayed as a function of energy loss. to accommodate the large varlatlon in mtensnty ln

‘dlfferent channels (For example the zero- loss peak has very. large mtensﬂy compared to-
- Lt

" the intensity of lonlzatnon edges). © o . E

The flrst step in the process:ng of an energy—loss spectrum requures the
. "callbratlon of the energy axis ln electron volts ThIS can either be 'performed manually or
by computatlonal methods Manual callbratlon requures the |dent|f|catlon of another

"'prOmlnent peak besides the zero- loss peak In the case of carbon—supported specumens

.

the promlnent K- edge of’ carbon can- be used for this purpose. However automatlc

callbratlon can also be performed by uslng a program to ldentlfy the furst maximum

3 -mtensxty value u‘t the dlsplayed spectrum Whl-Ch is taken as the energy value for the

zero- loss peak i.e. as E= Q. The energy loss scale is- usually linear, havung a flxed number ’

of electron volts per channel for a certaln madent energy so the mlcrocomputer
automatlcally performs the callbratlon of energy axxs lEgerton 1980a)

Itis found that the mtensnty in dlfferent channels, for losses greater than about 50
ev, decreases monotonlcally untll it reaches the - |onlzatlon energy of a partlcular atomlc
‘electron For moderately thln spec1mens (<50 nm) this’ background mtensnty is- essentlally
- due to sungle valence electron exmtatuons However for thicker specumens a number of
_.’successnve losses ‘e:g. multiple plasmon scattermg can become a predomlnant mode of

scatterlng The technique of deconvolutlon for obtalmng the snngle scatterlng proflle

eyond the |on|zatlon edge by the removal of mlxed scatterlng contribution, réscussed -in

"‘Appendlxl s L : R

Fprbiological specimens of the ‘ogder of 20 hm thickl ‘the multiple plasmon losses
are not sugnlflcant but the background due to smgle—electron excitations must be removed
for quantltatlve estlmatlons Background strrpplng can be performed by a method due to
_ Egerton who reallsed that the decrease in background 1s llnear on a log log ptot of
mtensxty and energy loss and suggested that the Jintensity undenlylng the lonlzatlon edge

r
_assumes a power law of the type AE where A is a constant and r lies between 2 and 6



o ‘computatlonally by defrnmg a- reglon precedmg the |omzat|on edge typlcally 50 100 eVin

< e

\ , . , . <

"(Egerton 19'75) " The actual ‘subtraction. of the background can also be performed,

.;range lf upper and lower bounds of th:s reglon are denoted by E and E1p and |f E m= =(E a

+ E )/2 then A and r.can be obtalned usmg the formulae (Egerton, 1980bl

(1 st )(1-:)/ (E E; Ty e o

r.= 2 log(I /I )llog(E /E )

]

‘where T and I respectlvely are meaSured by lntegratnng the background over the ranges

1

E 1- to Em and E to E The background extrapolated by means of thes’e formulae can

then be subtracted from the acqulred spectra

It is found that the sugnal to background ratio and the energy resolutlon of the

: "spectrometer are lmproved by decreaslng the angular\ range of the cone of electrons

:passrng through the specimen (Wittry et al., 1969 Egerton et al 1976) The angular range

can’ be reduced by msertlng the objectlve aperture WhICh would exclude all those‘

electrons Wthh have angles of scatterlng greatef than a certam value o However the

angular range a, cannot be mdefmutely decreased as lt would result in reduced

sugnal to noise ratlo Use of an aperture usually permlts most of . the melastlcally

‘ scattered electrons to pass through but restrlcts the elastlcally scattered electrons Wthh E

- have on average a hngher angle of sqatterlng o S ,‘- S

Quantltatlve estlmatlon of elemental cont:entratlon requures the summa'tlon ,of

o lntenslty values correspondxng to dlfferent channels over a certaln energy range A

Yo

’beyond the lonrzatnon edge The range of lntegratlon A s usually called the energy

: wmdow and a Iumlted range of untegratlon reduces the posmbllltles of errors in background
extrapolatlon (Egerton 1978) The concentratlon of an element (number of atoms per. umt
~areal in the lrradlated area. of the specnmen can be determlned usxng the folléwing formula

- (Egerton, 1978) J ‘ ' L , e jf kS

S S At
SOV G R

s : ’ R T -

o (2.5)
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i where I (d A) IS the mtegrated lntensuty of a k- shell electron (k = K L.etc) beyond.
. the |on|zat|on edge over an energy wmdow A for aIl the electrons scattered through an .-
angle less than a 1 (a, A) . i the area measured from tbe low'los’s reglon of the '
spectrum and it allows for an approx1mate cancellatlon -of the valence—electron,‘
; contrlbutlons G is the galn change lntroduced durlng spectrum acquxsmon 01%(0‘ A) - i_s '
2 the partlal cross sectlon for- the lonlzatlon of an electron in shell k. The partlal :
cross sectlon can be Calculated for a partlcular value of ‘o and A and mmal electron“ ”
energy E Two dn‘ferent types of programs can be used for lts calculatlon Wthh eltherl _

employ Hartree Slater wave functlons (Leapman et aI 1980l or hydrogenlc approxlmatlon N

¢

’ (Egerton 1979b) _ o :
On the other hand |f the speclmen has been deconvoluted beyand the |on|zat|on S

- edge for the removal of valence electron contrlbutlon (see Appendlx l) the followmg"l'

v

equatlon should be used mstead of equatlon 25 for‘determmmg N: - _ S
) g R > : B .
o Lo ;Lk(a A) Lo T e (28)

: :_C‘ .» v ' _Nu— G' '--~'Io O’ (Ct A) " e o T

L P . . w o

g where I (a A) is the area under the deconvoluted srngle scattermg proflle beyond
the lonlzatlon edge up to the energy wnndow AN and I0 is the area under the zero- —loss

- T : o : S L .o

2. 3 2 Estlmatlon of Speclmen Thlckness

~

The probablllty of'n melastlc collnsnons of an electron whlle passmg through a
specnmen of thlckness t, depends upon the mean free path for lnelastlc colllslon and lS :

) glven by. the f'ollownng Polsson equatron (Raether 1965)-
| I Y -c/lln | e T
’ . A § 1 o _—

'

~ On the basis of thls equatlon one can derlve the followung equatloh for, the
estrmatlon of thrckness ' | R . _ » | S 4
P B G T R -

whe‘re» IQ represents the elastlc contrlbutlon (area under zero— loss peak) and I

represents the total area under the spectrum (elastlc and lhelastlc contrlbutlonl The mean



N s

ot free path for inelastic scatterlng for blologlcal specnmens is taken to be about lOO nm for
80 kev electrons . Equation 2. 8 can therefore be dlrectly ‘used for estlmatmg the
;.;; thuckness of the spécumen by measurlng the total elastnc and melastlc contrlbutlon to the

spectrum

2 4 EELS and Radlatlon Damag___

' As is clear from the above dlSCUSSIOl’\ electron energy loss spectroscopy |

+ exploits the mformatnon present |n ‘inelastically scattered eleCtrons Energy depos:ted by
these electrons ‘may cause structural and/or chermical char"lges to the specxmen If the
specrmen Is exposed to the electron beam for a certam duratnon of time and the spectra
.are acqunred from the same specnmen area at regular mtervals then the changes in the
specimen composltlon could be detected by analysmg these spectra. - Monltorln‘these
changes in a serles of spectra ‘would mdlcate the process whereby radlatlon damage
proceeds |n the specumen '

Y

Spectral changes in the low-loss region of “the energy loss spectrum were.’

observed by lsaacson et al (1973) lnformatlon about the. mass loss due to lrradlatlon can
be obtauned by monltornng changes in the lOl’llZ’athn gdges of various- elements present in
the spemmen After subtractlon of the background the concentratlon of an element can.
be determlned using' equatlon 25 or 26 Moreover in radlatlon damagefstudles one is
malnly lnterested in relatlve changes ln concentratlon and not the absolute values of

concentratlon so thls obvnates the ~necessrty of knowung the partlal cross sectlon

Oy (o, A) o The relatlve concentratlon N(R) can then be determmed usmg equatlon 3.6
of the next chapter R S ; ,‘t :' ’ / h “
o L .,..rk“:. B ‘.‘ ‘M _ : “, . RIS K o <\ : . B
25Electron D;ffractlon s o ' e - 3\ T

’l'he elastlcally scattered electron waves from a crystalllne specnmen lnterfere
X constructlvely in such a manner that the scattered radlatlon is relnforced only ln certaln “

specmc dlrectlons ldeflned by Braggs ‘faw, leadlng to the formatlon of a dlffractlon

:

R

pattern

One can vusuallze arrays of regularly arranged ponnts inya three dlmensnonal space S

whnch form the lattlce of -8 crystal structure the molecules superlmposed upon thls lattlce .

.



L

’

would be regularly arranged in an orderly manner |n a three-dlmenslonal space ln other

'words a crystal can'be Iooked—upon as 3 convolution of the. molecule wuth the lattice. “The -,

baslc <prmcnples of the apphcatlon [of FOUI’IBI’ serles to diffractlon patterns and to the .

»representatlon of crystal structures were first® recogmzed by W’-l’Z Bragg 1e) It has been
known for a long tlme that ) dlffractton pattern lS a Fouruer transform of the crystal
. structure Therefore a dlffractlon pattern of a crystal must be a product of the
: ‘dlffractlon pattern of a molecule (linolecular transform) and the dlffractton pattern of the
lattice (i.e. rec:procal Iat‘tlcel Th:L statement is -an |mmed|ate consequence of the
convolutlon theorem (Blundell and Johnson 1976) lntensmes ‘of varlouq ‘spots in a-
diffraction pattern and thelr relatlve dlSpOSIthh umquely defme the dlffractlon pattern of a

crystalllne structure. The relathe dlsposmon of dlffractlon spots is» entlrely dependent

upon the Fourrer transfbrm of the lattlce whereas the mtensmes of diffraction spots are ..

dependent upon the molecular transform The Fourler transform of a molecule varles o

contmuously over all recnprocal space and its product with the rec1procal lattlce results in .
its samphng at the lattice . pomts So the structural mformatlon about a molecule is
v <

contamed n aII the dlffractlon spots and a Fourler synthesns performed wuth the aim of

.structure determmatl/on should include the mten/sltles belohglng to all the d;ffractron spots

If there are N atoms placed in a unit cell at dlstances r ‘.-.:..t_;.t'r'r'l- from the orlgln and
if their atomuc scatterlng factors are fi o fn : then the molecular transferm is glven by '

T v

M(S) Z f exp (ZTrirJ ,—S>) ‘ R ‘-'_,_‘.‘-

where S is a vector ln the recuprocal space analogous to 7 in the real space As such the
transform of a snngle molecule would be too weak to be observable but electron waves
- scattered from successnve unit cells of the crystal havmg a path dtfference equal ‘to an :

|

lntegral multlple of 2n ., combme together constructlvely and reinforce the resultant

intensity, whlch thence becomes @servable However- the molecular transform.

: decreases with mcreasung angle of scatterlng due-té the fallmg nature ‘of atomlc scatterlng
/-

: factors wvth mcréasmg angle of scatterlng The mten5|ty of dlffractlon spots therefore

L)

decreases with mcreaslng spatlal frequency in. the recnprocal space . a crystal is well

' ordered land the structure is perlodlc down to very small mterplanar spacnngsl |t produces !

duffractxon pattern whlch extends to very. hlgh spatlal frequencnes On the other hand lf

the structural perlodlcmes are: confmed to gross structural features only the mtensmes of

.

)
\
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dlffract;on spots. frOm such a crystal would be conflned to small spatlal frequencnes The .

molecular transform |n such a, crystal is still the sarne but due “to dlsorder,‘ the

< molecule does not occur and the sampled lntensnty in the Fourler space rapldly declines.

Energy depos:ted by melastncally scattered electrons may’ cause structural damage

. to 'the.crystal Damage to crystallune spemmens can be evaluated by electron dlffractlon

’ -l'G‘IaeserA»;et al., -19.69).- Vanous affects such as, broademng of spots change in mterspot

'~distan'ce and/or'reductlon in the llntenslty of diffraction sppts can be seen as.a result of

. radlatlon damage Loss in the mtensn y of diffraction spots implies some klnd of loss in’

the mherent periodicity. of the crylstal~ structure Slnce the molecular transform depends

upon the atomic scatternng factors of various elements present in the unit cell, radiation

~damage would hence affect the molecular transform and the intensity of a particular
dlffractlon spot would decrease At the same time energy deposnad by the electron
beam may cause reorlentatlon of parts of a molecule {(for example rotatlon of the bonds

between the peptlde llnkage and o carbon atom in a polypeptlde) Such a reorientation

of molecular parts does’ not necessarily have to be |dentlcal in aIl the molecules and so the

- waves scattered from dlfferent unit cells would no longer be in phase and a reduction in

the mtensmes of diffraction spots would occur R .-

- Radiation damage at a particular. tructural level can of course, be assessed by-

' monltorlng changes.: in the uttensny of a dlffractlon spot whose spatial frequency

corresponds to the 1nverse of the: mterplanar spacrng exlstlng in the crystal structure

lGlaesel' et al., 1969) but the purpose of such a study is. not-to accurately and preclsely -

predlct the breakmg of individual bonds Rather lt provides mformatlon which when used
.|n conjunction with mformatlon obtalned from for examplé"-'electron energy—loss
spectroscopy can Iead 1o the lnterpretatlon and understandnng of various mechanlsms

possible for the damage processsltself ‘ . L

-

\\relnforcement of waves belongmg to dlfferent umt cells from the dlfferent parts of the .

¢
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- CHAPTER 1
COMPARATIVE STUDY OF RADIATION DAMAGE BY ELECTRON DIFFRACTION AND
EELS

3.1 'Intro‘duc'tion

\

\
In examomng the mteractaon between an electron beam and-a specnmen from the-

standpomt of. radlatlon'damage, "slectron dnffractlon anc_l electron energy loss

'spectroscopy offer ‘powerfulﬂ techniques. - Whereas, /EELS can be applied to both,

- n . kid .
crystalline and non—crystalline specimens the use of electron—diffraction is restricted to

crystalllne specnmens In a crystal the atoms er the molecules are regularly arranged in a

repetmve manner around the Iattlce Jpoints. . The presence ‘.of th|s type of crystalline -
“regularlty is responsnble for the formatlon of diffraction.spots in an electron dif fraction
. pattern Af the: orderhness of the- crystalhne structure decreases. due to any cause, its

. effect can be. notlced in the intensities or the posutlons of the diffraction spots.  In other

words, any change in the crystal structure whlch constxtutes a change from its original or

native state can be mon:tored by analysnng the changes in the intensities or the posntlons of

_ the diffraction spots The study of radlatnon damage by electron diffraction is the study

. of structural damage sustained by the specmen due to uncreasrng dlsorderhness

As discussed in the previous chapter, an ~incident-electron may be scattered by an

inner—shell atomic electron of the specimen. If the resultant energy transfer to the

‘inner —shell electron is in excess of xts lomzatlon energy, it makes a transition to an empty

energy level. Such an event appears in the energy-loss spectra as.an abrupt rlse un the

=

mtenSIty at an energy— Ioss equal to the inner- shell lonlzatlon energy. Slnce these

: |on|zat|on energy values are characteristic of the scatterlng element, their presence in the

nrradrated area can be ascertamed by observung their ionization edges in the energy—loss

, spectra obtamed from. a specumen The area under such a peak in an energy- loss
' spectrum is proportuonal to the number of atoms per unit irradiated area of the spec:men
However, electron lrradsétnon damage may cause some chemucal changes to the specnmen '

' Escape of a particular element due to bond rupture may be establlshed by monitoring

changes in its characterustnc edge in. the energy—loss spectra e. g by calculating the changes

in elemental concentratuen.

21 e



The ratio of: elastuc to melastnc scattering increases w:th mcreasmg atomic number;_.
and rad:atuon damage is most severe in the case of bnologlcal molecules {those molecules
which are apart of llvmg organlsm and occur in nature as such) Ammo acnds are the banC.
building blocks of large protein molecules An’'amino acid consusts of an .amino group a '
carboxyl group, a hydrogen_ atom and a dlstmctlv.e R group bonded toa carbon atom called |

o ~carbon atom. The R group s referred to as a side cham Twenty kinds of srde chams

‘resultmg in twenty different amino acids’ are. found m protelns The general molecular,

formula of an amino acud is; shown below

NH, - « .

R—E—COOH
Another im.portant group of biomolecuies _'are called nucle,oti'des; which 'partic_ip‘ate
in nearly all"biocher’nlcal processes. Nucleotides t:p'nsist of a nitrogeno:usbase"; a.SUQar'
and one or' more phosphate éroups.‘ The.nltrogenous baSe is a purine or a pyrimidine
a derivative. The three pyrlmudmes are Cytosme uracnl -and thymme and two ma;or ~purlnes

are_adenine and' guannne The molecular formulae of a- purme and a pyrlmldme are shown

below:

purine pyrimidine.-

~

in thls chapter will ' be reported a comparatlve study of radlatnon darnage by
-electron d”ffractlon and EELS on some, ‘amino acnds and nuclelc ac:ld bases An assessment
'of the mechamsm of radlatlon damage wdl be made on the basns of the known crystal and )

molecular structure of these compounds



ZExgerlmentg Details.

Electron- diffra,ction studies were conducted on four-amino aCids glycme valine, -
methionine and cysteine; four nucleic acid bases adenine thymine cytosine and uracil; and

onthecompoundcystine T e s

.~321SpecimenPreJarati0j Y

" These compounds were purchased from the Sigma Chemical Company and all the
compounds were found to forr‘n good smgle crystals upon cr, ystallization Problems were
; encountered initially in the spemmen preparation smce these compounds were found to-
;form thick crystals However by repeated “trials, the proper amount of solute was
A'determined which gave rise to sUitable crystals Optimum am0unts of these compounds
'were then dissolved in water orin other solvents (Table 3. 1 gives the Iist of solvents used
’ for various compounds) and tiny drops of thesé solutions were depOSited by a dropper on |
) different carbon coated copper grids The speCimens were covered to protect them .

. from dust, and any other extraneous material and were allowed to dry in air.

s

> . " : -

-3.2:2 Electron Microscopx

The diffraction patterns of glycrne were recorded on a Philips 300 electron
- mi¢roscopeé. operated at 100kV and equipped With a quUid nitrogen anti-contamination
devuce As a precautionany measure the filament was kept under saturated and “small
- ,condenser apertures were used B0 Mom first condenser aperture and 20 u m seconq .
: condenser vaperture,‘ in_,order _to ‘maintain low electro_nydoses. By operating theA
"microscope in the-diffraction mode. and by o‘e,f‘ocusing the first.intermediate or dif fraction
Iens‘the specimen was ekarriined to find 2 suitab‘le adrea. In order to minimize radiation
;‘ damage prior to the commencement of the recording of diffraction patterns the beam,
was immediately blocked off by inserting 8 disk into the beam path (fixed in one .of the |
grooves of the condenser aperturel after locating a swtable area The diffraction patterns
‘ ..were recorded on .Kodak 4489 high speed films The beam block was taken out after'
bringing in a film into the camera chamber A series of diffrac:tion patterns was then

) recorded at different time intervals.” In alI -cases, a Visual inspecuon ‘of - the wraction

. pattern was made before actually terminatlng the recording

*




Table 3.1 sd’jl.\‘u‘ﬁ'ts‘ -uigd""f.qr-'t'ha_ Crystalvn‘z_‘at,lbn of Varioys ,Conipbu'n s

»

COMPOUND
1. Glycine -

2. Valine
3.iMethionine
4, Cyateine

’ 5.‘Cy$tiﬁe

" 6. -Uracil

7. Thymide s

8. Cytosine

. 9. Adenine .

ar

' Water

»Methanplvv h\'

SOLVENT ..
"Water;

ﬁater_

Ethanol/Water

. Ammonium Hydroxide
and Acetic Acid

Water

" Water/Ethanol

Ethanol T \ii

7
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. recor‘ded . o

. For the determination of Iattlce apacmqs the camera length was. callbratod by 8

standard specimen of goid of known lattice spacings. After the recording of the

- diffraction pattern, and without altering any setting o'f the r'mcreacope. the specimen was

-

taken out to be replaced by a gold coated copper grid and its diffraction pattern was

o . . -

o

For the calculation of electron dose, the \mncroacepe w‘t awstched to

.r

| magnlflcatlon mode at some known magmfrcatlon and an image of the spot was recorded

on Kodak electron image fllm 4489 for an est:matlon of the optncal densnty

Electron dlffractlon “and electron energy-—loss experlments on all oth'er

‘ compounds were conducted ©on a JEM 1008 electron mlcroscope at BOkV acceleratlng

) voltage Thls mleroscope was also equlpped wnth a llquud hitrogen anti-contamination

device. Electron- dlffractlon experlments were conducted on all the compounds and.

-

electron energy loss measurements were conducted on all but glycine. valine and cystlne

The, dlffractlon measurements were performed in a manner SImllar to the one descrtbed

above for gitycine. However, after finding a sultable area of the specimen by defocusing

- the intermediate lens the beam was cut off by the grvd blas control of the mlcroscope and

the diffracation’ patterns were recorded on electron lmage plates Electron dose was
calculated by measuring the beam current (with no objective aperture |n the beam path)
ustng a Faraday cup located at the screen level of the microscope.  The spot at the

specrmen level was kept large by- defocusmg the condenser 2 lens and the spot size was

| recorded by swutchmg the mlcroscope to lmaglng mode at a callbrated kmagnlflca'tlon of

110,000. I ' T Lt

ot

3.2.3 Electron Engrgy Losg Spectroscopy AR -

~

The electron energy -loss spectra were recorded by first finding the spec:men in

/ L

“the dlffracatlon mode as descrlbed above; ‘then the beam was cut off by the grid blas

control and the mlcroscope was switched to ‘hlgh—resolutlon dlffractlon mode by

'operatlng the dlffractlon control knob The- pro;ector lens |s turned, off in the high

resolution mode and a dlffractlon pattern of camera length of a few mllllmeters is formed

. at the*object plane of the spectrometer, Wthh lies close to the screen level. The

objective aperture 3 was then inserted (corresponding to a semi~angle a of 8.3 mrad).
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The spectrum was focused st the image plmi _of the spectrometer by chsnging the
‘ intermediate lens current o a predetermined value of about 0.057 1A with the help of the:
diffraction-focus ,co.ntrol. The iplcirrian was then irradisted by bringing back the gr’id
" bias control to the Rrevious.posiugn and simultaneously the acquisition o}f the spectra Was
started in the TN=1710 multichannel analyser (MCA). The spectrum was acquired in 1024
channels and the dwell time fthe time for which the data is stored in each channel) was °
20ms so the raccrdlng of ong spectrum at a particular dose was parformod in about 203
Spectra were recorded in four. ditferent butfers of the MCA each of 1024 channels
¢_orrespond|ng to, increasing irradiation doses. The spectra were then transferred onto a
floppy disk and the buffers emptied.for the further recording of spectra.

To mvestngata both structural and chemical changes in an irradiated area of/the
specnmen it was necessary 10 conduct these measurements slmultaneously comblnmg the ‘
recording of a diffraction pattern and the acqunstn of the enargy—loss spectra In the
diffraction mode-of the mlcroscope\,vthe dif fraction conttol knob was alternately switched

betwe.en the high—rasolution or ‘projector of ' condition to the ‘projector on’ condmon in

", other words after recordmg a diffraction pattern as mentloned beiore the dnffractlon‘

control kndb was changed to hngh—resolutlon mode, objective aperture 3 was mserted_
intc the beam path,’ the ,mtermedlate—1 lens current was changed to 0.0571A with the
dif fraction—-focus knob and a spectrum was acquire;i After acquiring the spectrum, the
diffraction control knob was returned to the previous; position, the objective aperture was
withdfawn and the diffraction pattern focused for recording the next diffraction pattern.
".e.AlI the,r‘écorded spe\ct?a were- then stored on the fioppy disk for subsequerit
,analysi's and alil ﬁﬁe exposed Kodak 4489 films and electron image plates (belohging to a
serigs of diffraction patterns recorded at mcre;smg irradiation), snmultaneously devetoped
. in Kodak D-19 developer. The developer was diluted to one half of its orlgmal
concentratjon; & 'the filmg and plates were develéped at 20° C for four.minuteé with
contir:uous agitati.on {according to Kodak's specifications). The plates were then rinsed in

distilled water and transferred to Kodak rapid fixer for a fixtng time of four minutes.

»



3 2 4 Analysrs of Electron lefractnon Patterns

To assess the effect of radiation damage on: the crystallmlty of a partlcular B
: compound lt is necessary to monltor the changes in the intensity of certam diffraction-
- spots wrth xncreasmg dose Densutometer traces were ' obtained of the spots'
: orrespondmg to dlfferent spatlal frequencxes from each dnffractlon pattern recorded at’.

: mcreasnng dose “The area under a densutometer peak was measured (above the
| _ background) to yleld ‘the mtensrty of the spot in relative units. '

Lattice spacmgs correspondmg to dlfferent dlffractlon spots were determlned by

flrst flndlng the camera Iength from. the d(ffractlon pattern of gold A polycrystallme ,
'specrmen of gold guves rlse to sharp Debye~Scherrer rlngs as shown in Plate :3:1. The
, ,:‘.fpllowrng standard equatlon was used to_ determln_e lattice spacmgs. ‘
L me-ia Rt
‘ where R is the dlstance of a partlcular spot from the central spot of the dlffractlon‘
pattern L |s the camera Iength A is the wavelength of’ electrons ata partlcular acceleratmg '

)

' voltage and d is’ the lattlce spacmg of the plane correspondlng to that dlffractlon spot.
[

_ ‘-‘.The lattlce spacmgs d, of. dlfferent r:ngs of the dxffrat:tlon pattern of gold are known so v
by usmg equatlon 31 the camera length L can be determmed All other quantmes are |
known'in equation 3 1. s0 by substituting. the value of camera length the lattvce spacxng
dhki of a spot havmg h, k and | as Miller lndlces can be determmed ’ (

R As an example of the above method we consnder the dlffractlon pattern of uracnl

iwhlch is shown in Plate 32 The dlameter of the 111 rlng in the: dlffractlon pattern of

-gold was found to be 10.85 mm, and since gold forms CUblC crystals havung umt cell.

N dlmen5|on of 4.070 A the value of d: bkl can be determined using:
Y4 e a ' (3.2
: -/(h2+k2+L.2') L
41 =.__l*027\. =~ 2.3498 4 -
/(1 +1 +1 ) - ’ '

Therefore the camera length can be found from equatlon 3. T

o

To determlne the Iattlce spacing for the spot marked Ain the Plate 3.2, the dlstance
i
: AA ‘was determmed from the negatwe of thls dlffractlon pattern and was found tO» be

¢ /

-r\/ \f

8
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equal to 5 08 mm, therefore the d value correspondm‘g to thlS spot will be equal to:

. 2x 3069 x 0.0418 -
AT 5,08 -

4 '5.02 A
Slmllarly the d value for any spot in the dlffractlon pattern can be determmed from
equatnon 3.1 by sumply substltutmg the 2R value of the correspondlng spot from the |

"dlffractlon pattern. ‘ SRR

3.2.5 Calculation of Electron Dose Sl S e

The xrradxatlon recelved by the specxmen is often ‘called the dose and lS usually‘ i
rheasured in the umts of electrons per square angstrom or in Coulombs per square metre
vElectron doses in these experlments were palculated by two dlfferent methods For.

‘.'glycme the dose was caICulated by the optncal densny method (Unwm and Henderson,v_,
1975). The doses for other compounds were calculated by measurmg the electron beam ‘

'

"current with a Faraday cup lnstalled at .the 'screen Ievel in the JEM 1008 electron

, mlcroscope

~In the optlcal densuty method ore  measures the the blackemng D of the’ |

| Photographnc film WhICh bears a srmple relatuonshlp to the total humber of electrons Wthh P
have produced the blackenlng The total humber of electrons incident on the photographlc
film is proport o the product of the lntensuty of the electron beam and ‘the ‘time

- during which th' is exposed to the beam The product is hence proportlonal to the o
| k'-opttcal dens:ty Optlcal dens:ty is deflned as the logarlthm of the ratno of the mtensnty '0 »

i,

of the lncndent beam of. light and"iy. the mtenslty of the light transm:tted by the blackened
“spot on the photographlc fllm ie: . .
v S (33
D = logy, (IO / It)
The : optiCal ‘ density of an exposed. fim was determined. . by‘ comparing its
~ densitometer trace with that of a callbratlon step wedge prov1ded by Kodak, A chart was ’
. also prowded by Kodak showung the varlatlon of optlcal densnty Wlth electron exposure as
is shownis the Flgure 3 1 for a Kodak 44889 film (CUrve Al By knowmg the optrcal density |
of the exposed photographnc film, the dose at. the plate level was determvned from the
.t.graph between the optrcal densuty and’ electron exposure For example after recordmg .

the dlffractlon pattern of glycme a photographlc fllm was exposed to electron beam for '

<
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128 seconds at.a magmfucatuon of 25000 The densatometer trace of thé fllm was :

' compared with the densntometer trace of the step wedge Wthh gave an optlcal densuty of,

0.05: From the graph between opncal den5|ty and exposure |t was determmed that an B

optical densny of O. 05 corresponded to a dose of O 55 electrons/ /.z m2 at the plate '

Ievel The dose rate “the number. of elet:trons per square angstrom per second at the .

| specumen Ievel was found to be eoual to ' S

: : «ﬂ
S Tn s x (zsgoo) Zg 027 e, 52 / s
[‘.‘ SRS T 128 X110 : :

I

- Electron dose for all the dlffractton patterns berongmg to the serles were then obtalned by
‘multiplying the dose Fate'Wlth the cumutatlye;‘tlme spent- between‘successuve recordxngs of
diffraction patterns o _v | S
\ In the second method of dose calculatnon the beam current was measured by a

B F-araday cup. -The dose was calculated usung the followmg equatlon

¢

-8 0 x 104x I xM?'x e 34
.' | o 2L e

-’I Beam currentin A,

S e

d= Dlameter at the plate level in mm,

M Magmftcatlon

o t= Ttme in seconds and

D = Dose.in e'e/cxns per square. Angstrom el A B )
,The radlatlon damade sernes for the compound thymsne was recorded W|th a beam' ‘

current of 0053 x 10 " A the spot sme on the plate at the cahbrated magmfucatlon of
10000 was ‘60 mm, R SRR ‘_ |
, el 4 ~10 8 ‘
g-‘.-._D‘_SOxle bos3x10 0° . =‘_0011:e/a7'
: 60 x 60. ' R

Hence the cumulatlve dose sustamed bil the spec:men before the recordmg of a
-dn‘fractron pattern or the acqulsltlon of an: energy Ioss spectrum was obtamed by;'

substrtutnng the totaI rrradlatlon tlme in seconds n the above expressuon for dose
- : ' : : : . .- B e . N " T
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3.3 Processmg of Electron Energy Loss Spectra

.

The processmg of J:he electron energy loss spectra mvolves several steps pnor to oL

the determlnatnon of the number of atoms of an element in the lrradnated area of the : ‘

o speCImen . o 2" : .l t‘:‘ LA . . . v‘_-,’. ) . ..\ ‘. ‘ "} ) P ". . »n"."

The energy Ioss axis’ of the spectrum was ﬂrst callbrated It-can evther be done- /

manually or computatlonally by the mlcroprocessor ntself Manual cahbratuon requlres the‘ e

o |dent|f|cat|on of the zero—loss peak and another: promment feature in the energy loss

‘ '-spectrum Smce all the specumens were supported on a carbon coated grld the common L

.'j _feature whuch ocoured ln the energy-loss spectra (besndes ‘the zero loss peak) was' the .

] "K shell nonuzatlon edge of carbon at about 283 eV Computatlonal callbratlon requlred :

: locatmg the zero—loss peak etther by eye or by a computer program the calnbratlon was.
performed by the mlcroprocessor |tself (Egerton 1980a) _ ' ‘

.’:‘g*

After the callbratnon of the energy axis - the background was subtracted S

'computatlonally as descrlbed |n Chapter 2 by makmg use. of an empnrucal formula due to _ o

-Egerton l1978) The concentratlon of a partncular element was then determmed by’
| .'computmg the area under the peak above background (that is the sum of the nntensmes in .
dlfferent channels beyond the lonlzatlon edgel over a certam energy wsndow A", which
‘ _'was taken to be between 50° and 70 eV The area under the low= Ioss regnon of the
.'..spectra up. to the same energy wnndow A ‘was also computed and the followmg
_formula was used to determlne ‘the concentratlon (number of atoms per square metrel N

of a partlcmar element (Egerton 1978):

S | [I (0‘ IO DS 1 . @sr
L @b ] o e,

s

where I (oc A) Jis the area measured from the Iow Ioss reglon of the Spectrum a |s.'
""the collectlon sem: angle determmed by the objectlve aperture I (OL A) is the area .
'above the background above the k-shell |omzatnon ~edge (k K, L M) and o (OL A)

rcalled the partlal cross— ~section for a particular . shell - of. the element whlch can bev'
computed The factor G in'the deno:nmator of equatnon '35 accouhts for the galn change '
- _' of the detector between the Iow and hlgh energy reglons of the spectra )

Absolute value of N is not needed in radlatlon damage studnes 'so ‘one can s:mply

'determlne the ratlo of the mntlal concentratlon of a partucular element to the concentratlon ‘

3 R - g ',.
. . : o
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-at higher doses ThIS “also obv1ates the need of knowmg the, partlal\ cross—'sectnon L

ok(a,A) Therefore if the |n|txal concentra:lon s denoted by N(O) and the,
concentration a‘f_ter a dose D be_co_mes N(D), .then \the relatlve c_oncegtratlon N(R)‘.wull be
given by: - Ty . TR

‘ . : I, (a,d) - I, (a,8) =~ - . S

’ (0 I S Sy . . (38 "

N(R): N(O) Ig(a,‘A) ' Ig(a,A)

) where the superscrlpts O and D or - Ikv and ‘__I'l' represent their inltial values and thejr;f

values ata dose D. respectlvely

3.4 Results - , . ' » S

That.-the -electron |rrad|at|on damage does cause undesnrable changes to the crystal ' ‘,

: structure becomes evident simply by observmg a dlffractlon pattern ror a perlod of tlme
For example, Plate 3 3(al shows the dlffractnon pattern of glycme whlch was recorded at a

dose of 13Cm 2 Also shown are the dlﬁfractlon patterns recorded at doses of 140 C m

-2

~300 Cm -2 , and 400.C rp “in Plate 3. 3(b) through 33(d) Th|s dnffractlon pattern _

extended to a spatlal frequency of 12 A1 - Notice the Ioss in lntensrty and eventual
2.
dlsappearance of ~varlous diffraction spots Even a dose as small as 18 C m (1 O eA :

‘ was suffncnent to cause changes in the intensity of some spots o

S

leewnse dlscermble changes can be noticed in an lonlzatnon edge of an element in’

the energy- loss spectrum in"Plate 3.3(e) is shown the electron energy Ioss spectrum.

obtalned for adenine. The spectrum shows the number of electrons (mtenslty) in- each'

channel as a functlon of energy loss. lntens:ty s shown on, Iheulogarlthmnc axis for the

) convenlence of display. ' The two traces shown in thls ﬂgure were- recorded at’ dlfferent- '

+

doses from the. same area of the specumen (upper ong was recorded at fower dose) Both .

'

e traces show four promlnent peaks. The peak at the extreme Ieft is-the zero—loss peak -

followed by-a peak due o valence electron losses. An abrupt change in the mtensnty is
“due to detector (PMT) galn change lntroduced durlng the serial recordmg of the spectra

The first peak followmg the gain change is carbon K- shell |on|zat|on edge and the second

L peak at about 400 eV is’ due to nltrogen K- shell |on|zatlon The area under; the peak. lwhlch

glves the “humber. of nltrogen atoms per unlt irradiated .area of the specnmen) is

&

&

0
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proportlonal to the mtegral of the‘lntensmes in dlfferent channels after the lomzatnon edge'
- An effect of lrradlatlon can be seen in the lower trace in which .a svgnuflcant reductlon has.
occured in, the mtensnty of the’ nltrogen K edge lmplylng Ioss of- mtrogen from the '
- irradiated area of the specimen: _ ' ‘ . |

In relatlng the. changes in the ionization edge and in the mtensmes of the dlffractuon'
spots to radnatnon damage, the results may be presented graphncally A plot of the loss of
mtensrty of a dlffractlon spot or the concentratlon of a partICular element as a functlon of
dose (glectron _irradiation) can be called a dose response Curve A quahtatlve and
Quantitative comparuson between the dose response curves of dlfferent compounds is
_ possnble by enther of the following Ywo methods. " In the vanushmg pomt dose method the,‘ :

intensity of a dlffractxon spot or the concentratlon of a partncular element ns momtored

s

with lncreasmg doses untll it stabnhzes ‘and no further change 'in elther is observed W|th -

‘ , mcreasmg ‘dases (Glaeser 1971 and Kobayashl 1965) A comparlson can then be made
by determlmng the vamshmg ponnt dose for dofferent processes of radnat/lon damage.. On
the other hand,\ it is seen- that in most. of the cases, the mtensnty and congentration °
decrease exponentrally wuth li:fbreasnng doses Thus on.the basis of the exponentlal decay'
: of doseﬁgesponse curves ane can determine the characternstlc dose, D 1/ For diffraction
measurements ) l/e .is deflned as &the dose neededeto reduce the mtens:ty of a’
dlffractlon spot to 1/e of its mltlal value and for elemental losses it lmphes the dose ’
requured to reduce the content of an element to l/e of its |n|t|al concentratlon ‘

“Structural damage, as assessed from the intensities of the diffractiors spots was
found to proceed from the high spatual frequency spots to low spatlal frequency spots.
The.dose response curves plotted for-different compounds emphasnze mannly the decay in
the lntensmes of hlgh spatial frequency spots ’ ' )

Flgure 3.2 shows the dose response curves for the amlno ac:d glycme in Wthh are
plctted the decay curves. for 1.05 A™ -and 1.25 Al diffraction spots The spots of 0.76

/2\—’_ anhd 1 14° AT spatnal frequencnes are plotted in Flgure 33 for the' compound

| methlomne whlle the N(R) value for the loss of sulphur atom from methlonme is shown in
,Flgure 34 as & functqon of dose ‘The spots -having . O 44 A _and O 6 AT spatlalw“

frequencues from the dnffractuon pattern of valine are plotted as a fqnotlon of dose in

anure 35 The next two plots are for cystelne and cystlne the plo\f'c?r cysteme includes,

¢
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’

't'he relative interisities of 0.105 AV, 021 A and 0.32 ,&‘1 spots as a functnon of dose_ |
and also the relative content of sulphur as measured by EELS while for cystme the relatwe A.

o mtensltles of 0.37 A” . 0. 56 A"» and 0.74 &~ ‘dlffractlon spots are plotted

‘ " The followmg four flgures lnclude the’ response curves for-the. nuclenc acxd bases.
. fFigUre 38 shows the relatlve mtensmes of.0.35 Al o 55 2\1 and o) 71 2\’ spots from
'the dlffractlon pattern of uracnl also lncluded in thlS flgure is the N(R) value for the loss of

'oxygen from uracxl wzth mcreasmg |rrad|at|on In the dose response curve for thymme

' which is. shown in Fugure 39 we notlce that the loss of oxygen as’ well as loss in the -~

' .rntensmes of 0. 507 A and 0.76 A drffractlon spots has been plotted as a functlon of

electron srradlatlon The curves for cytosme and adenlne Flgures 3.10 and 3 11, show the

spot for adenine. T

These curves .were used to calculate the -charactéristic doses for diffraction and
EELS measurements: which are tabulated in Table 3.2. Also shown. are the spatial

freduencies of the corresponding diffraction spots within brackets.

A}

3.5 Disoussion .-
The preceding results characterlze the trend observed in the radtatlon sehsxtlvntnes
of certaln crystallune amino acids and nucle:c/ acid .bases. The sensitivities of these
compounds can be explalned on the basis of their crystallme and molecular structures
As painted out earlier, the process’ of radiation damage can be discussed in terms
of structural and/or chemical damage.” Certaln-features' emerge from the'characteristic
doses tabulated in the Table 3.2 On the basis of the Dl/e values for structural damage
'one can broadly classnfy these compounds into three categories. Firstly, ammo acids were
found to be most sensstlve to electron |rrad|at|on damage whole at the other extreme of
| radlatnon sensntlvxty was a purine ie. adenine. In between these two extremes of radiation
»sensmvuty were pyrlmudmes Within amino ac:ds however; one flnds that D /e ranges
between 2 Cm- (for valmel to 320 Cm-2 (for cysteme) The followmg discussion is
base’ upon the crystal structures of glycine, vahne methionine and cystelne and cystme

whuch were determmed by Marsh (1958) ‘Torii and litaka (1970), Toru and Iltaka (1973)
“Harding et al. t1968) and Oughton et al. (1958) respéctively. T

. loss of mtrogen and the decay in the lntensxty of 0.88 »&1 spot for cytosme and of O 45 A 1

-
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 Table 32 Characteristic Doses for .Various 'Spa'c_i‘njens

~
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DIFFRACTION DATA

Adenine

SPECIMEN . “EELS DATA
? ‘ nDi/ekd;ii) in Cyfz Dl/e_ig_Cm‘z
" Glyeine | 118(1.058™1), 76(1.2587") -
Valine 5.4(0.4487Y), 2.00.687H) J
‘ Methioniné 1 14(0.76K-l);;u8.d(l.léz;l) 91 for sulphur'loséc
Cysteiné = *+ 320(0;105&‘1),;128(0.21&‘1) 600 for 15% sulphur
, . : loss
Cystine 288(0.568°L, 240(0.748 1) )
._Uracil 288(0.551-1),‘176(0.71K_%) 200, OXYgeﬁ 10¢s
Thynine 272(0.5078~Yy . 122¢0.768°1) 350, Oxygenfloss
Cytosine 52800138, 208(0.388°h) 192, Nitrogen loss
2300(0.45Khl) 2400, Nitrogeniloss




- . .

. 3.5.1 Structural Damage to Amino Acids ‘ o ’ | .

An essential feature of the crystal structure of all these comp0unds is hydrogen
‘ bondmg betweer the ammo .and carboxyl groups of the amino acuds whlch is pramarlly
responsnble for holding the Iamce together "The othgr factor whnch governs the molecular
packing is the sude chain; R ‘whose moleCUlar gonfiguration seems to play an tmportant'
role in describing the radlatnon sensmvmes of these'compounds:.

In glycine, for example, the side chain consists of a lone hydrogen atom. An ,
incoming electron may deposit more than 200 eV en.ergy to the nucleus of the hydrogen
atom, in an elastic encourjter. Such a I’arge amount.‘ of energy is sufficient to cause the
rupture of the Co -H bond in :glycine.' Hov(//éver, the cross-section for an elastic
encounter is/ extremely small and hence the probability of a direct‘knock--on damage of
C-H bond is negligibie. Howevgr, the iv;\elastic scattering of an incoming electron with the
hydrogen atom, may result in the ioﬁizatibn of the. hydrogen atom. The diéplacemént of
the hydrogen atom, in this case. would only be possible if the nucle[:s moves sufficiently
far before the reformation of the bond occufs. On the other hand, in valine the side chain
cénsists of -CH(CHa )2 . What is even more probable than the dissociation of the side
chain is the rotation of the side chﬁm about the C, bond of the amino acid Such a
rotation of the molecular groups would result in the deterioration of the mtensmes of
diffraction spots making valine an extremely radiation sensitive compound. Such an
intra~molecular reonentatlon would tend to make the diffraction spots belonging to higher
spatial frequencnes more susceptlble to irradiation damage. The long range disorder
correspondmg to the low spatial frequenmes would follow the short range disorder as the
displacement or dn}fuswn of molecular fragments or atomic spec:es seemswto occur -at
higher doses.

in rriethionine, side chain reorientation seems ‘to be somewnhat restricted due to
two factors. A longer side chain though still susceptible to rearrangement, affers
immobility gue ‘to steric reasons.. Moreover, the presengé ‘of a rather heavy element,
suiphur, in l;w side chain also contributes to its greater'resistance to change. So, although
methionine is mc;re resistant compared té valine it is less resistant compared to glycine in

which there is a hydrogen atom instead of the's'ide chain.
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In cyeteine also, is discussed below, the molecules are bonded together by

hydrogen. bonds. Howovor the bondings within and outside the side chain seem to be
governing the bchawor of Cysteine to electron irradiation Its greater resistance to
electron wradsatuon damage can be attrlbuted to the close contact between sulphur atoms

and also to the inter— and intra-molecular contacts between sulphur and oxygen atoms.

The molecules are stacked such that the sulphydryl group projects in a direction which is

opposite to that of amino and carboxyl groups of the amino acid. So, althoughthe
hygrogen bonding between amino and carboxyl groups is as susceptible to radia“tioh
damage as it is in’othar amino acids, the strength provided to the crystal structure by the
sulphydryl group enables the molecule to sustain. greater radiation damage before
sxgmflcant loss in the intensities o&%ﬂous dlffractnon spots occurs.

An interesting. feature is obsefved in the dose response curves of cystme shown in

" figure 3.7. It is found that the relative intensities of all the reflection spots initially increase

slightly before the decay begins. A similar rise in the intensity #as been noted in the

crystals cf o -copper phthalocyamne by élark et al (1980) and by Kobayashu et al.

(1974). Thas rise in the intensity can be attributed to dynamical effects or to the increase

in the atomic scattering factors Wthh resuits from the ionization of atomlc species. But
the increase in the atomic. scattermg factors should- have mainly affecﬁ the intensities of
the spots correspondlng to small spatra! frequencnes smce for larger sin 8 /A the

change m atomic scattering factor upon ionization is not appreciable. instead, it seems

o«

that some kmd of cooperatnve effect initially takes place, due to some dynamncal scattering

between the waves diffracted within crystaliites. crystaliites. - However wrth uncr.easmg
irradiation, the disorder in the structure would develop more and moge and the effect on
the intensities due to dynamncal scattering.would accordingly decreas_e,resulting in a drop
in the intensity after an ir\itial rise.

Notice from Tabl® 3.2 that cystine is considerably more resistant to electron

. - ° 2
irradiation compared to other compounds discussed so far. The molecules of cystine are

‘stacked in a hexagonal lattice, perpendicu)ar't'o the ¢ axis. A strong covalent bond exists

between the two eulphur atoms which form a disulphide bridge between the two cysteine
S Q . v .
residues. Besides this covalent linkage each e_ulphur atom has a close contact with its

non-bonded neéighboring nittogen (intra-molecular) and carbon and sulphur

J

)
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(lnter—molecular) atorrls Such a network of lntra— and lnter molecular bonds seems to -

ey

prowde a greater resnstlwty to its crystal structure compared to that of cystelne

\ Irradlatlon of amuno acids could also be: dlscussed in terms of degradatlon of the

\

molecules mto other products of lower. molecular welght Here ot is useful to- malce a

comparlson wuth results obtamed in radlatlon chemlstry where .solid ammo acrds {in

nof- aquedus state) are exposed 10 drfferent types of radlatlon (neutrdns, Y rays,
electrons) a\ doses comparable to those used in electron’ mlcroscopy The radlochemlcal‘
reaotlons show conSIderable complexltfbut it is possnble to extract |nformat|on Whlch is
_of dlrect relevance to the problem of %natlon damage (of amino acnds) mn an electron_,
mlcroscope Radnolysns of glycine, valine, alanine, cystelne and some Other amlno ac:ds ‘
has been studled by Meshltsuka et al. (1964) Gejvall et al\ l1975) Gottschall et‘al (14967),
and Petterson et al. c(]968) . \ SURR L

| There are two major processes which seem to. take place upon |rradlatlon of.
amnno ac1ds (l) deamlnatlon which involves removal of hydrogen and formatlon of the L
correspondlng acxd ywthout change in the number ol‘ carbon atoms ‘and ‘(‘2) .c
decarboxylatlon which \results in the formation of an amine and carbon dlox1de As a

result of deamlnatlon an decarboxylatlon the yields of ammoma and carbon dlelde can

be measured usmg chemlval technxques n. radlatlon chemlstry a useful quantlty for the
measurement of dlfferent roducts upon lrradlatlon is the G- value. A G- value is defined: .

" as the number of molecules produced ‘of a partlcular type, upon theabsqrptlon of lOO eV

of ammonia, from: solid ammo acids urradlated 1n~¢“"

‘31 \

_%; approxlmately 2 to 8’ lGarrlson 1968) quz'

sulphur contammg amino acids hydrogen sulph@e gas lS afso formed and “the yleld of" .

2 of energy The G-value for‘the ylel‘

vacuum at room temperature rang ;

ammonia is slightly lower than that for other allphatlc amlno acnds lPeterson etal; l968) s .

The G-value obtalned.by radiation chemrstry ?nea_surement,slhcan be.conyerted toan ¥

-~ equivalent characteristic dose using the following equation: .
© T ) Py N i

..Q ‘ e _: 0,63 x 100 /x}\xe‘v.ﬂj
S /e ™ T G.E ‘

“where A is the inel#tic. mean free path, e is the electronic char‘ge,Ep» is the plasmon
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energy The G-value for the releas/ of a partncular gas can be related to the sc1ssnon of a' ‘

partncular bond which needs to be broken .far the release of gas (for example, release of

ammonia would require, scnss:on of C-N bond) the last term in the above equatuon relates .

to the number of such bonds initially present in the unlt volume of the materxal

Usnng the G-values given in the luterature for the release of ammoma and‘

reasonable estimates of A and E (typlcal values of >\ "50 nm and Ep = 20 eV can be -

used) the D

1/e values were computed for valihe and cysteme The, results for such
calculations are given.in Table 3 3 " e
For vallne D, value. obtatned using. equatlon 3.7 is'seen to vary between 27. and

1l/e

80 Cm-2 due to different G-values exustlng in the hterature The characterlstlc doses»
glven in the column 5 of table 3.3 are Fuch hlgher compared to thé D.L/ value5u obtanned ‘

by electron dlffractlcﬂt measurements for high spatlal frequency dlffractlon spots The -

characterustuc doses gf column 5 are comparable to the dose requnred for the complete

' fadvng of 'the diffraction pattern lfor valing, as also determlned by Glaeser (197 1)} and to

I

' the characteristic doses for low. spatial frequency d{f}rgtnon spots (for cystelne) This

suggests that the initial damage to the spec:men Mich malnly reduces the mtensrtles of

_high spatnal frequency dlffractlon spotsl

and some other mechanism (possibly rotatior of gjde chain) is opgigative at small doses.
However bond scnsMcome mcreasmgly |mportant at hlgher doses when for

example the characterlstlc dose fowe/elease of ammonla becomes comparable to the =

N

characterlstlc dose, for the fadlng of dlffractlon spots | belOngrng to small spatual

frequenmes

‘

The D ~ value for squhur loss from cysteme as determlned by EELS is seen to‘

/e

'be much higher than the Dl/é value determmed for the release of hydrogen sulphlde

This could be due to- trapping of hydogen sulphlde in the specnmen which when treated to

' water for radratlon chemnstry measurements would readuly drssolve in water The
&

‘G—value for the formatlon of cystme upon nrradratnon of cys"tenne was found to be 5 0

(Petterson ‘et al, /968) Thls fanrly hlgh G-value indicates that sulphur could still be

present in the spec:men (in the radratlon product cystme) ‘which is also conflrmed by the

oy EELS. L

ly not be due to»deamlnatlonwof the rnolecule‘ '

. high dose requlred for sulphur loss (600 Cm"2 l‘or the loss of 15% sulphurY as de}()ermlned ,

‘ rﬁ}_:{



43

mmoauuzcmwsm.ﬁ

%ST*10F. 009 , .

(;¥25'0) T

R (,_VIE'0) 99

(,_¥12°0) 82T
((;LVS0T"0) Ozt

(;¥77°0) v'§
(@oueaeaddestp

9391dwmo2)g7.

ST = NOLIovdddid
- T T
() g

‘ Awyaoo¢ov 0°2

\1'_-

LTT

00T

08

TQ4diviInoIvl

Nm-e )

- 12

6 1

£

apTydins-

© uaBoaphy

©
4 -

,mcﬂmumwo .

waﬁamV

- NAOAH0D

@



T

o
Cw

- 3. 5 2 StructuraLDamage to Nuclelc Acid Bases o ‘ o

As mentioned before the pyrumudmes were found to be more resnstantt,tb radnation
damage compared to the amino acnds This mcreased reslstlwty of pyrlmldmes seems tov
be due to their molecular structure These compounds possess a rlng—llke structure made’
-upof carbon and nltrogen atoms The = electrons furnlshed by dlfferent atoms
forrnmg the pyrlmldme ring, are perpendxcular to the plane of the molecule resultlng in
conssderable overlappmg between the ad;acent ™ electron clouds and consequent
delocahzatlon of these electrons The energy given to the specnmen bylthe electron beam

thus gets shared by dlfferent delocalized bonds. Sharmg of the excitation energy

|mparted 10 the molecule reduces its damagmg effect and’ thus prowdes a greater

_ resustance to electron lrradlatlon

A consequence of the delocallzatlon of the 7 electron clouds 18 the phenomenon
called resonance and ‘such conjugat_ed molecules..are essentlally"resonat/ng molecules

(Pullman and Pullman, 1863). - If the bonds were all Iocalized*as are the ¢ bonds, then the

: concept of ‘the addltlvnty of bond propertles would hold and the total energy of such.an

Y

unconjugated molecule would ‘be .the si 'ddltlon of - lndlvudual bond: energles

However for conjugated molecules such a sntﬁple addltlon of bond energles is not

pern'uoslble due to the spreadlng of the electron gloud which experlences repulslon by

other a and . electron clouds and attractlon of the nuclei of dlfferent ‘atoms. The -

quantum—mechanucal cons:deratuons for the calculatlon of the energy of con;ugated»
moleCUles yield a quantlty c‘lled resonance energy.: thch is the dlfference in energy ‘

between the Iocallzed and delocallzed structures. Resonance éhergy also depends upon:

the number of b electrons contrlbutlng to the conjugated structure Therefore of

greater relevance to the present discussion is the resonance energy per T electron A
large energy. dafference between the locallzed and delocallzed st‘ructures would give the
delocallzed one. greater ground state energy and therefore a more stable structure
compared to the locallzed structure. In other words, a greater resonance energy per m

. electron. would provude a galn in stabnllty to the conjugated{’ompound under the electron "
beam o ’ '

The characteristic doses for structural damage tabulated in Table 3.2 for nucleic

*

acid bases are in a specific order. According to which a_denine is found to be the most .-
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hlgh spatlal frequency damage occurs fII’S‘t and lnvolves the loss. of perlpheral atoms

' seems that durmg this perlod of irradiation. the ring structure of the nucleic acid bases |s\

45

¢ ‘ : L

-

| raﬁtavnt of alI the nuclelc acnd bases followed by cytoslne uracul and thymlne in the order

o~f lht‘reasmg susceptnblllty to electron |rrad|at|on This, stablhzatlon of the nucleic acid

-bases is |n agreement with the resonance energy calculat-ons of Pullman at al (Pullman and '
' Puflman, 1963) Accordlng to their calculatxons purmes as & whole are characterlzed by a

‘ greater value of reonance energy per m efectron compared to pyrlmldmes and among
‘the purmes adenine has the hlghest value of resonance energy per- m electron While ‘
'amongst the pyrlmldlnes cytosme has the: greatest value of resonance energy per g

‘electron. A 5|mllar trend .has been observed by lsaacson (1972l from structural

energy-—loss m‘easurements ‘of damage mvolvmg the low loss reglon of the' energy los‘s

‘spectrum.

- 3.5.3 Chemlcal Damage to Nuclelc ACId Bases and Ammo Acids

However greater resustmty of the rnng strUcture due to delocahzatlon of .
N ¥ }
electrons, does not extend a sumllar protectlon to the peripheral atoms attached to the
main ring structe. ThIS is evudent from the characterlstlc doses for chemlcal damage as

assessed by electron energy Ioss spectroscopy the thurd column of Table 3.2 are the

1/' values for elemental josses. The loss of peripheral atoms lnltrogen and/or oxygenl

is seen to be closely related to the fadlng of the dlffractlon patterns of these coinpounds

This, in turn lmplues that'in nucleic acnd bases the deterloratlon of the crystal stru ture and

losses of dtfferent atoms ‘are comparable and competltlve processes. The D evalues

losses whereas the characterust:c doses for the low spatial frequency spots were found _

to be much in excess of’ the Dl/e values for elemental losses This" lndlcates tha _the'

not affected much due to nts resonance—enhanced stablllty ‘However this mutlal

stablllzatlon of the ring structure tS only temporary ‘as is evident by ‘the lncreasmg Iong '
range dnsorder observed from the decay in intensity of small spatial frequency spots L

On the other hand the loss of sulphur from methlomne and cysteune was found to

.be a fairly gradual process. “The comparison of the characternstlc doses for the loss of

* sulphur from these compounds with Dl/e for structural damage rndlcates that the sulphur

D

e

[Wed

; for the hlgh spatlal frequency spots gre comparable to the D 1/e values for e mental'_ ~
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loss occurs at comparatlvely hlgher doses. Here structural damgge seems to precede
chemlcal damage It is seen from Table 3.2 that for the s spatlal frequency spot (0.105
1) the . characterlstlc dose for cysteme lS 320 Cm -2 While only 15% of:-.sulp'hur los’s |
.occurs at a dose whrch is about twice the characternstlc dose for structural damage.
_Slmllarly in methlonme the characterustlc dose for sulphur loss is conSlderably hlgher '
. compared to the charactensttc doses for structural damage This suggests that elemental"‘
v‘loss may not be the decnslve factor for’ structural damage in these allphatlc snde cham
'compounds at small doses, and that rotatnon of the side chaln about the C ‘ atom may be
responsuble for the loss in mtenslty of hngh spatial frequency dlffractlon spots However
at relatlvely hlgher doses bond scission .would become an |mportant cause of radiation
damage, as is evndent by the characterlstlc ‘doses ,calculated from the G—values for the‘ :
" _release of ammonia and hydrogen sulphlde ‘
] In summary the behav:or of nuclelc acid bases and amino acids during electron
nrradlatlon was found to be governed by their molecular and crystal structures Nuclelc T
~acid bases were, found to be more reslstant to radlatlon damage compared to ammo acids
’and thelr greater reslstance can be attrlbuted to their high resonance energy per T
eIectron Further the perlpheral atoms surroundmg the main pyrimidi rmg were found
“to _be more susceptlble to damage compared to the rlng itself. However the mltnal .
excitation of the molecule by the deposmon of energy may lead to the |onlzatlon and-
resonance energy for such exmted molecules will dlffer from their ground state valuet as
' calculated by Pullman and Pullman :The stablllzatlon and the tendency to form conjugated '
'molecules of the: prlmary products of irradiation llons angd-radicals), would depend upon.'
' 'thenr own resonance energy values and/t does :not seem possnble to explann the
‘resnstlvmes of damage products on the bas:s of the ground state resonance energy
values of their parent molecules. Especially. the stability of the structure would seem to’
.diminish consnderably after damage has’ occurred to the ring structure
g As a reasonable hypothesns one caﬁ‘say that the initial stablllty of amino acnds is
governed by their \5|de chains, assumlng that the effect of hydrogen bondmg in mamtalnlng
the crystal structure would be almost sumllar in all these amino acnds This could be true
for all those amino acids Wthh possess an allphatlc side cham However for the amino

Q
aelds having aromatlcv_(conlugated) side chains attached to  o-carbon atoms (like

4
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phenylalanme tyrosine and tryptophan) it seems reasonable to expect that the effect of
the delocallzatlon of electrons in the side chain would be an mportant factor in
determining their susceptubmty to |rrad|at|on damage, while the atoms attached to the ring

could be vulnerable to dam;ge as fpund for the nucleuc acid bases.

r
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Figure 3.2 Dose Response Curve for Glycine (Diffraction)
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. Figure 3.3 Dose Response Curve for Methionine {Diffraction)

1 a9



50

LI

a

&

« (S133) mc_co_:wmi 104 aAIn) asuodsay asoq p'g 8.nbiy

(,w/2) esoQ .

ovi 00} 09 114
1 ) \ ' \
A - " 170
) . 2 N
. ° = |
A ~
L s t
| 7 2
€ so
g |
T L
' s
A | i
- e A
A
‘ab 9y




51

*»h

(uonoelsyliq) auljep JOj 8Ain) asuodsay asog G a.nbig

E

N |
( ;wA) esoq.
8°Cl 9°6 o r 4>
] L, o | . | i 1
. _ .# " g
u u . O
| a%
. - | 1o
- . .
m
a A .
; ‘ ~€°0
_JK o-o D .
Y rvom |
> ] [y

- S0

eAlrejey

A}jsusluj



Relative Intensity .

L ®
.~

o N
-

’ -]
0.21 k' a » |
_ , e 0.9

0.105 A m -

. E_
=

Sulphur loss O

LS
@
*

0.2

0.8-

il

' -
80 240
Dose (C/m?) ' )

Figure 36 ‘Dose Response Curve for Cystesine(Diffraction and EELS)



53

& ok ok
~ © <«
o v N
o O o
e > »
o
[
o
N - p.
®
Kjjsueju| eAjjejoy
T T
Q= o
o o

0.1-

ine . (Diff,c‘f‘ract‘ion)

. Curve. f@n Cyst

v
Y3

Figure 3.7 Dose Re

\

2



84

@

Gumm pue uondeI}4IQ) 108N 104 BAIND .omroammm #soq g¢ e.nbig
| ( ;w/h) oooo .
004 00S “3R0€ 001
1 1 Ll 1
°
j v
. - v
o - Z°0
o -
- o
. g R
. O sso0j ueBAxQ © - 90
v Y 120 = ol
° Y S§S°0 | &0
O .y.s€0 @
AL o’

“

pup

ueBAxQ 10} (H)N

‘ Kjsueju; onnmeu



m | 0.507 k' =
. 0.76 k' o s

'N(R) tor Oxygen

L4

0 ' ' loss ® -
- T . rm - Oxygen l_oss

K _ 4 M5
~ —_— . Sy P . ; :\.\/),

.0 - s® o

054 ST |
- [ ) S ] ', B ,’// ‘

"Relative Intensity
({;nd )
R Y
~ o
°
e

:
\~
s

<x

R . |
L h
i B B . ]

. RN ! L )

" Figure 3.9 Dose Respohs.é Curve for Thymine (Diffraction and .EELS)

. . . . !
. o) k . -
© . - . . . BRI .



56

£

.

vt

\

(6733 PuB~ UONOEILIQ) BUISOIAD 10} sAiny esuodsay asog 0L’ 8Bl

2

s °

~ orx(.w/) esog .

I 1 1 i —

)

v /
- - : : //r
B : ,. //!“/

. . ® $80] UBBONN
. . -

L |

&

Hl
‘.

Q
(=

¥

: .j:‘un

“,ueBOJIN 105 (H)N ©

“Aysueju] eApeley



L

Relative ln‘tenslt'y
o
i

@

m 0.45 k'
‘o Nlt;ogen loss

@

0.0

. Figure 3.11

| SRR | '—_l. ' I 'ﬁ-.--,l L B R

Lo =00
-~ Dosse (C/m?) x'10

Soal : . . <

Reépon;e Gurve for Adenihe (Diffraction

400

and EELS) -

ueB0I3 N0 (H)N

57



] “ Nt . “1“ s
oY
! ’\?: 1? e
& . Ny b .
. Vo : 4 .'?E,
Yo
¥
oy
. . . : - i
l..’ - - v -d“n
. N s !

R : CHAPTER Vi
THE PATTERSON FUNCTION

i

i L . v - o R B

4.1 Historigal lntroductlon A o —

Ever smce Max von Laue, Walter Friedrich and Paul Knlpplhg publlshed

the flr‘S‘L X-ray dlffractlon photographs of copper sulphate (Laue et al 1912)‘

and W.H Bragg and WL Bragg utlllzed and extended thelr meth8d - to other

‘ '5|mple crystalllne materials (Bragg and Bragg, 1913 and propounded the theory‘

of  X-ray dlffractlon by crystalllne objects, the scxentlflc communlty ‘has

wutnessed a tremendous increase in the wealth of knowledge about the matter i

r
the solid state. The profound impact of Laues and Braggs theorles was .evident

to the - early crystallographers of 1920s but any. attempt to unravel the *atomic
arrangements Wlthln a crystal’ seemed to be .in valn because of the

complexltles involved in calculatlons and due to lack of phase lnformatlon In" a

‘paper.publlshed in 1934, A)lz\Patterson (Patterson, 1934) laid - the foundatlon'of‘

. » N . . * ' N ‘ iy v '/
a. new theory; whlch in subsequent years, catalyzed . enthuslasm in X—ray

3

crystallography a fleld that was stlll in lts lnfancy at that tlme The detalls of

‘hlS work were publnshed in 1835 (Patterson 1935) ‘in a paper erftltled ‘A Direct.

’Method for the Determination of the Components of lnteratomlc Dlstances vin

Crystals whereln he' descrlbed the way,s F0urler Serles can be manlpulated for

1
Y

e

£

the” purposes of structure determmatlon He utlllsed the concept of convolutlon-

or faltung, as it wvas “then knovy,n fr‘erh the works of Debye ‘and Menke on

X~ray :/5cattering from liquids. It ,f'iWas khown- that the desired reconstructl_on of -

the structure, from the‘ intehsitie‘s{ ‘b‘ﬁ ‘the" diffraction : spots “only, cannot * be

.carried out, due to the lack of mformatlon about ‘the phases of ‘the diffraction

‘spots Smce ‘the lntensmes of the spots or thenr Fourier amplltudes depend on’ ’

the nature and posutlons of- atoms wuthln the unit cell of a crystal hence the =

gfor%tlon about their dlstrlbutlon Wlthm a unlt cell must be, in some wayé

hldden in the lntensltles of the " spots Wlth thls in mind, ln lieu of phase

flnformatlon Patterson - succeeded in extractlng mvaluab,le’ jnformatton about the .

.3

. crystal structure merely from the mtensutles of the spots. The Fourier series

o i

. e e .
. v .
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that he - con tructed involving the intensities of the spots as Fourier coefficients -
is- known As the Patterson function and the following discussion ~succinctly
describes /some of the chara&:teristiﬁs' of “the Patlte‘rson function “first of - all in

!/

S / . B
terms of/ a mathematical formalism.t:g‘

4.2 The Defmmon of Patterson Functuon

Patterson suggested as an aid . to structure determmatlon the use of a

~function ‘pluv.w)’ def;ned as: _
p(u v w) L z z 2 exp[-271 (hutkv+1lw) ] 4.1
vild Frpal  expl-2mi(hu

where u, v, w are the three\spatnal parameters havmg the  same dlmensxons -as

X,y and z, WhICh are the fractnonal co*—ordmates of a pomt wnthm 'the unut'
, . 9
cell }Fhkll

is. the volume of the unlt ceH The physncal sngnufucance of thus equatuon can; be

. —uali

~ understood by . expre-ssm_g it. in vterms_ of the .crystal potentlal functnon b (X, v.2)

(which will subsequently ‘be referred to as the potential function.

‘v

" Equation 4.1 can be rewrutten as

p(ujv,w) --.._z 1) (F ] exp[ 21T1(hu+kv+lw)] : (4.2)
e hkl’ hkl :
: h, k"1 ) ,
o L \Sr _‘_’, ‘
: * ' T '
where Fﬁkl is the complex conjugate of«. the true structure factor Fhkl,'

‘We know that the potentnal fu&:tlon ¢)(xyz) can be expressed in terms

of the stPMdiure factor in the following way.

S 1y S . * C a3
Co(X,y,2) == ) ) F exp [-2Ti(hx+ky+1z)] . s
. v hkl . :
~ hikl -
We obtain Pkl from this equation by taking its inverse Fourier tran'sfo‘rm -
111 e 4.4)
q / hkl =V J J J ¢(x V,2) exp[27ri(hx+ky+lz)dxdydz
"Also, . 000 N
. 1,11 S o -
Frig = ¥ f f ‘Jn‘b(x,y,Z) exp[271 (h(=x)+k(-y)+1(~z)) Jdxdydz 43
' 000 . ' o B

Y

_‘which . again is  obtained 'by .takling th_e 'c':omplex' conjugate equation of eé:;uation

is -the relative mtensny of a partncular dlffractuon spot hkl, and Vo

)
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e
4.4; cb(xyz) rema& unchanged being a real quantlty "

. om 111

= V J JJ d)(x,y;z) Aexp[21ri(h(-x)+k(—y-)‘+].-(-r,;_u]dx}iydz - {4.6)
000 e B
. ‘ k‘_‘."’*' o ¥
and |f we now change the varlables as: o % vty
X-—x Y*-y and ‘Z=-z. we get *? ' -
-1 -1 -1 } . ;'_‘ ,3 | ‘- 5 f(47)
~hkl ) ¢(-X,-Y,-2) exp[2mi(hX+kY+1Z)dXdYdz .
' .0 0 0 | 4 R
Alternatively, : ’
' 0
, | | o (4.8)
Fog =V J -J J ¢(-X,-Y,-2) expl2mi(hX+kY+12) ]dXd¥dz
RS ] | i

_ We know that a unit cell repeats utselfjthroughout a crystal and since

‘the untegratlon in equatlon 48 is betng performed over a complete unit cell the

.range of mtegratvon will not affect the reSult lflwe change it from .(-1 to O
to {0 to 1) still means an integratlon over‘ a w‘hoie .unit‘cell.“. |

Therefore, eouation 4.8 becomes:
111

=y J J J ¢(_x,’;y,-z) exp[27ri(‘nx+ky'-+-lz)]Cbﬁd}’dZ
hkl J ) '

4.9)

where, the variabie of inhtegration has been rewrntten in terms of x, y and z.

C'omparlson of equations - 44 and 43 shows that F is the Fourner.

hkl
transform of ¢—x -y.=z}. This functxon d:tfers from  the potential functlon only

wuth respect to _the s»gns of the coordmates and so it represents the

>

centrosymmetrnc :mage of the potential functlon

© Since- in equation 4.2 p(u-vw) is the Fourier trans'form of the product of
" .

o _ Lk
. two functions. F and Fhkl'

transforms of each function. Therefore we can write -equation 4.2 as:

it must also be equal to the convolutlon of the

| Y *
p(u v,w) = V ‘ Z Z Fhkl EXP[ 21\’1(hu+kv+lw]}

i‘ hkl-.

%
i | f?‘&
e . Fhkl exp[-27i (hutkv+lw) 1}] (4.10)

-From equations 4.3 and 49 we can write
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Pluv.WI= V [ ¢lxy.zl * bl=x,-y,~z)
which - says that Patterson function is proportional to a convolution betyy'een t'he
potential function ¢ (x,y,z) and its centrosymmetric image ¢ (=x=y.-2). .

We can rewrite the last equation in vector nota'tio‘n; if ; represer:'fs the
X, y and z ,co-‘ordinates‘ and U, v,A and w are represented by _\: then this
equation becomes , B | ‘
p(l) = V[$(r) *¢(-1)] - @11
~ Invoking the definition of e convolution function, we‘ can “write the convolution
of two functions g(?) and'h(?) as g(;) * h(_x.:) =,J’; g(;)."‘h(-l:-;)d:; .

, . ‘ DI
Substituting g_(;)ftb(;) and h(;)=¢(-;) . equation 411 becomes:

p(d) = V[¢(r) * (-] = J RIS OLNN (4.12)
° o : all r
The iimit of integi’ation ‘all ? lmphes an nntegratnon over the whole unit cell. So,
‘'we can write equat»on 4.12 as: , .
-> > > -+ )
. ‘ p(u)éV ¢(r) *p(u+r)dr T 4.13)

unit
e cell

@ [

>Equa_tions 4.1 and 4.13 form * the definition of the . three dimensional
Patterson - function. 'Whereas, ‘equation 4.1 is used for the calculation of the

__Patterson functlon from the relative - intensity data, equatvon 413 expresses the '

’

" Patterson- fqi\ct:on in terms of the potential function. y

P . v

* e

4.3 Characterlstlcs of the Patterson Function

The fbllcwing ‘pdinlts describe various | chafacter}sti’cs of the Patterson-
function: ’
1. There always exasts a centre of symmetry in a Patterson functiéh, beven 'if\
¢(r) is non~centosymmetr|c | , A “ )

-

2. Thevbontribution to the Patterson

nGti n frorn two atoms separated by’ a

zvector r will. be a rather duffuse Fo:’ a crystal havmg

23 :‘;_-hc!»
’:Amany atoms wuthm a unlt cél Bf - varlous Patterson peaks

r
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_is facilitated by uﬁderstanding the quantitative n‘ature of the peaks.
| The electron beam in an electron rﬁicroscope column gets scattered
by the. specimen due.' to the electrostatic potential of atomic nuclei and
their electron cloud. The construction of Fourier Sekieé from electron
diffraction data (with the inclusion of phaseé)» provides a map of the’
‘potential distribution in the unit cell in which the maxima of different
peaks correspond to the nuclei of 'dif‘fereﬁt atoms. The heights of these
peaks are proportional to Zz/wnshteih, 1963) ‘where Z is the atomic
number of the corres‘pondﬁng atom. On the other‘.hand, in “the case of the
Patterson function, the formation of various peaks can be understood.ih
the manner described 'below: ‘ |

Figure 4.1 shows a one dimensional unit cell of length ‘@' having
two different atoms 1 ahd-2, located at fractiohal coordinates’ X, and  x, -'
respectively. The upper figure shows the distribution of poiéntial function,
o(x) ., at these two atoms. THe',Pa'ttérson peaks co'rresponding to thése
two atoms can easily be deduced since the value of Pa#_terson fun_ctién is
the product of the potential functions (or Fourier peaks) separated b}y- a
~ vector ulsee equation 4.13), as uvaries' in_ pogltion across the peaks. The\‘
product ¢(x) ¢(x+u) will be zero for .all {the valL:es ofu less thén
u 4, (Figure 4.1(a) In other words, the prcduc(\ will be zero as long as
one end of the vector.u lies in the zqré regior® of potential function. And
it will have non-zero values provided thef ieft hand of the vector u falis
within the left peak _ahd'the right hand of the vectior' fails within 'the right
peak &r—both ends of the vector fall within one peak. As we proceed
with different values of u (when both®ends of the vector are fa‘llir;g in
different. peaks), integrating each time over the :r‘epeat distance of the wunit
" cell. w.e encounter up , which is equal to the interatomic vector, x; ~ Xy,
an‘d it gi}_vés rise to maximum vaiue of plu) (peak 12). As u in'creases to
C the ~product ¢(§<) ¢(x+u) . falls to  zero 'an-d plu) decreases
correspo'ndingiy\,_ Since the interatomic vector can b:e.ih both, positive and

negative, directions, it is necessary to consider the negative values of u
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{
. also. A peak —(x; - x,) will exist on the negafive side of ihé origin- or (x,
| - Xy) will exist within the unit cell (pé;k 21 ‘
| On -the other hand if plu) becomes large by having very smal! valu’es
of u such that both ends of the vector lie within each peak, and when u
tends to zero. ¢(x) ¢ (x+u) implies  the ‘.product of 'the .rﬁa‘ximum of
each peak writh, itself and in this limit it gives rise to a large peak at the
origin corresponding to a ‘null vector '(peak 1i+22). Figure 41y “shows
thatb th.e width ofaPatterson peak is u___- u which from Figure 4 1ia)

max min
is equal to the sum of the widths. of peak 1 and 2

"It is evident from this simple one-dimensional examble that a
Patterson map >is a map of all inter-atomic vectors including\ the  null
vectors, the peaks in a Pa;terson map are distributed about the ‘bri‘gin. at .
&ist_ances‘ equal to inter—atomic vectors and Patterson peaks are t?rdader

compared ‘to atomic peaks. .

Fé)r a molecule containing' N atoms per unit cell,¢ (r} will have /a total 'of
N peaks, while ptal will have,N2 peaks.'Of these ‘N2 peaks, N vectors
will be oﬁ zero length Inull vectors) ie. vectors from each atom to itself
and will contribute a very large peak at the origin The remaininé 4N(N—1.)
peaks will be distributed in the unit cell.

The distribution‘of' peaks due to three such atoms within a unit cell
is illustrated in the Figure 4.2. This shows a two-dimensional cell in which
lies a molecule having three atoms {(Figure 4.2(a)l. Figure ‘4.2(b) show.s. the
interatomic vectors between different atoms of the molecule. Since N=3
here, the tétal number of_ﬁon—origin peaks will be six and the. distribution
of these ‘si;‘< peéks is shown in Figure 4.2(>c)( nn addition to a large. peak
at the crigin.’Fi‘naHy‘, Figure 42(d) shows the distribution of peaks in ‘four
~ adjacent. unit cells.

Since, the Patterson function contains a greater number of peaks

within each unit cell, compared to atdmic peaks obtained by Fourier

syntheéns, the density of Patterson peaks increases with increasing number
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Figure 4.2 The Disf}'ibdiion of Patterson Peaks in a Two-dimensional Unit
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of atoms per unit cell (the densyty of Fourier peaks is, in general,
independent of thi number of atoms in the unit cell. This results in
considerable crowding and overlapping of Patterson - peaks and quite' often

they become indistinguishable.

1

The two-dimensional form of Patterson series can be directly written from

' 1 ¢ 2 ./
plu,v) == J )1 |F . |° expl-2miChu+kv)] - (4.14)
S hk
h, km—o -
which can be further simplified as: _ ‘ :
p(u,v) = 1 83 2 42 ) Z - |F l cosZTr(hu+kv)] . (4.15)
s Foo he0, k- Fhk »

-

In practice this series is. almo;t always calculated in relative units, that is,

by disregarding the term Féo but .nclusion of this terms facilitates the

‘identification of various peaks in the manner described below: .

A peak in the Patterson function exists at a distance from the

origin which is equal to the interatomic vecter between two atoms (say i

and j) and is due to overlap of their atomic peaks. The height of a
, / . 3.2 !
"~ Patterson - peak will accordingly be equal to Zi/ .Zj /3 . where 2 is the

, atomic! number (Vairshtein, 1964). The _height of’ the origin peak. H(0.0.0),

(which, as seen above, is due to null vectors corrvesponding to .the product
of each atomic potential peak with itself) can be calculated using equatuon

4.1. By putting u, v alLd w equal to zero in ecuat:on 41 we get,

1 2" i
0,0,00 =5 11 Z |F e | _ 1418
P Vobkl hicl s |

If there are N atoms in a unit cell then this equation is equél to a- -

superposntron of all the N products such ‘as P(xHyys2y) ¢>(x1,y )2 )at
the orngm and snnce ¢(xi,y ,z Vis proportxonal t022/3 )

o .
& 10,00« ] 203 223 L ] (Y32
T i=1 - J 1=l



4.4 Sharpenini of Patterson Function : L .

So provided Patterson synthesus has \beon carried out by i\ncludvng the

term 1'~'(2)00 . it is possible 1o compare the helghts'of various peaks by :
using equation' 4.17 which  will ‘assist in the identification of peaks.

Presence of a heavy element within the - unit cell” will result in a Nery large "R
peak in the Patterson map as is evident, again, from equatlon ¢17 Such

peaks between the heavy element and other elements of the - “unit cell wnll

be relatlvely more prominent compared to the peaks due rto vectors

%
between elements of low atomic numbers.

atom,lc peaks in such’ a unit cell will be N/V and the density of ., Patterson s s

peaks will be N2V, As pointed out earlier in this chapter. the density Ofm;'ﬁ

Consider a unit cell having N atoms and of volume V. The dénsity_Qf -

4

atomic peaks is independent of N but the density of Patterson peaks will " e

ihcrease linearly with N, This implies that although distinguishability - of atomlc L
peaks remains unaffected with increasing number of Atoms in the unut cell the e T

;dlSIlﬂgUIShablllty of Patterson peaks gets deteriorated. Moreover, Patterson peaks S e

are broader compared to atomic or Fourier peaks [Figure 4.1) so the combnned e

. - - . . ' "g
effect of the width of Patterson peaks and their increased densnty results rn ST 5

_considerable overlapping of peaks. For even a moderate number of atoms s ST

EN Y

(>>20) within a unit cell, this type of overlapping often. results in a featureless C "'v"f.'

distribution of Patterson peaks which make_s their interpretation difficult S g

The solution to thﬁ—-problem{"' that is enhancement of resolution, obviously

camot be carried out by decreasing the density :of atomic peaks as density is

e ' fundamental to the structure itself. But peak distinguishability ca*"' be

increased by some artificial method with an overall objective of reducnng “the

pegk . overiap due to broadenmg of peaks This method twas introduced .by



- * \ | : 68

& o

N
K

Patterson himself (Patterson, 1935) and is called 'sharpening of Patterson peaks';
the fo“wing discussion describes. the procedure invoived.
The characteristic decline of atomi'c scattering factor, £ , of an atom

el
with respect to sin8/X, is due to the distribution of electrons over a finite

volume of an atom The scattermg of these electrons js in phase only n the ,-\ )
forward direction (beam ‘dnrqctnom For increasing departures from them’*orward. S
& i

d|rect|on more and mi e destr%twe interference takes ' place, betWeen tne
scattering from d:fferent parts of the electron cloud This reSults in - rapid
decline m the atomic scattering power with mcreasmg scattermg angle -

But, if all the scattenng' matter were concentrated at the nudeus of the
atom f(or at a point) then this ¢ollectnon of electrons would scatter in phase in
all d:rectlons and fel would  not decrease .wnth Jncreaslng sinb/A . This
acproximat{on_is known .as ‘point atom approximation. Since the integral of the
atomic 'potentiat over itsd v\olume is proport;onal to 21/3(Vainshtein 1964), for
- such a '‘point atom’ the atomic scatternng factor will assume a constant valué ﬂ.

21/3.

for all the values. ofsinGD\ as is" shown in figure 4.3.
Consider a crystal compésed »of N identical atoms per unit cel, each
h%vmg Z' electrons; the structure amphtude of a scattered- wave will- be:

‘ . (4.18)
o Fhkl e igl ex?[Z"n'i(hx +ky +l£i)l

'Sihce each atom, in a real crystal. is. not static at its Iocation but is
VibratingA about its mean position, the amplitude of the. scattered -wave is
affected by these vibrations. The scattering factor, fel' is then not 'the true
scattering factor, and one must instead define a modified scattering factor as:

‘ ' ‘ T P f N :
Loa . £ - {4.19)
felj fel T o : .
where,

f'I‘ = exp [-B(sine/x) 2] ’,

In this equation .B is the temperature factor, given by: @ .

B 2 | T (4.20)
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o

. Here, u2 lS the mean square amphtude of atomic vubraslon of an atom in a

L IFhkl

‘to lncrease the effectlve volume of the .atom, restlltmg in a greater decllne

. or,

'dlrectlon normal to the reflectmg plane. The net effect of such a: V|bratlon is

w B f:;;.
atomic - scattering factor due ‘to’ mcreasmg mterference between the waves )

scattered from the’ diff-ererlt. parts of electron cloud Thls becomes more . -
2. E : . . g e

g hetlc“eable‘ \‘Ni-'(h‘ increasin'gl'B.valu.e (See Flgure 44l

Usmg f irlsiéad ‘cf £, in equatnon 4 19 we get R S
. ‘.; ;.ee : [ : @"}X R , o (‘;22) .
: h_ - el' }P %}?Q" )] iglexciz-au(hx +ky +lz,),],.‘i ‘. . .- ‘v
» Smce in the- case. of pcmt atom approxlmatlon £ el o‘r: f el _'reduces" t’%
Z;‘,/B o lf ngIA ‘is_"the’ cor?espondmg structure amphtude ‘f-o"r point-atom

5.appr0xlmatnon we can wrlte equatlon 422 for P hkl as: o C’\
. N . "N . : - : .

S " ngi = 1/3 Z exp[2‘n'1(hx +ky +]:z )] s (4,'?‘3)
& 5 R ] :
N - : . - X /3 .
_ From equauons 422 _]and; 4423Awe ca_h 'wrl.te, SRR v '
| 173 N /
| ?é’ El exp[ZTri(hx -l-ky +1z )]

~ o Eiwf”’ DR :’L N R _Fhkl DY OV,
. g expl- B(sme/l)][ L exp (2mi(hx, +ky +1z )] o ﬁ
' .el,b =1 DO T A

[

'2 2 exp[2B(sine/A) ] [p l424l7»

' ‘ ]

13
fz"'{fel) hkl]

N

'Equatlon 424 glves the sharpened values of mtensmes for varlous dlffractnom

. spots ThIS equatlon lS only appllcable to the case of a crystal havlng only one..

%

..."'type of atom Most cystals contam more»than one kind of atom and although

>can be use? lBuerger 1959 and Stout and Jensen lgGSl .

-

It IS not posslble to, obtam exact sharpemng in thls case the followmg equatnola L

PR _lz“;“,
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: s
. exp [-B(sin®/N°]1 I £ -
A

or,
12 12 428

+

‘N P o
- Z z1’3 Z £, 17 expl28(s1n8/N ] [Py
i , ‘, .

IF
hkl i=1 °

-

.where B IS the overall lSOtl’OplC temperature factor assumed to be same “for all
“the atoms wuthln a_ unit cell. Equation " 4.25 guves the sharpened values of the.
'lntensmes of vanpus diffraction spots, - which when used in equation 4.1 wxll

'glve rise to a sharpened Patterson functlon The only unknown guantity - in . this

equat»on is B, whlch can be evaluated follow:ng the method of AJC WI|SOH in

!

" the. Vfollowmg way.

£

441 Calculatlon Qf B By ‘Yhe Method of Wllson .

a,b An elegant statlstlcal method for the scallng of observed lntenslty data

- and for the calCulatlon of the B factor was- proposed in 1942 by AJC Wilson

lWﬂ“son 1842) and'is now: routlnely Q'nployed by - X—ray crystallographers for
prellmmary analysus of thelr data o

‘Con5|der a umt -cell havmg N randomly‘distr‘ibuted atoms. The’ structure

A

factor for 3. partlcular reﬂectnd’l’g spot, hkl is glven by £
i 111 . ‘ :
v' @_VFhkl = V'J J J : ¢(x,y,z). eXp[-21ri(hx+ky+lz_*)1dxdjd2
| o000
We can rewrlte equatnon 44 in the vector notatlon as. ‘
R ‘j 3(z) exp[Zwi(H r)] dr L e
.vol - ' : : ' o

’

R Tk ARy : o * b*~ *
- where, r=xa+yb+zc . and H=ha*+kb*+lc* . Here, a, b, c and a » C7
are three vectors defmlng real lamce and reclprocal lattlce respectlvely

o i‘ lf_ we. replace ¢(r) : the potentlal functlon by the superposmon of

atomlc potentlals glven by ' S TN | D
PR 4:(,?) =1 e (r-: ) R e L A2

i=l




we get )
Fie _
' " (4.28)
y )*H] dr]}exp[Zm.(H r.)]
o
N =] fei ‘exp[2mi(r, W) ]
or ' _ h
Fror =24 £ texpl2mi(hx +ky, +lz )] (4.29)
- hkl. i=1 eli L i ) i‘. .i‘
The :nte&euty of a reflectlop §pot will be equal to Fhkl hkl' theref'ore:“
o ap ’ o E g oy ’ . . ’ . i -
Tia T Fhict Fhkl : ._
b oo o 2mi(nCel iy oy )41z -2 ) 11 "
= : 3 +i =Y. zZ.,~Z .
S Z £ fel«, exp ['Zni[h(xl xi iy -y 257
o1, 3= 1 1 f L g

’J‘ N?l:’ .".': H \I ) "" i . ' " ’ . : 4 ‘ ;' " .
' =£ £ .,* + ) £ ‘exp[2;rri‘(1§1(x )+k(yi y )+}.(z -2, )] = '(4,’-
4 i:, {, 51, Q;I%,el'j R j | o R
S R g °“ 5« v SO
if we now. averdge or 'sum this - equatngfﬂ for- &l “vaites of h k I, 'the@
secofd term on the rlght‘fhand side: wm be practncally equal to zero as st wnH

@

take both positive and negatlve values. ¢ o
LR o :
Therefore equation 430 will reduce to,, ? : n
- ‘F* ; ,S’I 'f Lo T 48N
L “Frier Fhia” 44 “él . i i
where SFrpq- hkl denotes " the average vaIue of Fhkl hkl over a small

O
range ofsin26/)\ such thatf IS -not varymg rapndly wuthm any. guven range

; The observed value of untensnty of a dnffractnon spot 'Fhkllz' is. on. an

arbntrary scale; nf ke is the scale factor necessary for convertmg |t to absolute

- scale, then | ot Sl o s T \\
\' )v-‘ ~0‘. - N
“ N ' ., .q
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" e

' bsolute \
<\F \2> - lFa olute)2,

‘. 432)
.4 ' |

hkl
and ! ' . 4
‘ kl Fagolut.e I 2

hicl (4.33)

Pl =

or, from eduétion 431y .

: L] ' : ’ l <| ‘ . |2
- - S

i=1 ql ¢

4
4

Again, smce the om e not statuc but are V|bratln about thelr mean osmon‘ B
g ] 3 a. P

so from eq a '!".; \Q\t‘ 20 we can write: . S
y X~ b.e(. N % ) : ey
B {95 &%

3 | S
‘ =%:i exp[ ZB(sinef)\) ] o \‘.A:‘,-,‘,‘( 35) ‘

e asste 8

to be 'i‘sotmpni: and the same. for all the atoms within the L_Jn'i=t

cell, we can wrute dmatnon 434 .as: SR . o ST “

S ’ 4 T

. - : TR 2 s 4.
<h?hkl|2 k exp [- ZB(sn.nB/K) ] 1 f 438

o2, ‘
<|F, . . ]°>. S
“'h%%*—+ = k,exp [ -2B(sin6/N) %]

N o K |
: f‘l .
i;'="1‘e i . N -

# . - Bl = 1n k- 2B(s1in6/0) 2
Efar, | | N T /B
. ‘.i-l.e}13 . . : o o oo
- a . S ‘ <|Fbk1[2 - . o SRR , - ¢
W we'put (g} = — in. equation -4.37] we get '
e , k o z fil,.-
e T nigl=lak - 2B(sime/0® - 438

o

. Thus equatlon corresponds ~to the eqkﬁ © -
plot a graph of in: {g} agamst (sin@/l) ,  then the slope of tﬁe best _ Ime

A




. .
y : SN © 75
ah W, } :

drawn through dufferent points will be equal to —28 and the lntercept on the

ordmate will be. equal to Inlk) The graﬁb ,se obtamed is called a Wilson- plot'

vFlgure 4.5 shows a typlcal example of the Wilson piot and lt cap be drawn in

“the following way: .

o

"1 The rec:procal lattice is lelded mto dlfferent zones of equﬂ———— or

o e ?‘.‘ “

' 2

~ the zones are plotted such tﬁat thelr range or wndth @preases with

' increasing sinf/A valies. - e

%

Sy 4 VA

n . . -
. .

¥

2. The values of- observed intensities are plottéd o

- lattice. - S O g
» ‘ v A L S NN
. % .. ' . o - 1,‘); .' . ';"
3 Tl%( a\%ferage of IF | ie. <| R ES is calculated for ‘each zone. Whlle
" . hkl hkl

2 ,"-*?Po,t_ or|F000-l is  not mcluded Jn the'calculatlonks If symmetry elements_.'

6. - The Wllson plot ‘éan now-. be drawn bBetween ln{g} |Ehd —-——2-— the

o cagflatmg the . average points of 'zero intensity and forb;dden reflectlons

he . ‘zoned ‘reciprocal -

are couﬂted by assrgnmg them zero lntensnty The xntensnty of the centrgi

s

K4

. . B
permit the' .use  of fractlon of rec:procal ‘lattice then the points lylng at
'« the border are asﬁd half of their actual values of intensity. ‘

4 "" ? v

o

Xf is. calculated for each zone; f_, values for various -elements can -

i=l i -
' be. taken from the publxshed ‘data (Vainshtein, 1864) corresponding to  the

- mld value of sine/kn)r that ‘particular zone. | q ‘h’“’ ‘

s

: N
5. Knowing <|F » |2> ' band | zfil‘  for, each zonme lt ’&\s trivial to
S 9 <IFhkal = 2809 4ap®4y. . TOMY con. G- TV
calculate the value of ln{gl for each zone. e\ 2

sin 8-
. Gk
slope of Whlch will glve ?.B and the mtercept on the ordmate used to get

- -

~the sc:ale factor k . Lo .
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CHAPTER V
APPLICATION OF PATTERSON FUNCTION?‘IN THE RADIATION DAMAGE

STUDIES OF 5-10DOURACIL | :

5.1 Introduction

‘An lmmedlate sequel to the discussion pertaining to!.‘!he Patterson function in

the prevrous chaptar ‘is the applicetion of this function to radiation damage

studies. Prior to- experlments leading to struCture determination of biologicala

molecuies by electron microscopy. it is essential to assess the sensitivity of a
particular compound 'to electron wrﬁnatlon Some information aﬂom the structural
. and chemucal changes to the compOund can indeed be extricted by observing
. changes in the electron diffractipn pattern and EEL sp@pa as . discussed in
‘Chapter 3. But to gaun a deeper ln5|ght into the process of radlatlon damage it
seems necessary to employ different methods of analysis. Ore such method
would be to,reconstruct an image of the darnageg andﬁndaméged structures . at
dif ferent doees of irradiation. Tlhe obvious unknowns ‘involved in ‘reconstructing

images at different doses of irradiation . are the phases of diffraction spots.

‘Ho'wever,'Clark‘-et al. in 1979 (Clark, 1979) conducted such a radiation oamalge_

study on a-copper phthalocyanine. Similarity in the structures between «a-copper

‘phthaIOCyanlne and platmum phthalocyanine enabled them to take the phases from

the X ray data of the latter. - The CentrOSymmetrlc.structure of a- copper

o phthaIOCyanme molecules led them to conclude that the phases of the diffraction

spots do not change upon irradiation. For. centrosymmétric cases. phases can

assume only two vaiuess O and 7 whereas for non-centrosymmetric cases  the

phdases can assume any value in between these two limits. So the basic .

_assumption of using the same phases at - different doses of irradiation may not

be valid for non-centrosymmetric cases. In other words, it may not be possible

to rgcover the structure of . damaged crystals upon electron irradiation b'y that
method, for ‘non- centrosymmetrlc structures. |

. One of 'the aims,o_f radiation damage studies is to determine a safe
~dos'e,f' which> can "be used. for stgucture determination of'vbiol'ogical molecules.

-



.”Since, it is not possible to assume, a priori, the phgses of various diffraction
spots of unknown structures, the recovery of electrostatic crystal potential from
&

the diffraction data is not feasible for radiation damage studies. An alternative

method would be to. construct a Patterson function for undamaged and damaged

structures. Differences in successive Patte{rson maps should‘ provide " information
about the changes in the crystal structure dpon irradiation. Phase information is
. not - needed for construoting Patterson maps. SO this method of studying

ragiation darﬁage sRould be equally applicable to both centrosymmetric and

non-centosymmetric structures. A disadvantage associated with this method stems

from the fact that the exclusion of - phases makes an analysis based on -the

changes in Patterson maps less informative compared to # Fourier, methods, since

s

Patterson maps correspond to a distribution of mteratomvc vectors and not to

b

the dlstrnbutlon of atoms as such within a unit cell In case of !a}ﬁge molecules

(having greater than 20—30( atoms) the nqentnftcatnon of peaks in a Patt_ersOn .

y

map becomes increasingly difif’icult; however.; any d:;ﬁn“g'e in the .Patterson, - map
) . © . N 1w aee i . v " .

should correspond to the maximum dose which ‘can be used for structural

investigations. : : PP -

3 . s . o B

5.2 Experimental Detdfils

The compound ‘S-iodouracil was obtdined from Sigma Chemical - Company

and it was used without any further purification The: cry—stals of B-iodouracil

were prepared by slow evaporation of a smajl drop of aqueou$ solution on a .

carbon coated copper grid The grids weré ‘subsequently “examine_d in the JEM

100B electron rnicroscope for the "prellimi’nary ‘analysis of the crystals, primarily

for estimating orystal thickness. Crystai thickness w‘as determined. by EELS as-
descrnbed in Chapter 2. By varying the concentration of the aqueous soiutnon‘

the proper concentration . was determined which gave rise to suitably thin

. -

crystals. Crystals of about 120 A thi'c_kness were -selected for
duffract:on studies. o ‘
A JEM 100 B electron microscope. fitted with a liquid nitrogen

.,an'ti—contamination device and a goniometer’ stageL ‘was used  at 80_keV

N

‘electron”

o
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~calibrated magnification -of 10.000.

-

ac'celerating voltage. for conducting electron .diffraction experiments on
5-lodouracll "at room tempera&ure
Snce the recorded optical density on a photographic plate is proport:onal

to ekposure for only a part of the whole range of po_ssnble values of

e'xposure (Agar, - Alderson and Chescoe, 1980), it is essential’ for any diffraction

. . - .
study to determine the optimum exposure necessary for recording a dif fraction

pattern. This was achieved Sy a preliminary ~recording of diffraction patterns, at

ra fixed beam current but at different exposure times. An optical’ density wedge

supplied by Kodak, for allbratuon ‘urposes was used ‘to determine the

necessary exposure time: by- c;omparmg the densitometer traCes of the  spots

‘w;th that of the step wedge. The exposure time which corresponded to - the

lme'ar region of ‘the— optlcal densnty versus exposure -graph was chosen for the

vsubsequent recordlngs of dlfFastlon patterns

A -series of selected= area \lectron -diffraction patterns was recorded
: l

from the same of the specimen, “at a constant beam CUrrent but . with

mcreasmg dose specimen. The gonlometer stage was used* to align the
el,%ctron beam parallel to one of the cry;tallographlc axes.« in order to obtain a
symmetrical diffraction pattern.. For the purpoge of lndexlng the diffraction
pattern:of S-iodouracil, a duffraCtroh pattern of 3‘ol‘d was. Jecorded under the
identical electron—optical condltlons .

A total 'of twenty series of electron dif fraction patterns were recorded,
the most symmetric sets of dnffractlon patterns being selected for further
analysis. The dose sustained by- the irradiated area of ' the speci‘men was

determined 'by measuring the transrnitted beam current &t screen level, using a

. Faraday cup. Diffraction patterns were recorded with a defocused Condenser 2

lens, resulfting in a large spot at the specxmen Spot size at the spet:lmen was
keptg large in order to have a uniform current density as well | as to reducs
current densnty which is desnrable for radiation damage measurements The. beam

diameter was measured from the image of the beam spot recorded at a

\
iy

+



.
The diffraction patterns were recorded on Kodak Electron lmage platas
All the plates corresponding to a partlm serlbs of dlffractlon patterns were
developed simultaneously in Kodak D-19 developer, diluted to half of its driginal
' concentratlon for four minutes wlthwcontimfous agitation The temperaiure of the
developer ‘was kept at 20 C All the developed plates were subsequently rimsed

in distilled water and then transferred to Kodak rapid fixer for a' fixing time of

four minutes. - B

9

Densatometer traces of all the dn‘fractnon patterns were obtained on a
Joyce Loebl automatic recordung _‘_,mncrodensnometer MK i Cs. Background

subtractlon;‘was‘ c\arriedu out by drawing & background curve as _sho"wn‘_ in Figure‘

T

B.1.. The - area under a peak on the densitometer trace and above the
" s r

background was calculated ‘using“ ‘the * integrating unit of MOP-3, i which
»” ‘ . | .
(corresponding . to the intensity of each spot in the pattern). yielded a / quantity

. préportional. to the square of the! corresponding Fourier component! of®
N L. ’ A 5 . . ) .
. potential. C e e ) AR : .

| | - | o\,

i N . 3 ’ !

'5.21 Calculation_of Electron_Dose

For the caiculation of electron dose the bearn current - wa\s measured

using the Faraday cup, which' was found to be -eoual to 3.6 ><1O—11

A\ Spot s:zé
at the screen level was found to be 75mm at_a magnlflcatlon of lOl;OOO
Equatlon 312 waa used to calculate the dose rate and the cumulatlve dose \
sustained by the spec;men was' determined by muitiplying the ‘dose rate obtalned
from equation 3.12 "with the total time spent between the recording of each
/dlffractlonlj) pattern. Since the exposure time necessary f_or the recording of a
diffraction pattern (4 s} is small compared to the total irradiation time, . it

!

can safely be excluded in calculgting cumulative doses. - e

i

5.2.2 Indexing of Diffractidn Patte,
“The followmg standard f@'
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'rnng in the, dxffractlon pattern Qf gold can be obtained usmg equatlon 52

_these nnnermost spots are knovyn Flgure 52 shows the pos' 'ons of two such

\ 82
,' ' i
% : R S
Ten o AR % L

Rd=1L)\

W
; . ) ) [ ( » . . . X
. N . : o
. f . & o . <

whel".R is; the distance of .a particular spot from the ' central spot of" the

diffraction pattern L is the camera Iongtn X us the wavelength of electrons at

- a partncum accelerating voltage and d- Jis  the lattloe spac:ng ol‘ the planes‘

correspondmg to that partlcular d:ffractlpn .spot So knownng ‘the values of R. L

'~ and A one can caICulate d for any dif fraction spot belonging . té the duff’ractnonw |

‘pattern The dnffractnon patterns° were. recorded at an accelerating voltage of éﬁ

kev so the wavelength of electrons will lfrom standard, tables) bé 00418 A,_‘
The only unknown n equatuon 5.1 is L. . the camera length whnch can %e

calculated from the dlffractuonvpat'tern of any standard specumen of known._"

;-lattlce spacmgs Gold was " used as a standard in the prescnt study. lt crystalllzes

“in cubic -crystals and since a = 4070 X for gold Ithe lattlce spacnng of anyl

g

A e of. w
a : a . . T ,~‘-—l52l —
o e »’(h wtua®) S e
‘Therefore,; | . W o B B SO 4 '\r
; 4,07 =12, 3498 A L -

‘1127 *7(12+12+12) T g

rn. of gold was
: —

Jlength - j,rom o

'The“ diameter (2R of 111 rlng in - the’ diffraction P

found to be equal to -10.‘9 . mm, so we can calculate c mera

“equation” 5. v : : e ) ARE VAN T
’ R 7Rd 10,9 x2, 3498 ‘ o N
\ e /= 20,0418 08.0rm o ) e

The dlffractlon pattern of /5 |odourac:l is shown |‘  - Ja,rt an'_ tno‘w']:.

‘be mdexed sm‘ce the camera / length is kno/'vn.' The,, dnffractlon pa ern of

P e

duffractlon pattern can be achleved by \lhdéXl’lf the two mnerm;ist ,spots (whnch

lie. at. 90 to one anotherl as other spots can’ be nndexed once the )ﬂdICBS of
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- Plate 5.1 Diffraction Pattern of 5-Iodouracil ~ . -
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".,space group P2 . The . b, snde of- thlS lcrystal\s\t&__\u\nlque axis sxnce ‘it forms .

spots, A and -A',’ on either side of the. central spot'v

The distance between spots - A an‘d ‘.A' 'lZR) "'was measured from  the

S

from equaﬂonNSl we can wrlte. S ‘_ \\ _ . o » °

b3

» ‘f o ,//d- _ 2LX _ _2x308.0 X0,0418 .5, 0 .
A

s
¢

.

Similarly, since BE' = 528 mm,

~

S ‘ L _:2LX -.2x308.0 x0,0418 °
S dy = 3% 528 " 4,88 A

N

Therefore, the two innermost palrs of spots correspond to two sets of

Iattlce planes located at 90 to one another at a lattlce spacmgs of 444 A and:

488 A These lattice spacmgs correspond to ‘e‘lther 100 or 010 or’ OOl’ planes_

of,ﬂ the unit’ cell whose_ prolectloh ‘1s the dlffractlon pattern‘..S—lodouraCil forms -~

monoclinic * crystals '{ see. below "the'-'crystal structu. é'iodouracil)g in - the

angles’" of 90°( o‘zand‘y) “with c and a sldes whereas the angle between a-and

S sides. is _grea'ter than 90 n rec;lpr_ocal space, ‘the correspondlng angles'are"_

Ol* B* and Y* between b* and c*, a* and ¢&* and ax and b respectlvely
These angles ln the Yrec:lprocal space are related. to the angles in the real Bpace

|n tie followmg manner: k g S S S

a* = O -»90‘° ' ¢ .-
gx = 1ao°-3 o o
. Y*‘= 'Y = 90° - R o N : .

o

\ Since the angle between two of the axes in the dlffraf:tlon pattern of

5 lod0urac;l is 90 thls xmplles- that one of the‘ two axes must be b#* and the -

\ - L

other one” could be elther a* or cx We further se’e' in the &ffractlon pattern_

\

that along one of the two  axes the mtenslty of alternate dn‘fractlon spots -

extremely weak ar negllglble Wthh corresponds .to systematlc absences 'm the'

dlffractlon pattern Such absences, for a monocllnl.c_crystal, occur onlyu_ ‘in . the

1

y

o
recorded dlffractlon pattern and was. found to be equal to 5.79mm, therefore,

s
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‘bv direction for all those 0k® spots forﬂtwhlch k 2n+l nél 23 f(lnternatlo‘r‘\al
Tables vol 2,‘ 1967). In other words, if 1st 3rd 5th etc orders of d“lffractton

L

spots are ‘very weak or. absent along a partacular dlrectlon for a P21' space o
Qroup then that durectlon must correspond to .the b# axls ln Flgure 5.2 QA

dlrectlon should correspond to the b# axis and OB dlrectlorl could’ correspond

%

to' the either a%' or ct’* _axis. Since it "was not possslble to obtain:

three dlmensaonal data ‘in the electron mlcroscope as the tllt angle of . |

'gonlometer stage is llmnted to 30", this amblgulty cannot. be résolved from the
“two- dlmenslonal duffractlon pattern of 5 lodouracn However |t is possnble to
conclusuvely mdex the OB -direction from the three-dlmensloﬂal —lray,dlffractlon
~ pattern, ‘which is described below: ' : \ S

<
[

The crystal structure of 5—lodourac1I was determxned by Sternglanz et al

‘in 1975 (Sternglanz et al 1975) The followmg parameters descrlbe \the unlt

[,

cell of 5*1odouracn
.Cryst‘al Type ©= Monoclinic

. - Space Group.: P2, S | I

‘2 = 18210 A
b = 4458 3

ag99 R

B= 9?31 ° .

c-

number of formula units per unit - cell = 2 ‘ N P
COmpar'ison of lattlce constants “of the'”‘unit cell of*r S'éiodouracil, as |
determined‘ by X'—ray dlffractlon / wuth the values calculated above ‘shows that
. the values of d ‘and d are m close agreement (wuthln 1%) with the b. and- /¢
values calculated from X ray dlffraétlon data. This shows that 0B corresponds
'.;to o axis, Thus the lndlces of the first spot in the OA dlrectlon will be 010\,
and that of the first spovyt ln.th‘e oB dlrectl_on will be 001, Or, “the dlffractlon

B pattern corresponds to a set of -0kt reflections.

"~ Crystal Structure of 5-lo.douracil:‘
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The crystal structure of 5—|odouracll was determmed by Sternglanz et al,

as mentloned above in 1975 There are two molecules of. 5—|odourac|l per unit

| o céll '[he rnolecules form sets of ‘hydrogen bonded" nbbons Wthh run in the the

011 and 011 dl,rel:tlons The molacular formula of 5—|odouracll is Cq Nz 02 Hal
.and its molecular structure is shown below o R .. - /

* o .
. . 5

The sets of" rlbbons run almost perpendncular to one another and ‘the J
"molecules ine these two- sets -are. connected together by" mtra—rlbbon ‘"and
mter-rnbbon hydrogen bondlngsx Ad;acent mol'ecules which form' ribbons are
Jomed by the N(l) -H..ecoe. 0(4) hydrogen bond and dlfferent rlbbons of molecules
perpendlcmar to- one another are ;omed by_ N(3)—H ........ O(2l hydrogen - bonds.

/Consequently each molecule is connected to three other molecules by hydrogen&'

as‘_ bonds. The molecular rlbbons are stacked at an lr\er rlbbon spaclng of 3 15 ?\

: Sln’ce‘ the space group of 5= lodouracﬂ ls P2, , the - followmg
relati‘onship ' holds between the structure amplltudes of "dlffractlon spots
_linternational Tables, vol l)‘: S “ | ‘

o E hkll l‘Fhkll = 1Py | # JFEkll and chkll = Pl

Further as the lndexed dlffractlon pattern corresponds to -the projection - the

along llOO) dlrectlon Wthh is a set.of le reflectlons for a ‘two—dimensional
. :

dif fraction pattern the above relationship reduces to.

rF

Fol = Okll‘ and  |Fgq | =IFouz) o —

o,
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~An mtensnty weighted. Iattuce of such a duffractlon pattern of. 5-—:odouracn
is shown in ngre 5.3 It consists of a set of Okl and, Okl spots of the

dnffract;on pattern of 5-nodouracn recorded at a cumulatnve dose : of 64 C/m2

" The radu of vanous dnffractnon quts in thns fsgure aro uqual to the square

root of correspondmg mtensnty values The flgure .Wwas drawn usnng '3 .computer

program CIRCLE.

» . . . . &

8,3 Calculation of ‘the Patterson Function

The three-dlmensmnal Patterson functlon |s calculated usnng equatnon 4.1,

which is: " T : ~.‘\ '

p(u v,w) = -— z 'z z IFhkl |2 exp [~-271 (hu+kv+1w) ]
h,k,l=- .

.

(’v 'The dif fraction -#pattérn of S5-iodouracil cofresponds to a set of 0Okl
reflections,. so if S is the area ©f *the' bc ‘plane of the unit cell of
_5-iod'our'acil, equation 4.1 can be reduceo to two-dimensional form as: \

- Kl
T

i . l . | N ! - ) :
p(v,w) = 3] 1 IF Izexp (-2mi(kv + 1w)] = B4
_ S Okl t
k1l . : , :
, Since ,5—iodoorcil cryétéllizes in the ;mon'oclin'ic syétem,‘_ in which - the b- sfde is
 the unique' axis ie. perpendicular ‘to a and c sides, é‘qu_ation 5.4A can be
' whtten as (Internatnonal Tables vol 1, p 526L ' ‘

. i < L - (5.5)
p{v, w) S Ll Z Okll oosZTTkv cosZTrl_w ‘,'. e | :
.whore the: summation over k - and .. extends from O 10 e . |F |

Okl

of Okl and OKI - . T

o

A computer program MODPAT was wr;tten in Fortran to calculate the

Patterson functxon us:ng equation, 55 In equatuon 55, v and 'w represent

fractional coordmates. orf a point within a Patterson cell ond vary between 0
12
Okl'

”énd 1. Since the values of |F are known, the Patterson function piv.w)

II'~0k11 'Fon\" = Pzl o L

c_orreSoonds to the average ihtér\§ity value of symmetry—relate'd refiections ie. ’

-

-
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N
can be calculsted for any point within the - unit cell. The computation was
performed for the vaiues .of v :nd 'w, increasing ' in steps of 1/80; in other
words, the unit cell was divided into a grid of 81 x 61 points a‘nd piv.w) was
calculated at e'ach node of the grid points. The IFOOOIZ term was excluded
from the ' summations. As a result of this calculation. a total of 3721' numérical
. values of Patterson function were obt‘amed.q Iy ’ofdar to, interpret these'n’uﬁ'nbers'

they are represented in"a graphical “ form.

®

- 8.3.1 Contour ots e Patterson Function

_a unit cell, can be represented in the ¥

We know that p.is a function of v and w. ie. SN

«

;e - (5.6)-
p = f(v,w), :

Q

Since we have the values of p at thé nodes of a grid at equal intervals I the
v and w directions, contouring .in'volves' finding, for a constant value of o
(con‘toer' vaiue}, péints {v, \:N)’which age then‘joined by a contour que.‘ An
interactive computer eprcggram CONTQUR was writfen ysing the Universiy of
Alberta bsubroutpine >CON'I;UR for the plotting of contours. This ‘program permits
the user to select the number of equi-spaced’ pomts needed to form the grud
in twé perpendicular d:reetnons and the dimensions of the sides of the unit’ cell;
Jit also allows the user to decide the contour interval by first examining the
Pattersonl functson to determnr__\e the maximum and‘minimum values. |

| The computer progréms for .finding the Patterson function and kdrawing
the contour plots‘werefirstA tested  using kn_'own’tesf data. The crystal structure
of the compound digfycir\.e hydrobromide was 'determined by Buerger et ”.al.
(Buerger et al, 1956 The sp'éce group of diglycine hydrobromide is P2, 2, 2,
and its two-dimensional Patterson function, plu.vl, can .be calculated ufing the

following equation which is similar to -equation 5.5:
' ‘ L]

p(u v) = —

3 Z Z |Fhk0!2c052ﬂ'hu' cos2tkv

h i | 3
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The Patterson function was calculated using the intensities of hkQ diffraction
Aspoté, The raesults of the c.:onto.ur map plotted wusing the CONTOUR program are
shown in Figure 954(b). Figure 5.4(&) shows the Patterson function, plu.vl,
célculated by Buerger for the structure determination of diglycine hydrobromidn_
The clése correspondence between the Patters'on map calculated by Buerger and
" the one caiculated using the computer pr.ograms. MQDPAT ~and COIQJTOUR

establishes the correctness of these programs.

5.4 Calculation _of B Value

The nécéssity of calculating the B value ,was discussed in Chapter 4. For
the sharpening of the Patterson function a }rough estimate of B value can be
obtained using Wilsons method, as discussed " in the preceding chapter.
Ealcu!ation of B value requires information about the 'mtensmes\'of dif fraction
spots and the atomic scattering factors for electroﬂn@s for all of the atoms
present in a unit cell (at different valﬁe; of siney’:aﬁ",'where 8 is the  Bragg
angle).
There are two molecules of BS-iodouracil per unit ‘cel|£ a total of eight
éarbon atoms, four nitrogen atoms, f0u;' oxygen atoms, six hydrog.en -atoms and
two iodine atoms ber unit cell. The values of atomic §cattering factor for -
electrons. fei . at d‘ifferent»sinB/)\ vdlues were obtained from Vainshtein's book
(Vainshtein, 1964, Appendix IV) The plots of the atomic scattering factors with
respect tosinB/X for C, N _and O are shown in" the Figure 8.5(a) while Figure
5.5(bl shows similar plots for | and hydrogen ‘ |

Consider Figure 5.6 for the calculation of 8inB/X  This _Figufe' shows the
'diffraction of a beam of electrons by a set of planes, having an inter—planar
'spacing of dhkl L is the camera length, 8 is the angle?which the incident

beam rmakes with the planes which is same as the Bragg angle. From the

geometr(cif this figure, it is obvious that.
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Flgure (a) B o : Figure (b)

" Figure 5.4 pluyv) Patterson Function as Calculated by Buerger (Figure a) and

Calculated Using MODPAT and CONTOUR (Figure b)
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Boane s
Further. sccording to Braggs law. one has
)  Ae2d eind - | ety

We can assUme that tana g =28in@ provided 0 is small. which ususily is the
case. then we can write from ecthtion %.7 .

.‘ '_;_i._gﬂ.zf

or, ‘ ~ ’ s

sinéd - 2R (5.9
ALX

where 2R 1s the distance between two sinﬁn\ﬂry relsted reflection spots. |
Further, since L = 3080 mm and A = 00418 4

sin6 _ 2R -1
X 51,5 A
So. knowing the value of <R in mm, we.can caiculate sind /) for each spot

L]

The intensites of a Ok! and Oki diffraction spots were plotted on 3

rectangular ‘grnd of lattice ponts at. distances proportional to the corresponding
distances in the , original diffracti:on pattern, ds shown in Figure 57 These
plotted intensity values were divided into nine zones. at decreasing sinf/\ vaiues
which 1s egquivalent to dividing into different zones of equal 81in6/) )2 \'ulues.
as is shown in the columns one to three of Table 5.1  Atomic scattering
factors for,C. N, 0. H and | corresponding' to mid-point values ostme iIX are
given in columns five to nine Célumn 10 contains the values of Zfil ‘ as’
determined from the values of atomic scatter;ng factors given in ic:nollx.zrv\:ws 5 to’
9. Column eleven containg the number of spots in each zone of sinf /A and
column twelve contains the average value of intensity (<lFOkll2>) for each
zone calculated according to the procedure discussed in Chapter 4 Column

tﬁnrteen gves  the
<|F

y Value  of In{g} for each zone. where g =
»

2 2
Okl! >/iziel Finally, column fourteen contains the mid-values for
| =171 -

each (sin 9§/ ) )2 region, given in column two.

N
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5 5 ahagenmg of ‘the Patterson Functlon

.or

plotted using ~the - data given: in columns thlrteen and fourteen .of Table 51 A

]
substantial scatterimg of ‘data polnts is usuay ?ound in_a Wllson plot (Blundell

~and Johnson 1976)11 so the data was fe lnto a calculator ‘to” determlne the -

slope and the y-intercept of the best . fit line which was then drawn passnng
through the data points: The slope of this - llne was found to be —304 and
‘ since the slope of a Wllson »plot is ‘equalgto ~2B so the value of B was
found to be equal to 152 A’ _ |

B was calculated ln a s:mllar manner for the dlffractnon patterns reCorded

¢

at about 172 C/m? and 366 C/m? doses. -The slopes of the correspondmg

Wilson plots gave a B value of *1.77 A2 and 216 A2 B va%{or the
c

diffraction patterns recorded -~h|gher doses »could not ‘be a ulated by

Wilson's method as the decreasnng number of dnffractlon spots -(due to- radiation

" .damagel gave rise to. poor statlstlcal .accuracy. The change ln’B value was
! I . .

found to be proportional to electron dose sustalned by the . 'spgcimen as is

l

“shown‘ in Figure 5.8. The linear dep‘?ldence of. Bv on dose was utilised 'to
o

s

Figure: 5.8 shows the graph of In {g} agamst lsinG/k) , wni’ch was .~

evaluate the B value at ‘higher doses by extrapolatuo‘ of thls stparg?l"t e graph' N

\

to higher doses' B v o SR

v

'l'he sharpenlng of Patterson function” requnres the calCUlatlon of lntensntles

Frger |

Patterson function was\ discussed in the sectlon 44 of the prévious chapter lt,

' /
mvolves the calculatlon olehkll2 uslng the. followung eguation:
b2 Z 213 Z . L AR L
| Fhkl E el, [ °*P sin PRkl

™

’wher"e N -° |s the total number of atoms per unit cell. Since the d‘rffraction
patterns of d—lodou. aclil corresponds to. a set of Okl reflectlons equatloq 426

can be rewrltten as:’

50

‘in - the pomt~atom approxmatlon The method f°or the sharpen:ng of‘
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‘FOkll : (- &P Fok1 {5.10)
where ]F kll are. the intensities. of Okl reflection ots “ pomt atom

’approxumatlon Usmg 'the\'"\?a‘lues of [ngllz , - calculated usmg equatnon 510

mstead of IFOkll ln»'e.quatlon 5.5, will give r‘lse»tlo a‘.sharpened ‘Patterson
. function. , | , ' . s _ o

- " Since rthe atomic numbers of I, C. N, O and‘lj-ljare 53. 6. 7. 8 and 1
respectively the - ‘'value. of (221/3)2
oxygen atoms GNhydrogeni-aLtoms and 2 |od|ne atoms will be equai .to 1904. 44

for 8 carbon atoms, 4 nitrogen atoms, 4 -

The expressnon glfel )

of atomlc scatterlng factors at dn‘ferent s:ne /A obtained from the f curves

in. equatlon B. 10 can be calculated using the values
drawn in Flgure 56 - A _‘ . . s
‘ A computer program SHARPIODO was wrltten based on equation SlO
to compute the intensities .of the dlffractlon_ SPOFS‘IH. point—atom approx:matlon,
using the B ‘values determined by Wilso‘n's‘-.‘method“ at. _different doses of
g |rradlatlon The . average value’ of the intensity of the symmetry related reflectlon
' .spots was used. in ,thev computation of eduation 5.10 A set of ]F kll values
obtained "for_ all the ‘diffraction 'patterns record’ed' at mcreasmg dose was used
- for calculating sharpened ' Patterson functlons us:ng equatlon 55 Computer
, programs MODPAT and CONTOUR ~were used again for computmg the sharpened .
Patterson functlon and" for plottmg the data in the form of contour \plots.
A sharpened Patterson functlon was calculated at 3721 polnts within_ a unlt cell
K by dividing the unit cell mto a grnd of 61 by 61 pomts ‘
,\ To summarlse a serles of electron dlffractlon patterns of, 5—-iodouracil‘
- was recorded at- lncreasmg doses ' ‘of \ .rradlatlon at’ room tempe_l'éture. b_The |
dlffractlon patterns . so: obtained were lndexed and densntometer traces were-
._obtauned of all the diffraction . spots .using Joyce- Loebl mlcrodensitometer.v
"Cumulatlve electron |rradiation 'recelved by t‘h‘e -specimen was 1 caICUlat'ed by

- measurlng the beam current usnng a Faraday -cup located at the screen Ievel of

."‘the JENI lOOB electron mlcroscope The peak area above the backgrOund of all
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the peaks was calculatgd using the . lntegratlng unit- of \MOP- 3. The: peak areas
so obtalned ylelded the ‘relative nntensltles of dlffr ction spots Computer
programs MODPAT and CONTOUR were “Used to calcul te and plot Patterson
functlon by substltutlng the relatlve mterlsmes in equatl n 55 Next Wilson's

method was used to calculate B values for the: first thre diffraction patterns

+

- belonging to the" damage series at mcreasnng doses. B values' for the subsequent

: dlffractlon patterns were obtained by the extrapolatlon of straight Ilne graph

r,

 between B agamst electron doses~ The mtensmes of [Okl spots in  the
poant-atom approxnmatlon were calculated usmg these B values in the compu‘ter
program SHARPIODO. This: resulted in a set ole kll values for all the

dlffractlon patterns(\recorded at mcreasmg doses, Wthh were then substituted in

“ e

equatlon 55 The sharpened Patterson functlon was calculated and plotted using

. the computer programs MODPAT and CONTOUR.‘

56 Results and DISCUSSIOH

There are two molecules of 5-iodouracil per :/unit ‘cell and since the

: molecular formula of 5= lodouracn is C4N2 0, H3 , .there are a total “of eighteen

“non- hydrogen atoms 'in the unit cell (The peaks mvolvmg hydrogen atoms WOUld“

' unlt cell then a FOUFIZ Serles , calculated usmg Fourler amplltudes from the

- be too weak to * appear |n the Patterson mapl Theoretically, these 18 atoms

mus't' glve ‘rise to a total of 18(18 0 e 306 ‘non- orlgln peaks. On the other -
hand from an . experlmental point  of view the dlstlngwshablllty of - Patterson
peaks IS governed by the lbfollownng two factors: .

1. Area--of the plane of- theA unit. cell whose projection glves risev't—o ‘a

dlffractlon pattern, and

2. The atomic numbers of two elements Wthh contrlbute to a- Patterson peak

The sagnlflcgce of the first polnt mentioned ‘above can be appreuated in
the follow:ng way. When the electron beam is parallel to one. of- the zone axes
one . get's a duffractlon pattern which is a projectlon of the crystal structure on -

‘a plane perpéndlcular to the dlrect.on of the beam. If there .are N’ atoms in a

mtensrtnes of dlffractnon spots and respectve phases should glve rise to a tota;
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of N peaks provided none of ‘the atoms c/ccur on top of one another in the
unit cell. A Patterson “function calculated usmg the lnten,sltles of the dlffractlon
spots would have to accommodate a total of N? T N peaks in .the same area
of the unut cell. Thus greatly incressed number of Patter son peaks, compared to
the Fourier peaks calculated using phases and Fourler amplitudes. would result in
a considerable overlap of Patterson- peaks and their distinguishability would be
.p'oorer't Howeyer‘,‘ one can hope -to -achieve an increased _dlstinguishabllity‘ of
_Pa'tterson peaks by recording. a diffraction pattern whlch 'corresponds‘ to ’the
projection of the crystal structure onto .the plane of largest area of the unit
cell.  In other worcfs the mterpretatlon of - the Patterson functlon is easiest for
the -projection of a cell having the largest area lBuerger 1959). In the
‘_compound v5—iodouracilv the a-c face of the unlt cell is of ‘largest area so a
Patterson function calculated usmg the intensities of hon spots of the dnffractlon
pattern should consnst of peaks of maxlmum dlstlngwshablllty l—lowever such a
projection could not be obtained, due to mherent limitations imposed by _the
co‘n"struction of the goniometer stage itself. Since the crystals of B5-iodouracil
._gre'w on the b<c face ‘of the wnit cell so obtaining a diffraction pattern
/correspondinj to a-c face would 'require tilting the specimen in the microscope
column by _ 90 °. Such ;\tilt angle is 'not possible in principle. Conseouently the
dlstlngulshabuhty of Patterson peaks in the b—c pro;ectlon of the unit cell lS not
expected to' be very good |
As ~discussed in the prevaous chapter -the strength of a Patterson peak
ls related to the atemlc numbers of the corresponding atoms. 5—Iodouracu Has
two iodine atoms: per unit cell. One would expect that the peaks between an.
iodine *atom ~and | other atoms of the unit cell will be. considerably more
prominent comp-ared, to the peaks between,? for example, carbon—ca'r'hon,
carpon—nltrogen “or nitrogen;oxygen atoms. \Since' there are eighteen
non-hydrogen atoms in.a unit cell of B-iodouracil, ‘each iodine atom will form
a total of seventeen -peaks with “other non—hydrogen atoms. The presence' of
two iodine atoms per unit cell would result in a total of thlrty four Patterson

peaks within a unit cell. Due to centro— symmetrlc nature of Patterson functlon
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if thera is ‘a peak 'due' to iodine—‘carbon vector then there hwill exist"'another
‘ peak on the other side of the .origin due to k“barbon-i‘odine vector. Conseq”imntw,
due to the centre of symmetry there will b'e‘a total of six-ty—eight peaks
‘wuthm a . unit cel!‘ However, only those peaks whuch Ine in one -quarter of the
unit cell will form .an independent and unlque set of peaks, as the peaks in the
other quadrants will all be symmetry related. ’ | .

The d:strlbutnon of Patterson peaks between .iodine and other atoms of
- the unit™ cell is shown in Figure 5.11. This Figure has. been drawn in the
following manner (Buerger. 1959). The coordihates of all thebamtoms in ‘a unit
cellr of B-—iodouracil Were calculated by Sternglanz et al. (1975). ‘Knowing the‘se_
,atom'rc cooroinates, the plb c) -projection (in ‘the followingn discussion, thefaxes
of the. Patterson map will be denoted by a b _and c instead of u v and w.

for a greater conceptual clagity) of the Patterson function can be constructed

by first drawing the positiong.of the molecules in ‘2 unit cell (calied unit  cell

sheet). Figure 5.10 shows Jfour adjacent ‘unit cells of 5-iodouracil. ‘surrounding a
common center paint (the soale,_ in‘this figure is reduced to one half of the
orLginal scale. in  order to accommodate the figurel)) . The vinner rectangle
corresponds to a singie unit cell of“5—iodopracil which has this point at its
'center A tracing. paper was. used to determine the locatlons of Patterson peaks
To begin with, & unit cell was drawn on the tracing paper ‘with  the oragm at
its 'center: The four gnit cells drawn earlier, on the unit cell sheet, were kept
fixed on a drawing table while the tracing paper‘ was placed over'the unit cell
sheet with its cell outlines parallel to the cell outlines in the unit cell sheet
Neﬂxt the tracing paper was moved over the unit cell sheet without changing
its orientation, such that the origin of the Patterson sheet fell over one of the
lodme atoms.‘ At th:s particular posmon of tracing paper the Iocatl_ons of all- the
atoms lying within the outlines of Patterson. cell- were marked Eon the - tracing
paper. Then the tracing paper was moved to the -other iodine atom in the
Vparallel orientation and again the locatons of all the atoms of 5~iodouracil,

falling within the domain of the Patterson cell were marked on it Each such

placement of the tracing paper on two iodine -atoms resulted in seventeen
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peaks on the tracing paper. ‘Due to centro~symmetric nature of Patterson peaks
‘an equivalent number of Patterson peaks would appear on the opp_osito side of
the origin. For example, if a peak were obtained due to iodin_e-carbon' vect‘on
by ‘pUtting the tracing paper origin on iodine atom, a pwak woufd also be
 obtained’ for the same pair of atoms by placmg the origin of the trac:ng paper
shest on the carbom: atom. In F.gure 511 the open circles correspond to the
peaks . obtamed by placung the traging paper orugvn on oné iodine atom and the
open squares correspond to the peaks obtamed by placing the tracing paper

origin- on the other iodine atom of the unit cell. Under each peak are wrutten

the |symbols of -elements responsuble for that partncular peak. The. f:rst symbol

rrsponds to the Iocatnon of tpe .origin of the Patterson cell.

| The Patterson map shown in Figure 5 12(a) corresponds to the dlffractnon
tern of 5- ;odouracn r-ecorded at 64 c/m% . SesndEs a peak_at the Of'j.-}'nj-
: whuch rs due to the autocorrelation of- ‘the self' 'Q_ectors,' a seoon'd prominent "
. .peak occurs at ?(b/2, .c./‘2). Comparison of this Patterson ‘map with the one
shown' in 'F-‘i'g'ure‘ 511 shows that the peak at b/2, o/2e) is due to the
: iodine—iodine vector. Although the peaks. along b=o=‘0 and :b=°c=05 axes appear

quite distinctly, in the region within these axes ' peaks seem  to overlap and’

hence are not so dustmct The effect of sharpenmg this Patterson ap can be
seem in anure 5.12(b), in which the dlstmgulshabmty of peaks has |mprov and
the ‘peaks within the quadran_t are more distinct compared to the peaks: in
Figure 5.12(al. A com.pa'rison of J‘Figure 5.12(b); With the one ‘calculated on the " -
‘basis- of the known atomic coordinates (Figure 5.11) shows that the peaks along
c= O and c= 05 axes are due to the vectors between iodine and carbon atoms
whereas the peaks lying along b= O and b =05 axes- are due to |odme oxygen-
and iodine~ nitrogen vectors. The peaks nurnbered 6 and 9 are due to the
. overlapping of iodine—c':arbon and iodine-—oxygen vectors. A total of' nine peaks
appears in each quadrant besides .the. origin peak, which is less than what one
“would expect from consnderatnon of the° number of atoms per ‘untt cell;,

. However, this is understandable ' since ‘the diffraction pattern corresponded to the

projection of»the‘crystal structure onto the plane of the smallest area.

&
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Patterson . maps caiculsted for esch diffraction pattern recorded st
incroising' dose are shown .in Figures 5.12(b) to 5 13(d. As a result of
irradistion the changes in the specimen structure can be seen from these
Patterson maps. The peaks in the Pmoném, maps either shift, overiap and
morlgo with _uc 6th¢r or complctoly dmppur Further. the damage. sesems 10
afchtv oit.her‘ one pesk st 3 tumo or a2l the peaks.  at different stages of
irradiation. Table 5.2 summarises the effect of u}radnunon on different peaks.

Significant dhaﬁges occur during the nitial stages of irradiaton as s
obvious from Figur‘asv5‘12(b) and 5.. 12(9:). Some peaks Epro seen to shift along
b=0, ¢=0 or ¢=0.5 axes. Peak 1 seems to rear'ran:go hfong the c=09%5 axis that
'is parallel to b axis, whereas peak 2 'disappears and peaks 6 and 9 merge
with the adjacent peaks This initial raarrangemem of the molecule is followed
by a relatively unchanged Panerson map of Figure 512(d) in - which except of
the disappearance -of peak 3 no other. peak regQisters any further shi:t,
However, in the Patterson map shown in Figure 5.13ia. a3 broad band ‘occurs
running parallel to the b axis, seemingly due to fhe overlap of 'pea_ks along
¢=05 axis. This \broad | band remains bresem in the subsequent two APatterson
maps of Figures 5.13(b) and 8.13(cl. In F:gure 513(b) howaever, another peak
besides the one at. (b/2. c/2) seems to exnst correqunding to the_ pohsntion of
peak 5 in Figure 5.13(b). In the last Patterson map. shown 'in Figure 5.13(d} only
one-distinct peak exists at (b/2, c/2), in addition to the orngm peak -

Alth0ugh only those peaks whneh are due to aodme) and other atoms of
the unit celt” e being discussed here, it is worth pomtm‘g/ out that one cannct
disregard the existgnce of the peaks due toh lighter eiements. From the space
.group consideratignis of S-iodouracil, there would be peaks dccurrmg along the
¢ axis at b%0.5, due to symmetry-related equivaient atoms. For example, the
large peak at (b/2, c/2) due to iodine-iodine vector would contain contribution
. from symmetry related carbon and oxygen atoms also f ‘

‘A“ reorientation of the molecules would indeed affect -all the peaks
appearing in the Patterson map‘, though maybe " to different degreés. Since the
molecules of S-iodouracil are joined together by rel"a’tave‘!y'.weak hydrogen

-
C -
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bonds, during 'thev jnitial stages, of ir'radiation, the d’eposltion of energy 'could
break these bonds aIlownng mo.lecules to undergo orientational changes in  the
crystal structure The ‘splitting” of - the peak at. b/2. c/2), Wthh is seen Flgures.

/
5.12(c). and 5.12(d) mayv not - mvolve |od|ne atoms only, - as the peaks 'due Tto

symmetry related carbon and oxygen atoms also falt ar0und the same reglon o

That this. lS mdeed the case us evident from Flgure B. 13lal and the subsequent'

a

ones whnch show a large peak occurlng at (b/2. c/2). the ‘location which exactly

corresponds '~ to iodine~iodine: vector.  Due to lack "of three dlmensnonal

information, it is not possible to' say in which directions the ‘molecular

Qreorientation takes .,place however due " to. molecular reorientation  the

dlStll"’lQUlShablhfy of Patterson peaks (for example peaks 6 and 9l ~seems to be

gettlng poorer (see later). o T : L ‘ i

£ The initial deposmon of’ energy may leave the . pyrlmi‘dine ring structure

9

‘lntact because of the sharmg of deposited- energy amongst all - the *Ponds due
~to resonance. However, as ,wradua%n/;ncrea_ses, one notlces from F%ure 5.12(d}:

that” peak 3 'disappears from the Patterson map. whereas other peaks are not .

significantly affected.‘ The disappearance of peak ,3, whuch is - ‘vdue to

iodine—n‘itrogen‘ vector, :is indicative  of damage to the rlng structure Resonance

_stabmzatlon of the rnng seems to weaken very rapldly once lnmal damage has

'

occurred 10 the rlng as lS evndent from the subsequent PattersOn map shown

'nn F—'ngure B. lS(al in WhICh’ most of the promment structurallfeatures present in

Flgures 8. 12(b) to 5:12(d), are Iost Damage to the nltrogen atom, - belonging to
the ring structure must cause rearrangement thhm the molecule which’ leads to h
cons:derable structural disorder: |

An assessment of dxsorder 'is also: pro\iid.ed by" the B factor. which 'ls
also termed the Debye Waller factor temperature factor or displacem;ent factor. .
ln the case of - perfect crystallme order the B factor is simply related to- the

mean - square dnsplacement« {or  vibration) of atoms from thexr lattice sites. When

the specimen is irradiated in an .electron beam,. the disorder increases within a
“unit, cell ‘and - a factor due to ‘lattice ‘disorder contributes to the apparent mean

‘'square- displacement; The disorder in the latticeé may involve both transiational

* o

- . Sy
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and/or rotational components At.- small |rrad|at|on dose as in Flgure 512(bl the

B factor possesses a certain value Wthh can be related to  the contrlbutlons

>
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due to the v:bratlng atoms. prlmarlly lthe value whlch one would obtain, for -

,-example from _X- ray diffraction data), but at hlgher dose B factor was found

to mcrease llncrement bemg proportlonal to -the dosel indicating - that the atomlc.

“Vlbratlon is not the only factor contrlbutmg to B value at hlgher doses but"

<

ensulng ‘rotation of the molecule and/or dlsplacement are also contrlbutlng to an

increase “in the B value. Since - its value/ was found 10 depend upon the
’disorderliness' ,of 'the. crystal st‘ructure I be it vlbratlonal; . rotational - or
dlsplacement dnsorder it would be appropriate to call B a disorder factor.

For a perfect crystal the value of atomlc scattering factor declines
rapldly “(with “respect to the scatterlng angle) dependlng upon the B value: - A
hlgher B factor. glves rise to a faster decline of the atomic scatterlng factor
of a particular atom, whlch results in_ the gradual decrease Bic) the mtensxty of

the dlffractlon spots  with “increasing scatterlng angle Slnce the shapes of the

f-curves (a -plot of atomic scattermg factor as a functlon of scatterlng anglel

hed

Lare slmllar for aIl the -atoms, except of the scale, factor - whlch depends on ~the

atomic number of an element,. one- can visualize an average shape of

f- curve for all the atoms in" a molecule (Harker et"al‘ 1948); Nlor'eover, the‘

disorder factor B as determlned by Wilson's method provndes an estlmate of

the B factor for -a_ll_jthe‘atoms in a unit cell . and ks, not a measurement of the
mdnvndual ‘B value of each atom. Considering radiation damage in terms of
scatterlng power of ordered arrays of .molecules ln certain specnflc directions,
'one can associate an increase in B value wath a faster decllne in " the slope of
the average shape . of the scattermg factor. Since an -lncrease in B value does
not necessarlly mean a greater amplltude of, atomlc vnbratlons but- could be due
to rotatlonal'and/or translatlonal disorder of molecules, a faster  decline -of the
»average shape of the scatteringw factor would amount to the bro‘aden’lng of
Patterson peaks and ‘the peaks would tend to overlap lt is quite likely, hence,

that wnth “increasing lrradlatlon the dlstlngulshablllty of Patterson, peaks worsens

‘due_‘thelr broadenlng and eventual ‘overiapping, as is observed for example in



“to the followmg reaction:

- § | R
N 1

Figur:e 5.13(a). in.whlch as a result of disorder to the ring structure most of

the peaks*are[lost' and peaks due to carbon and iodine atoms have spread to

“form a broad band running parallel to the b axis. Ny E \ o

Elimination .of iodine does not seem (e} take place as is - evident from

Figure 513(d) in which one. sees 2 large peak still exnstmg at lb/2 '¢/2). - The
peak due to - |odlne |od|ne vector lS seen to expand coverlng the - reglon Wthh‘

mcludes peak 5 due to lodnnevcarbon vector Therefore although most of the

structural features are destroyed at thls hlgh dose of about 719 C/m?2 . some '

‘long range order xnvolvmg :odlne ‘and -carbon atoms stlll seems. to exist

The llberatxon of lodme ions has been detected from aqueous solution

studles usnng pulse conductlmetry and -pulse radiolysis technlques on DNA in -

whlch:a fraction of thymme bases was. replaced by 5-iodouracil It was‘ found

~which results in the formation of an iodine ion and a highly reactive o radical

(Zimbrick et al, 1969:; Bansal et al, 1972). Elimination of _‘iodlne, however, was

not - detected from the single crystals of 5-iodouracii and  their * nucleoside

derivativesiHuttermann 1982 Riederer "6t al - found. that under = solid-state
event if it occurs at all (Riederer, 1881)

5.7 Factors Contrlbutlng to Artlfacts in‘the Intensuty Data

There are certaln factors Whlch mlght affect the mtensnty of diffraction

spots ,and ' any ;applucatlon of,the intensity ‘data for the ‘computation of Pafter450n,

- function. would be incomplete- without discussing the nature of these artifacts

\and' their 'Effect ‘upon - the 'analyses So ‘long -as the ‘simple kinernatic

approximation for thé diffraction of electrons by the crystal potential"ls ‘valid‘

there exists a stralghtforward relatlonshlp between the crystal potentlal and the

intensities of the dlffractlon spots. In the kinematic approxlmavtlon of electron

(5.1

. that the radlatxon sensmwtv of the halogen derivatives of DNA is enhanced due °

- conditions and in a. neutral - environment, iodine elimination is at most a minor
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specimen interaCtion " the’ projected crystall po‘t‘enti‘al'- can be determined by

¢

"computmg a Fdurier series. involving the intensities"of diffraction »spots as

Fourner coeffnc:ents alohg/ wvththeur phases However when the . amplitude of the
‘ dlffracted wave .becomes very ‘large, the . diffracted ~wave may ntself get

scatte"red by .‘the atoms (Hnrsch et al, 1977), The,breakdown" of the kmematic'

apprOxnrnatxon becomes : more ahd more probable with . mcreasmg spe’cimen

thickness: In  such cases for the d:ffractuon spots be|ongmg to small spatlal

: frequencies the dnffracted» .intensuty_ can exceed- xmcudent tntensny ‘and.

‘Kinematic approximation will then” not be- a 'valid description of the scattering:

process

An assessment of the vahdrty of kmematnc approxrmat»on can be made by

comparmg the mtensnty of the strongest “diffraction spots with tha‘ of the
unc»dent beam Accordmg to’ Vamshteln (1964 ‘also 'Dorset et .al 1975)”the’ ratio
- of the scattered- mtens»ty in a dxffract:on spot to the mtensnty receuved by the
“crystal us‘proportnonal to the square of ‘the structure a_rnplltude« ‘and “tc th‘e
'- square of the crystal thnckness | | |
Or' ; ‘ P - LI

.\Jos__ — v".z',l__ T s

where Ihkl-is ~the mtegrated mtens'it’_y of a $pot’ having "'indices'.h K and |

'F.hkl is the. structire’ factor J ‘is 'the mtensxty of the prlmary beam on ' the

0

. speCIm-en,--,S i ‘thef ~area. of the specrmen 1rradnated by the - beam V is the

o volume of the unnt cell )\ is thfe wavelength of the electrons ' and t s the'[‘-

thlckness of the crystal For kmematnc approumatnon to - be valid, the - ratio - of

: fthe mtens:ty of ‘each. spot to J; s must be less than one.‘

0 R
Equatnon 512 was ‘tested for‘r three spots in order of decreasing
;‘.-i‘ntensxtnes 01, 020 and 002) 011 bemg most. mtense.JOSm equatnon 5.12 was,
\.estnmated by flndmg the area under the central d'ensxtometer trace through the

mcndent beam. _spot (Dorset 1975 ‘The ratto'of the mtensxty of the most
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lntense spot to that of the lncldent bearn mtensuty \Nas found to be about 0 18
and hence small compared to 'l. Since equatlon 512" lS “valid only for klnematlc
- diffraction condltlons a small value of Ihkl/ js ,'f‘orv the ‘most lntense_”h,
dlffractlon . spot. suggests that the effect of dynamlcal scatterlng on .’_t'he' E
.luntensmes of dlffractlon spots shovuld be-. small For a symmetr.lcal dlffractlon
pattern lwhen the electron ‘beam lS parallel to one of the crystaltographlc axeslb
when the crystal thlckness ise such that the dynamlcal scattermg is just begunmngi |
'to occur,, |ts effect is mamly confuned to. dlffractlon spots of -small spatial
frequenmes However with mcreas:ng _crystal thlckness the mtensnty of thigh
spatlal frequency "spots also: gets al‘fected by dynamical scatterlng. In other
words, for thin ' crystals the mtensuty data for small spatlal frequency spots may ’
- be affected by dynamlcal scatterlng but . this would not affect - the lnformatgon:
btamed by a: Patterson synthesns smce the effect w0uld be conflned to low‘

resolution nformation. © L N ’

" From kinematic theory and Sp'ace "group 'Consideratlons, the OKO. ‘spots
k= 2n+l n=0, 1. 2 etc) are forbndden in _the dlffractlon pattern of 5- lOdOUraCll .

The appearance of OlO spot in the dlffractlon pattern mdlcates a slloht o

depaf’fur° from 3 perfect klnematlc case,even for a. crystal havmg a srnall\

thnckness of about 120 2\ The |ntensnty of 010 spot, however was found

16 be very small about l% of the incident beam mtens:ty
: -

A quantltatlve measure ‘of . the symmetry preserved in dlffractlon pattern

Rk _provuded by “the value of the " reliability . lndex R (also called Fl factor) 8

. . , , ; .- Sym
lBlund-ell- and. " Johnson, 1976} ‘which - reflects” the agreement between the

s’ymmetry related reflections.” For. the preservation of Friedel syfnmetry' ina

duffract«oa pattern we may denote R sym 'by’w Rf i; If - the - intensity- of,"-a
' dlffractlon spot hk is glven by Ihk , the Rf for the preservation of- F'ried“el.'
symmetry is "given by o o ‘ , | ,”l' L
Y g T ) o . - lf

s Lol T - Terl
S bk .

B3

b, gl
" h,k bk k)



- slight degree of dynamic scatternng in

" spots.

- using observed iand corrected values.

U o SRR R/

e
o/

Using .equation 5.13 the - R—faotor for Friedel symmetry’ from the' diffraction

'pattern of 5—|odouracn was found to be equal to' 0.0S. A small value of =

R- fac\tor lmplues a good degree of agreement in the tntensmes of spots related"»

© by Frlede! ‘symmetry,. whnch,. in turn, also provndes information about  the

precision of'\ crystal sett:ng The R-factor of . 0:09 for 5—iodouracil can. be

'icompared wnth _the R factors obtained ' by Dumont et. aI' (1981) from the
‘.dlffractnon pattern, of purple ‘membrane which . was found to range between O 16

'_and 0.25 ‘and also W|th the R value _of 0198 determmed by Wallace -and,

Henderson (1982)t Dumont et “al. used their- mtens:ty data for Iocatnng the heavy
atom bmdmg sites in the structure | and for determnnlng the phases for high
resolut»on d:ffractlon orders Whereas, Wallace and Henderson used the intensity

data for‘the calculation of Fourier projection maps. Tivol et al (1982) also

' .determined R- faotor' from  the cdiffraction pattern recorded from the hydrated

microcrystals of rat hémoglobin andv found it 0 range between 0.05 and 0.09.

«

Low. :values ‘of-v'R-v-factor led _th_em to .prove’ the authenticity. and: reprodu‘oibili‘ty

Mo-f diffractioni patterns. This: data provides an indication of the exp‘ected range

of R—~factor values and suggests ‘that a' value of 0.08. determined from the .

Mdnffractnon ‘pattern of 5—-|odouracnf is indicative of good preseivatnon of Fraedel"

- symmetry in the dlffractlon patern i , o »

e ) Small Jintensity of the stror’rgest dlffractlon spot compared to that of the |

éentral spot together w1th good preservatnon of Fr»edel ymmetry as determuned

by a small value of R- factor suggests that the scattering was mainly kxnematlcal

o

‘;"However the appearance of - very faint - but discernible forbidden reflection

provndes evndence of some dynamlc nnteractlon between scattered beams. Hence
- .} :
it seems that the scattertng in these samples was rmainly knnematlcal but with a

the low spatial f.requenoyb dlffractnon‘
A correctuon of lntensxtnes of diffra spots in the'presenc,e of
'forbndden reflectnons ‘was made (1951} "and a comparison of
Fourier pro;ectlons was ‘made frof Fraction pattern of _dicetyl (C32H66) ‘

BOth sets of mtensnty data - were found to-

L3



vreveal the general arrangement of the. molecules, for example the location of
carbon atoms; but the detection of hydrogen "‘atoms“ﬁ"required the use- of :
mtensnty ‘data corrected \for'forhidden reflections. Smce the detection of- the
peaks involving hydrogen atoms has not been attempted from the Patterson map
of - 5-iodouracil ‘ar'ld only peaks Which involve iodine atoms have been 'identified
the correcti'on oflthe ‘intens:ties of‘ diffraction spots " for the appearance of
forbudden reflectlon s not expected to prowde addmonal mformatnon

The effect of dynam1cal scattermg on Patterson function has been made-
- by Cowiley ‘and Moodie (1959). The effect is prlmarrly c(onflned to changes in
height and diameter of Patterson peaks howe\‘/en the ‘position of .the peaks.:
remanns unchanged in’ the case of shght dynamlcal scattermg Smce ndentn‘ncatnon
of the peaks obtalned from: the d:ffractlon pattern of 1‘5—|odourac:l was. not'
" made on thebasns of thelr height -and dlameter but mvolved a comparISOn of
the computed Patterson map wuth the one. made by the ‘method - of' graomcal'
autocorrelatnon of molecmes, ‘the_ effect _of shght devsatuon'from kinematic
scattermg should be of little consequence nn the analysns of Patterson function.

Contamination in the mncroscope column may also alter the intensity. of
. dif'fi)raction spots. However, contamlnation. »should have little -effect on the
' diffraction pattern . of 5—‘iodouracil because veryﬂ low doses and liquid nitrogen
- anti—contamination ’device-v'vere used Further e\/'idencewfor the absence - of

contamination is the fact that the carbon K-loss (measured by EELS) did - not

—

increase . durmg the recordlng of electron dif fraction patterns



CHAPTER Vi
CONCLUSIONS . . .

In this thesis an attempt has bean made to assess the mechanisms of electron irradiati.on
damage to certain'crystalllne‘biom“oleoules. An analysis of the damage process has been
made in.terms -of structural damage' to tlhe"'crystal' lattice and chemical -damage to’.
“molecules. This kind of divi on in he,mechanism of:radiatlon damage is more due to the
type‘ of method heing used™~for damége assessment than due to any fundamental‘and
distlnct delineatlon between the loss of crystalline ‘order and molecular damage: Slnce a’
crystal is a three- dlmen5|onal array of individual molecules, any damage to the crystal
structure (as’ assessed by the fadxng of the diffraction spots) may aiso involve damage to -
the molecules It has been a general beilief that structural damage to the crystalllne lattlce
is followed by chemical damage (elemental loss) to the molecules. However. it has
emerged from this study of radlatlon damage that it is not always correct to assume 'that
structural damage precedechﬁemlcal damage The mechanlsm of radlatlon damage seems -
to be highly dependent upon various inter- and intra— molecular bondlngs whlch are
responsible for holdlng the crystal together. A

In the case of blologlcal compounds the presence of hydrogen bonds is nearly
ubiquitous. It is possible that the weak nature of,hydrogen bond renders them very
susceptible to damage by 'electron irradiation and hydrogen bonds -are readily -damaged
under the electron beam. Such a disturbance to the crystal may affect the regularlty of
- molecular packing in the crystal el '
The damage mechanism in-amino acids could be due to two factors. Bond scission
: seemsto be an important cause of radiation damage at ‘relatlvely large irradiation doses‘ ‘
doses which are comparable to the - characteristic doses for low spatial frequency
d:ffractlon spots However, the characteristic doses calculated, ‘from the G-vaiues
suggest that some other mechanism of radiation dam’ageh (possibly. rotation of side chains)
- should be résponsible for the initial loss in intensity of high spatial frequency ditfraction
spots. | | / | ‘ ,

Subsequent stages of radiation damage seém to be very much dependent upon the

molecular structure of dlfferent compounds For example con;ugated molecules were

. found to be more: resnstant to radiation damage compared to the unconjugated ones.

119 ;
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However, the peripheral atoms lsUrrounding 'thevring of conjugated structures) in nucleic.
acld‘hases vverec. found to, be quite susceptible":to_ radiation damage. The characteristic
doses for elemental - losses involving “peripheral atoms were comparable to the
characterlstlc doses measured for the fading of high spatial frequency dlffractlon spots.
Although resonance stablllzatlon does provude greater stabrllty to conjugted molecules the
‘ |n|tlal dlsorder in crystal structure may not only Jnvolve rupture of hydrogen bonds but also ¢
be- due to elemental losses of perlpheral atoms ) ‘
Onthe other hand in compounds llke cystelne and methnonme the deterloratlon of
'the crystal structure seems to take place very rapldly as seen by fast—decaying ,j
dlffractlon spots but elemental loss mvolvmg sulphur atoms seems to be a more gradual -
process On the basls of these results and as a reasonable hypothesrs one’ can say that the
Iocatlon of an atom in the structure and the yarlous types of bondlngs w\th whlch |t is

' connected to other atoms seem to govern its, sensxtmty to electron |rrad|at|on \

- For the, flrst tlme an effort was made to use a crystallographlc technique mvolvmg
. the Patterson functlon for the assessment of radlatlon dgmage. Appllcatlon -of the
Patterson function techmque to the assessment of damage in 5 iodouracil resulted in the
descrlptlon of damage process in terms of a damage parameter which was found to be
proportlonal to electron |rradlat|on Patterson maps - revealed the effect of |rradlat|on at‘

dlfferent stages of exposure of ‘the specnmen to the electron beam.: Damage 10 the

pyrlmldlne rlng structure (as determmed by the dlsappearance of the 1-N peak) was

followed by the dlsappearance of most of the peaks from the Patterson map, s;gmfylng a

deterloratlon in cr‘ystallme order. Patterson maps also revealed ‘that at a relatlvely high

dose of about 719 C m=2 most of the high—resolution structural features are destroyed
’ but the long'range order is. preserved by iodine atoms bohded to carbon atoms. .

The presence of a heavy atom, such as iodine in 5- lodouracn facmtates the
ldentlﬁcatlon of peaks'in a Patterson map but poses.a dlsadvantage due to an mcreased-
amount of dynamic scatterlng The Ppresence of dynamic scattermg would prevent a
slmple lnterpretatlon of Patterson peaaks Especnally if the Patterson function is applied
to study radiation damage in a compound of unknown structure the identification of the
Patterson /peaks could be extremely difficult in the presence of severﬂ,dynamlcal _

scattering. It is then.necessary to have a very thin crystal in order to minimize dynamic
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scattering. k
In order to learn more about the mechanism of radiation damage. further
experiments could be conducted on other compounds of known crystal “structur_e. It

would be desirable to obtain the diffraction patterns corresponding to the*p’r'ojection of

~ the structure on the largest area of the unit cell as this would résult in an enhanced

_—

. The use of 2 Patterson functlon for radlatlon damage studnes would be partlcularly“ '
lnterestmg for those compounds whose structure is not completely known For example
certain long cham polymers and oligopeptides (sucK as polylysine) form a -helical

structures,al'ranged ina hexagonal lattice; the crystals of such’ compounds could be useful

| vfor studymg the effect of irradiation. A Patterson functlon computed from the diffraction

_patterns of such structures would indicate the Iocatnon of peaks dué to mter atomic

l

vectors belor}gmg to the helices, and_ a%o the peaks due to hehces and side chains. An
analy'sls of dl%ferent Patterson 'functions .corresponding toy di'ffrac‘tion patterns recorded
at lncreasmg doses could provide information about the damage to helical structures

It is generally believed that no apprecnable damage to &blologlcal compound occurs

below a dose of about 16 C m-? (Stenn and Bahr, 1970).- By recordmg dlffractlon

patterns at small: dose intervals and elow the dose of 16 C m-2 it would be mformatlve to

calculate the Patterson functlon to determme if any detectable damage takes place at such

small values of doses Espec:ally |f the mtens;ty of the high’ spatlal frequency spots drops

.due to |rrad|at|on the effect may be notlceable n the Patterson maps.

In this thesis, an emphaS|s was dlrected toward better understandmg of the
mechanism of radiation damage, whlch is desired for devising methods for eventually .

reducing the damage itself. However, cooling the specimen by liquid nitrogen and liquid

. helium has for long been considered a possible solution .to \the problem of radiation.

damage. In the case of electron diffraction, several measurements have been carried out

at low temperatures on various.specimens. Glaeser et al. (1971) found that no significant”
inprovement occurred m the stability of diffraction patterns at Iow temperatures, whereas ‘
SngEI (1872 found an improvement of about 5 times in the stablllty of electron .

diffraction pattern at liquid helium temperatures. In the case of uranyl acetate—stamed-

catalase crystals, Glaeser et al. (1975) found that the damage actually'increased at low

oA
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te;npe‘ntures compared to that at room temperature.
Analysing the low~-loss regioh of the electron energy-loss spectra of nucleic acid
bases Isaacson et al. (1973) found no improvement in the -stability of these compounds at

‘90 K. However, accordmg to Egerton (1980c) the !oss of carbon and oxygen decreased

by a factor of 10-100 upon cooling the specimen down to a temperature of 100 K from.

the room temperature. . .
Thns data indicates that the effect of cbohng the specmwens as assessed by
diffraction and electron energy loss measurements, can be very different; ranging from

no improvement in the stability of diffraction patterns to a large improvement as

determined by EELS. The mechanism of cryoprotection is also unclear. It is hoped,’

however, that by conducting simuitaneously electron energy-loss and diffraction

measurements on a crystalline specimen, both at room temperature and at low ‘

temperature it would be possnble to correiate the information obtamed by these two

x

Amethods for a better understanding of cryoprotectnon Further, by analyzmg differences

in the Patterson maps, computed from the the dlffractnon patterns recorded at room
’ -temperature and at liquid nitrogeri and/or liquid helium’ temperatures, it might be possible
to study the mechanism of cryoprotection. Also, infprmati‘on gained in this manner could
be used in conjunction with-the information obtained about the chemical damage (as

assessed by EELS) for a better understandmg of the mechanism of cryoprotection.

R
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APPENDIX 1:Rerhoval of. Mixed Scattering lby Deconvolution.

T -

A hlghly energetlc electron beam while traversung a spec:men may undergo

'multlple scattermg with. the atomic electrons The..prébabnllty that .an electron

would get' scattered more than pnce depends “upon the mean free. path, >‘in

for inelastic _scatte_ring.Since ‘the value of )‘i .is_about 50 nm for 1~OO keV- )

electrons, the‘ probability of multiple scattering is cons:derably enhanced in- the

‘case of moderately thick electron mucroscope spec:mens

Snnce _the cross*sectlon for -valence electron. scattermg is larger"

Fu

compared to the cross section for other varlous modes of lnelastlc scattermg*

a K shell or L shell exc:tatnon may be preceded or followed by valence-‘g

electron - eXCltath{)} Excitation of  the valence electrons may correspond 1o slngle

electron mterband transmons or collective plasmon oscillations. In \the absence of .

multiple scatternng the energy—IOSS spectrum ‘bey"ond the eXcitatlon ‘edge is

-called smgle scatterxng proflle (SSP) The effect of multlple scatterlng of Incident
electronl.appears as a 'hump' in. the SSP whlch makes quantltatlve assessments

of elemental con_ce_ntrati,ons ‘less” accurate.. Hence, it -may be necessary v_to remove

multiple ' scattering from the observed spectrum - to _yield - SSP. One method of

- performing  this is. to ‘émploy the. technique ‘of . déeconvolution (Egerton and -

‘Whelan, .1974). '

If the insfrumental resolution "flunctlon is given by I (E) and" if - I (E) s
,the obsergved lnten5|ty beyond the L= edge of an element then one can write .

the follownng convolution integral .to,represent the \.-observed lntensny profile in

‘the spectrum R - L .

0 - . . e .
L (}.3)’=‘j ;;.(E)_IO(E—E')‘dE' =II]“ (E) * IOK -(E)' __>(>1'”

X

t

_where I (E) denot—es the mtens:ty at ‘dlfferent energy lo‘sses which would ‘be
recorded by an |deal lnstrument The probabnllty of muitiple scatterlng may be

represented as -a convolutlon of the SSP beyond the excitation ~edge. I (E)

wuth the ldeal spectrum of the valence electron excitations: |e Ii(E) provnded .

S

the two processes are lndependent (Egerton and Whelan 1974), Since velenc,e .

: : - 3
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electron ,scéttering éiso- forms a mqnotonica_lly-.decrceasing Background at - the
exditat‘ion_edge the ideal sCattering prbfile in the absence of in'strumen'.c’al‘
broadenmg) -would be the sum of I (E) and the convolut:on betweenI (E) and
1t 1 (E) '
Or,

{ R i

s .
L® =1 ® % E L

(E) L
Ideal spectrum due td valence eléctron excitation 1s, agam r'elat‘eg%b to the

observed. spectrum by the mstrumental resolutnon ‘function as:

o N 0 (1.3)
: = * . ’
Il (E) Il IO (E)

By ;ombihing equations 1.1 and 1.2 we get the observed _spect,rum_b,eydnd the .

' L-edge: o S
L = (B *1 (B +1] (8] * I, ®
= Ii (B) * 1, (E) 1 (E)+1 (E) * IO (E)
_ =S .0 ,.. .0 ' L
LB %L B +T) (B
so’ N ° N
- S gy 4 10 _ .0, 0 | o 4
T®rL @@ @ e
\ . . ‘ ' .

. ce . : . F ‘ ‘ , N .
Jfwe denote the right hand side of jthis- equation by IOS (E)» which 1s equal to
“the remammg observed spectrum bey/ond the - L—edge after the subtracnon of

" the _background then we can write equatxon 14 as

1 L

3

I (B) * 2@ =19 ® R 15)

"
o
i)

Equation 1.5 cén be. solved to 'yi‘eld.-the‘PSSP by invoking convolution theorem

which states that (Bracewell, 1978 | v ‘

. f the Fourier transforms of ' two fUnct‘io'ns oflx) and g(x). are .
répresented by Fi{s) and -G('sv)’ repectively thén the Fourier tranéfo_r_m of
‘f(>’<)dj* aix) w'ﬂlcbe FisIGls). Or, .the Fourier trahsform ofA.a convolufion

" of two fun’ctidns is""equa_\l” to ‘the product. of the jFourier tranéfdrms

of  individual functions.
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. ° LI . 0
-Therefore, if the Fourler transforms of 13 (E) I (E) and 1. s( ) are
denoted by Ii(w) , I (w) and I (w), then equation 1.5 can be written as:
DR V s ..Os ‘
IL (w) * . l v(w) IL (w)
" so, - ' , .
o | 1,Os‘ (w)
' I, (W :

Now, the SSP can be immediately obtained from equation 1.6 by taking inverse

Fourier transform of both sides to vield:

1 1

13 (E) =|=‘ 15 W)= F
L - L (w)

where F_l' denotes the’ inverse F0ur|er transform. Breakmg a eonvolutlon mtegral

into" & product | in Fourier _domain and 3 division of Fourier tran forms to

‘subsequentl“y y'ield"e function’m the real dom‘ain is cailed deconyolutnon and

T O
Os(w) Can

»-

obtammg the SSP from a multlple scattering profile by this techmque is called -

. deconvolutmg the spectrum.

S

Reliable. absolute quantntatxve estimates of elemental concentration from a

Eth;ck specimen can only be performed by fnrst subtractmg the background from

the . observed spectrum and then by deconvolutmg the spectrum with respect to
the valence electron excitation. Quantitative estimates require ' information about

the -cross-—sectiori for inner shell  ionization which can either * be measured

experimentally using a thin épecimen or may be caiculated on the basis of an

-atomic model (Manson, 1972 and Leapman et al. 1878). Accuracy of_these

theoretncel alculatlons of cross™ sections and the effect of deconvoluting the
spectrum  can be seen by comparing the theoretlcally calculated ‘values of
cross-section for the -L- shells of Alummum and Silicon with their experrmentaliy
determined values. ”

Experiments were performed at 80 keV on vacuum evaporated films of

aluminum and  silicon oxide, mournted on copper grids, in @ JEM 1008 electron

microscope equipped with an energy—loss spectrometer (Egerton, 1978 The

energy—loss spectrum was recorded in a TI 990 microcomputer programmed to

act as a multichannel . analyser (Egerton and Kenway, 1879) An objective "aperture.
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- was used “to determine the maximum angle of 'scattering, o allowed into the
spectrometer, & ‘was 4.2 mrad in this case. . - ‘ o
anure 1.1{a). . shows the energy loss spectrum of alumlnum in the reglon
of L- shell excitation, which corresponds to I (E) \.wh:le figure 1.1(b) shows
the same spectrum after- the subtraction of the background due -to “valence .
electron ~ excitation . { I (E) 'comput_ationally . and the resultxng spectrum
corresponds’ to-'.Ig’?‘(E)ﬂ of equation 1.5. _ |
S Fourier transforms were calculagd_ﬂusing a Fast Fourier ‘transtorm
program’ based on ’Cooley-—Tuk‘ey «algo-rithm {Cooley and Tukey, 1965), for —energy

losses lying in the low region of the spectrum le for losses between 0 and

0Os
L

to 100 eV Fourler transforms were divided -using a computer program and an

50 eV, and for I. (E) which corresponded to losses beyond the L—edge up

inverse Fourier transrorm was calculated ‘to yield the SSP of * the energy ioss

spectrum, Igs(E) in ~ Figure 1.2 ‘are shown the - original ‘(Wlth background'

removedl and deconvoluted spectr'a beyond the L-edge of silicon The. resulting
intensity per channel is proportional to the energy'—differentiali cross—sectlon,
) (o R

doL/dE . for ionization of L?shell by el_ectron scattered through an angle < o

Absolute values of eross—section for silicon‘ were obtained” by matc'ning:
the deconvolutéd data at 100 eV beyond thg/L—edge with  the experimental
values of partial cross—section obtained by Joy {Joy et al, 1978 after adjusting
the latter to an incident energy of 80-keV and & 42 ~mrad. These absolute
values of partlal cross—section,‘oL(a,A) , ‘are plotted -in figure 1.3 as a functxon

of enmergy window A .

- For aluminum absolute values of partial cross—section were not calculated

due to lack of experlmental absolute values of pqrual cross-section, 0y (&,8)

However the energy dependence of partial cross- sectlon can be written in a

normalised form using equatlon 286 as

_. o (o, ) 1§<a,A) S .
X(A) = O, (G.,A,') = ) S . .
I (cx Av)

_where 13 (cx A) denotes the area under the deconvoluted spectrum, beyond . the

ionization edge upto the energy window A for the electrons scattered through
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an angle Iess than o A was taken to be equal to 100 eV. The expenmental
x(A) curve for aluminum L= sheH extitation is sh0wn in thure 1.4.

From equatnon 25 one can obtam the fouowmg equation- for x(4):

ES

,OL(OL,A) C Ip(e,) Il(a,Ai_) ) S (1.9)

L 05:(@, ) I_1<a,A)“ - I (@,8)

x(8) =

Here, I (a Ay denotes the area - under the ‘original' spectrum  (with background -
remdved) beyond the L- edge and upto an energy wmdowA for the electrons
scattered through an  angle vless than. While I (a, A) represents the area under

“the low-loss region upto the same energy window. A,  was again taken to-
be equal to 100 eV. Ex\erirnental values of'x.(A) calculated using equation 1.9
are shown in Figure 14 as a dashed curve. For comparlson also included in
t“his figure‘ are the x(A)va_lues obtained from‘ the original data, by taking the
ratio of Il;(oc,A) and .'IL(OL,A'i)Which are “shown' as. a dotted corve.'

AThe experimental values.-ofx(A) plo;zed in figures- 1.3 and 14 were
compared with . the theoretical values. -obtained using energy=—differential
crdss—eectio‘n‘c_.allculated?by Manson (Manson, 1972) for L-edge of aluminum and
: siicon.  Partial  cross-sections = were o"bta@ned 'by‘ integrating  differential
cross—’secticns Abso'lu.te "values of partial cross-section are plotted In- Figure
1.3. for silicon ‘(as discrete pomts) while x (A) values for partial cross—section for
alumnnum are plotted in Figure 1.4 as discrete points. :

The trend of x(4) values obtained from the SSP of the energvy—los’.s
'spectr_um' seems to be in: excellent agreement with the theoretically calculated
valgés of’ Manson; wh:le ‘the curve corresponcmg to the x(A) values obtained
from the original data shows a s:gnx.fncant”departure from the theoretical values.
* Moreover, the curve ‘corres_pondin_/g to equation 27 aleo s{gnificantly differs
from the theoretical values. and representsApoorer accuracy, especially for low
A valees. than thet obi‘a\ined by " using a similar procedure applied to K-shell
ionization spectra (Egerfcon, 1978). It is-.onderstandable from the - fact t-hatA
eduativon‘ 1.8 is exact.'onlyy‘ i'_f the inieneity is sharply peaked at the ionization
energy as for 'K—‘shells, whereas the profiIeAfor'the L—-edge rises rather-

gradually. The.vsl@ht degree . of disagreement occurs between the theoretically
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» -
.

ch,A) and x.(A) for silicon and aluminum in Figurosv 1.37

and- 1.4, The spectral intensity due to the excitation of an L-shell electron

.

would depend upon the 'densit,fs‘/ of states " between the 2p level and the.

compﬁted values of a

copduction band. Since such cdnsiderations ara not included in the theoretical
'cabulations, which are based on an atomic model. a small difference might be
expécted to occur between the theoretically computed ahd expérimentally
measured values of partial cross-sections. ' | , ‘
Hence, in the case of thick specimens it is desirable to deconvoiute the
spectrur:n to obtain the single scattering profile /otherwise inc'orrect values of
elémental concentration might. result Especially, in case of radiation damage
measurements of /biélogical specimens, when the moss loss occurs, this could
lead to inaccurate values of elemental concentration ‘However. for thin bidloglcal.

§

specimens, when the thickness is around 15-20 nm, it 1s not .necessary 1o
) s

deconvolute the spectrum due to very small probability of multiple scattering.
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