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ELECTRON DIFFRACTION TECHNIQUE FOR THE DETERMINATION
OF THE CRYSTALLINE STRUCTURE OF B GLYCINE
| Ny
Wai-Kit Quon

ABSTRACT

‘The method'of'électrOn aiffracﬁioh is applied to the
investigation of théfcrystalline'structure of B8 glycine.
The structure as determined by x—ray diffraction methods is
used as a standafd of the invesﬁigatioﬁ. The emphasis of_the

research .is thereforé.on'the evaluation of the electron

diffraction technique*and the effects of dynamical-scatteriﬁg,

rather'than on'thévredeterminatiOn of theiélycine structure.
o It_is‘shown that the Patterson map is-similar'tovthe
inter—atémic vector map calculated from the atom coordinates
of the x-ray determined standard.structure. Hence it can
eitﬁer be interpreted kinematically, or it is not sensitive
enough to show moderaté dynamicél effects.
A test baséd On the Two Béam'dynamical scatterihg theory

shows that the sample is weakly dynamical and has an estimated

‘mean thickness of about 1300 R.

Dynamidal effects play a more important role in elec-
tron diffraction than in x-ray diffraction. The effect of

dynamical scattering is not corrected for in the work re-

‘ported here, and it is found that the fesultiﬁg reliability
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~factor of the determlned structure ‘is about 0. 48 whichi
1nd1cates a very low/}evel of confldence. Therefore,yaynanical
scatterlng must be corrected for 1f an accurate uetermlna—
tlon of crystal structure 1s to be attempted R

Hydrogen posmtlons are easrly detectable in the dlffer—
ence Fourler synthe515'map ‘ Thls shows that scatterlng by
hydrogen 1s much stronger in electron dlffractlon than ln
‘x—ray dlffractlon. It is suggested that hydrogen atoms'
should be 1ncluded 1nto the structural analy51s at an earller
;stage than that of the normal x= ray dlffractlon procedur,,.

' The extent to whlch dynamlcal scatterlng 11mlts the
usefulness of electron dlffractlon 1nten51ty uata fer
crystallographlc determlnatlon has.also ev1dent sxgnl-4cancerl
for the lnterpretatlon of high’ resolutlon structures that
.ymlght be obtalned by electron optlcal 1mag1ng of the :"

scattered radlatlonf
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PART I:

INTRODUCTION AND THEORY



I. INTRODUCTION

The phenomenon of electron diffraction}Wésxfirst dis-
covered in 1927 by‘Davisson and Germer. The_firétbphdtd—
graphic record of diffraétion patterns was obtained by
G. P. Thomsoh froﬁ pblYCrystalline films of gold and other
metals [l].  Since their discovery, electron diffraction

N .
methods have constituted an important tool in solving the
'structu;e of matter, in addition to or supplementing the
methodvof'x-ray diffraction, which was first demonstrated in
1912 [2,5,41; X-ray diffractionvhas'of course proven to be
the more powerful tool ofvthe'two in the structural determina-
tion of cryétélline ﬁaterials. |

Electron; x-ray and ﬁeutron diffraction share thé same
basic scattering theory. X-ray diffraction gives the distri-
butioh_of electron density, electron diffraction gives the
_distribﬁtidn of eleétric potentialland neutron diffraction
giveé'ﬁhe distribution of nﬁclear scattering potéﬁtiais
within the crystal. ' Any of these diStributions, however, is
abie to map the locations'of atoms within the molecﬁle; All
three methods éompliment eaéh other. X-ray diffraction leads
substantially in both the degree of reliability and séphistif

cation, while electron diffraction and neutron diffraction

2
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" have yet to come of age.

While x—ray dlffractlon has many advantages over the
other technlques, electron dlffractlon can clal the following
advantages Wthh makes it de51rable:

1. The ability to handle extreﬁely small quantities of
‘ 1o _

" material (about 10" "“gm quite easily). X-ray diffraction in

general requires considerably lafger.crystals to be greWn.
2. Simplicity.in-specimen preparatien. |
3. The'ability to ebserﬁe visﬁally the'diffraction
pattern before recordlng. |

4. The 1nten51t1es of reflectlon are much hlgher than in

" either-x-ray or neutron dlffractlon (106 times hlgher than

for x-rays and 108 times ‘higher than for neutron [5]). This'

enables much shorter recording times. .

5. With selected area diffraction techniques, an image
of the specimen area under investigation can be obtained in’

conjunction with the recording of a diffraction pattern.

- Radiation damage may be the ultimate limitation to the amount

of useful information that can be gotten from either diffrac-
tion or transmission data [6].
Conversely, the disadvantages at the present time are:

‘1. Operation in vacuum where certain crystalline struc-

“ture might-be disordered. .Examples_are specimehs that must

bevhydrated.

2. Difficulty in determining the crystal orientation in




the prepafation df épecimehs. Tﬁis‘poses great problems in
indexing a new struCturé. o

3. Relativélto.x-ray, the_intefaction'of électrons with
matter ié much strongér. While thié'feature ensures small
specimen volumés and ‘short exposure times it aléo iimits the
thickness of‘é specimen that can be used. Dynamical scatter-
ing effects ére mudh hore éasily éncéuntered'[?]; |

The special characteriétics of e1ect:on diffraction that
are mentioned above makeé it'poténtiallylan extremely useful
tool in the ihVestigation of‘biological specimens such as
proteins and membréne structures because of inherently small
specimen size in most cases; ‘Part of the purpose of the wofk
reported here is to investigate in a practical sort of'wéy the
extent to which dyﬁamical sCatﬁering would limit the usefulness
of electron diffraction intensity data for crystallographic
work. The work reported here has also some evident signifi-
cance for the interpretation of'high resolutioﬁ structures
that might be obtaihed,by electrohvoptical imaging of the
scatteréd radiation.

The other difficulties of specimen hydration, specimen.
orientétion, indexing are largely of an instruméﬁtal'and
technical'hatﬁre,”and can presumably be overcome without
great difficuity.v o |

Most effdrtsvin‘the application of eleétroh~diffractioﬁ

have been in the studies of inorganic material [8,9]. The

¥



application'to organic materiéls such as the determinaticn of
the structures of paraffin‘by»Vainshtein et al. [10], c;s—

dichloroethylene by Hoffman'[lll and perfluorotrimethylamine

™

and trlfluoroethanol by Vaughn [12],vare relatrver) infreguen
As far as blologlcal structures are concerned electron dif-
fraction is a relatlvely new tool [9, 13, 14, 15].‘ An optical
diffraction technique which uses an electron micrograph of
the specimen was develdped by Klug and Berger (16]. .Methods
of reconstructing the three dimensional structure using the
Fourier projection theorem have been applied to biological
structures with helical and ocosahedial symmetry by Klug,
DeRosier and others (17, 18, 19, 20]. Direct structural
determination of‘Biologicelly.significant molecules is rare.
An example is‘diketcpiperaéine by Vainsntein [21]. Diketopi-
perazine'groups play an important role in the structure of
proteins. | | | |

There has been no work done prev1ously on the determina-
tion. of the crystalllne structures of amlno ac1ds; which have
been accurately determined by x-ray, however [22].

This research sets out to investigate one of the simplest
of the'biologiCally relevant molecules; the_amino acid glycine.
,The.;eason.of-the‘choice‘is that.glycine‘is the smallest
and simplest aminodacid,> Not including hydrodén atoms it hes_
only five atoms in the molecule. This fact‘greatly_reduces-
the number of-parameters to be determined indthe structural

programs. It is very common and can easily be crystallized.




Its structure has been very accurately determlned by x- ray

| dlffractlon {23, 24, 25].v The structure of beta glycine as_ ,
determined by Iitaka'[24] is used both as a guide as well as

a standard for this'investigationQ

The main emphasrs of this work has not been on the‘
reflnement and achlevement of absolute accuracy in determlnlng
the bondvlengths and bond angles,’as would be the case for
normal.crYStallography; tRather, this thesis shows the possif
blllty and a set of procedures to do so for future work  This
’lnvestlgatlon must be Vlewed as a’ prellmlnary study of the
appllcatlon of the technique ofrelectron dlffract;on to the
determination of structurerof amino aciés and other‘biolOgi_
caIIYorelevantfstructures;

This research’respondsrto the following objectives-

1. A crltlcal evaluatlon of the experlmental procedure

2. The extent of dynamlcal scatterlng.

3. Emplrlcally testlng the sen51t1v1ty of the Patterson
function to the ex1stence of’dynamlcal effects in the diffrac-
tion intensities.-v |

'4;—The characteristicsvof the‘xeray structurai determina—"
tion computer programs%after being adaptea for electron»
.diffraction:uses. | | :

| - To modlfy programs for eiectronvdiffraction workf
b To test convergence of Least Square-method using

typical'electron @lffractlonvdata.a
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II. THEORY OF ELECTRON DIFFRACTION

A. Kinematical Approximation

' The motion 6f'eLethons is described by the Schrdedinger
waye»équation,

v2ys (an?m/mdy (B-)y =0 - 201

" where ¥ is the wave function, m is the mass of the electron,
'h is the Planck's constant, E is the total energy of the

'electfon)_ahd:v is the’potential energy of the matter through

which the electroh.paéses.‘ V must be equated to

V= ey | o | 202
where ¥ is the scattering potential within the crystal and e
is the charge of one electron. Thé electron beam»incident
upon the surface of the c:ystal may be described by a plane
monochromatic wave

To = A exp(;kox) | | - : 203
where A is the amplitude and ko/2ﬂ = 1/X = (2mE/R)2 and x is
the generalized coordinate. - ¥, is the solution to eq. 201
when Vv = O.

For a kinematic approximation [261, (27), [28], the

- problem of the electron scattering by matter may be solved by

the first order perturbation method [29]. This method assumes



- that ¥ is composed of two terms, the wave functién'?o'and.a
scattered ﬁave.W'.._ |
= : r : v ' -

? —vWO + Y' : :204

The substitution of eq. 204 into 201 gives
L g2 2y _ u¢ oo

VEY 4+ kY = U(D) (¥ +Y0) _ 205

where o
rry a2 2 ' o ‘

U(r) = (8n°me/h")Y(x) - . ) 206

, Eq. 205 is the general equation of the form

v2ye +4k°2W = u(r)¥(x) 207

: fhe solﬁtion of which f30], is

¥, (r) = -(1/4w)fu(rl)W(rl>.EﬁEéiEBlari 208
where R = Ir;rll'and ri is'a vector within the scattering
volﬁme V. Since Y .= Wot?'; the requiréd solution is actually
an iﬁtegfal for ?(fi)" | | |

]'exgélkR)avr. 209

¥ (r) = -1/4n f.Ur [wo(ri)+w'(rl)
. L0 1

1

Eq. 209 states that the scattered wéves are generated by

waves tra&elling-in the'scattering fiéld Ufri).of the sample,

WO being the initial wave and ¥' the scattered wéve.
Thé.kinematic approximatioﬁ or the first'Born approxi-

mation assumes that the scattered waves are weak compared with

the initial wave,
Yrice ¥ 210
v e | A

- This means that only the initial wave gives rise to new



-

Ja

scattered_waves'and that the term U-Y" repreéenting the
scattering of secondary waves is negligible. Therefore the
term WO+W‘ in Eq. 2Q9fcan be replaced by Wo'z A.exp(ii-;).

Eq. 209 is then apprOXimatealto be

¥'(xr) = l/41r / U(_rl) ;‘P-O (rl) R avrl » 21l
‘which can be shown [30]_to be |
¥i(0) = - 1/4n o(3) A explikz) | 212
where
() = 2™ ; y(D) explifs-D)lav_ 213
h? - 1

The scattered wave is then shown by Eé. 212 to be a

'spherical wave with an amplitude proportional téfthe Fourier

integral over the poténtial of the object, Eg. 213 and Eg. 212
are valid when Wl(;) is viewed at a great distance from the
object;_

- The kinematic theory of electron scattering assumes the

- validity of the Born approximatioh,'which is not used in the

dynamical.theory,-since the dynamicalrtheory'takes into
accdunt,thé interfereﬁce of,bothnthe primary and the secondary
waves, which produces a complex wave field in the cfystal.
This complex wave'field makes the §catte:ing,pétential a
compiex function rather than a real fﬁhctipn}.

The flow of particies through Qnitléfea, J; is determirned
by .

J = (h/4ﬂm)(?fgrad Y-Ygrady*). - ' 214
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Thus, the substitution of ¥, gives

Iy = 3 /x xlé(s)l e : 215
where Jo is the intensity of the ihcideht beam. It should be
noted that r is the‘distancé from the‘speciﬁén to the screen

and is a constant. Therefore, Eq. 215 goes into
el? - 216

which definesbthe importaﬁﬁ relatibhship between the_rélative
~ scattered intensity‘and‘thé étructura1 ampiitude, which in
turn relates rhkl to the reél stru¢turey $(;); R

Eq. 213 shows that the structure amplitude is the inyeréé
Fourier transform Qf the écattéring'potential of the crystal.
This potential is thévpoﬁentiél of the unit cell. If thié,is»
aéproximated Sy a sd?erposition 6f thévpotential for éach‘of
the atoms within the unit ceil o |

| w(r) é Zwi(r-ri) , .  o | : | .217
then upon substituting into Eq. 213, we find that the struc-

ture ampiitude can be expressed as the summation of Fourier
integrals over atoms, with a phase'factor exp[U(g-;iQ]

) . .-»: - . v ) o

Qhkl = ;feli exp[2ﬁ1(ri-H)] - , 218

where H = 3/2m. In this equation f,, is the scattering
; 0

factor of atom i and H = the reciprocal lattice vector. A
table of the atomic scattering factors for H, C, N, and O is
listed in Appendix A.

The atom scattering factor fe must‘be_médified by the

1
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temperature function fT to také into account the. thermal
vibrations of the atoms. -

£ o £ o | | 219

e1,7 = fe1'fy

where 'fT = exp[—B(sine/k)zl- o o ‘ 220
B ié the temﬁerature factor.

| Thus, given thé atom coérdinates and the atomic écatter—
ing factor, the scattering amplitude ®hki‘can be calculated by
Eqg. 218. On the other ﬁand, given the scattering amplitude
(Erom expéfimenﬁ, by measuring Ihkl) and if the phaées aré
also known an inverse Fourier transform of Eg. 218 gives the

distribution of scattering potential within the unit cell.

Since o = F—l(w) ' - | - | ' 221

then Y = F() o | - 222

" where F represents the Fourier operator and F_l the inverse

Fourier operator.

B. The Patterson Function

If Eq. 222 is calculated with I@[z'instead_of ¢, then it
can sidestep the pﬁase pfoblém since by sguaring the scattering
amplitude, the phase term is equal to unity. _This is the same
as doing the Fourier-summation over the diffraction intensity
Iﬂkl as given 5y Eq. 216.. ThevFourier'integral over the inten-
sity of the diffréction pattern is\éalléd the Patterson func-
tion or | | | | )

p=re%) : 223



‘Because Eq. 221 shows that ¢ itself»is an inverse Fourier

transform ofbw,sthe Patterson'function can be interpreted as

p = FIF Ly er*
or P = y®y - o R - 224
.where'the symbolli denotes”the.conyolution'operation;ﬁ The
Patterson function is thus seen'to be the autocorrelation of
the scattering potential.,'The'Patterson.function defined by
Eq. 224 willvshow peaks’for values of functional displacements
Wthh produce superp051tlon of scatterlng centers. ﬁence) a
Patterson function plot results in a plot of the interatomic
vectors w1th1n the unlt cell

| The Patterson functlon when 1nterpreted klnematlcallv,
can be used to find scatterlng centers, i. e.,'atoms, within
the unit cell, lf the number of atoms is small If the number
of atoms w1th1n the unit cell is large (above 10 for example)

lnterpretatlon becomes V1rtually 1mpos51ble (31,[32].

" C. DynamiCalfScattering

Most of the work. done SO far on the dlffractlon of either
.x—rays, neutrons, or electrons as a tool for structural_
vdetermination has been based on the kinematical theory because
it_has-a wide range of vaiidity over most experimental condi-
tions;v Treatments based upon the dynamlcal theory are at
‘best compllcated exercises because a practlcal theory covern

ing the range of dynamlcal scatterlng is still in want.

12
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A dynamical approximationvwhicﬁnhas been widely applied
was origihaily,proposed by Blackman [33]. It is based on the
two beam model, in‘which it is assumed that one scattered
secondary Eeam besides thé central béam canvgivevrise to
sécondary.séét£erihg. For the éase of.a érYStal of "medium“

thickness with a weak dyﬁamical effect} the relative intensity

v'of diffraction can be shown [3] to be

I ! hkl

okl = °t-K(t,§) _ . ‘  o -~ 225
where is>the unit cell volume, t the thickness of the crystal
and K a correction factor of the form

5. .
K(t, ®)%epr——(txl hkl )21 226

Schiff [44] shows'another way of treating dynamical

scattering. Assuming an infinite order of multiple.scattering,

he arrives at the formulation -
_ ' |
émF( e"1V) ’ o 227

where ¢! is the two dimeénsional projection of the scattering

‘potential. This approximation is valid only at small scatter-

ing angles. That is, if the Ewald"sphere'isvperfectiy flat -

so that the following equation.applies
CVUx,y) = S y(x,y,z)3z : 228

Cowley and Moody [34] use an approximation which corre-

- sponds to a successive increase in the number of two dimen-

sional distribution of potehtials (Eg. 228) bv which the

three dimensional field is approximated. If the number of
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sections is one, they arrive at a pseudokinematic theory
‘ovexp(idy') S o 229
with 0 = erm)\,/h2

In the special case of a.two beam éppfoximation, they give
essentially the same result as the:dynamiéal theory of Bethe
t45]. o |

‘The Patterson funcﬁioh:is difficult to interpret with
the dynaﬁical formulation; but it één'be shown (9 and Ch; VIII)
that it mighﬁ not differ significantly from thé Patterson
function calculated from the kinematical model for the cases
of lighﬁ_aﬁohs if the dynamical effec£ is not too strong.

This,point is discuSsed at greater length in Chapter VIII.
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III. - SPECIMEN PREPARATION

Three polymorphic forms of glycine have been reported:

(1) an ordinary form, alphar.'The crystal structure was first
determined by Albrecht and Corey [35] in 1939. It wasjrede—
termined very‘precisely’bY'Marsh.[231 in 1958. (2) An
unstable form, beta,h It was'firSt:aescribed-by Fischer [36]
in 1905. :Iitaka [24] in 1959 determinea its structure by
X-ray diffraction and showed that single molecular layers,
whose internal arrangement_is the same as inthe alpha form,

,are held_together.by.hydrogen honds throughoutvthe crystal.
(3) A third form, gamma, is strongly piezoelectric and cry-
stallizes with trigonal hemihedral symmetry. Its structure
was determined by Iitaka [25] in 1959.

Iitaka reports'that‘béta glycine crystallizes in’the.

" form of small needles and can be prepared by adding ethyl.
alcohol to a concentrated aqueons solution of élycine He
also reports that beta glyc1ne readlly transforms 1nto the.
alpha- form in alr,_but remains unchanged indefinitely if kept
in a dry atmosphere. |

However, inhour experiments, beta glycine is readily
crystaliiied'hy evaporating»inrs‘60°vé oVen small droplets of - g:
half concentrated ‘aqueous. solutlon, w1thout addlng ethyl |

alcohol, The mlcro—crystals thus produCed rermain as far as_‘-~
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we can determihe, indefinitely wiihqut changing ihto tbe alpha
fofm.' ) .
Our'éXperimentai pfocedhfe is as follows: 200 mesh
copper electrdn‘microécope'sample'hoiders are ﬁsed. On'ﬁop
of the sample holdér'is;depOSited a thin film of formvar to
servé as the specimen support;‘ A small droplet of about half
concentrated.solution of glycinerin distilled.wétef_is aeposited
on top of the formvar film. The'sample holder is then put for
a few minutes insidé'a dry oven heated'constantly at 60° C.
Micré—crystalé of glycine are readily formed on the.formVar
£ilm. | o
A thin carbon film is then evaporated in vacuum onto the
specimeﬁ. This is done so that the specimen is more stable
iﬁ the electron beam bf the électron micrdﬁcope, and to
avoid electricél charging of the specimen during electfon'
irfadiaﬁibn.' |
~ Specimens prepared in this way have the‘diSadvanta§é
that probably all three_cfystalline forms will be present.

There is no physical way to separate them. The diffraction

pattern of this specimen shows predominantly three differeht

typesvdf sPot'patterns.v These haVe been indexed to be:
a.'The_hkO plaﬁe of B glyciné
b. The'hOl plane of B giycine
c..The_hkO plane of alpha glycine

Among the three spot patterns, the hko plane of B gly--

| cine is the most frequent and most stable. Next in frequency




13H
of appearance lS the hkO plane of aloha glyc1ne, whlle that
| of hOl of B glycrne is relatlvely rare. |
Spot patterns of other planes are not encountered
nelther did’ we' flnd any pattern of the gamma form ' The fre-' B S
-quent appearance of the hko planes agree w1th the fact that o
.. the C ax1s lS the axls ‘of growth of crystals,:and the crystal
.grows wlth 1ts elongated axis’ perpendlcular to the spec1men |
Isupport. The fact that spot patterns rather than rlngs are "
formed lndlcates that the crystals on the average are- longer
than the effectlve dlameter of. the electron beam
The hkO'plane spot pattern of alpha.glyc1ne-1s often -
"'incomplete and'warped Thls is probably due to-a poor‘~osa1c
.structure of these crystals.- | |
The dlffractlon patterns of B glycrne,_on the other hand,
-are qulte stable.n Both the ‘hkoO and the hol planes ‘are clear
and. WLthout dlstortlon. They both have an estlmated fadlng
.'tlme of ~about three mlnutes at 80 kv, under the condltlons of .
-.1llum1nat10n used ln thls work.-ll ‘
The 8 leC1ne patterns, both hkoO and hOl are shown in

._Figure 602 and»603-respect1vely. -



19

IV. SELECTED AREA DIFFRACTION

Selected Area diffraction techniques [13] and [28] are
speéially suited for chOoéiné siﬁgle particles, single cry-
'stals,ior'smali portions of a specimen for diffraction
patterns. Norﬁal;y the proceduré is that an aréé is selected
from the image on the fluorescént screen. Thé optical. mode of
the'coiumn is then éhaﬁged to presenﬁ the diffraction’pattern,
which corresponds to the area selectéd'frém the image in the |
magnification moae;' A diffraction spot pattefn is formed if
the specimen is crystalline." |

After aniareé has been selected, the column is switched
 to the Selected Area Diffraction (SAD) mode. The SAD mode
leaves the illuminatioﬁ éystém and the objective lens un-
changed; but the'intérmediate’lens is changed in focal length
so that it has a new object plane (Figure'40l). This new
'object is the back foéal plane of the unchanged objective
lens, instead of the image plané of:the objéctive lens as was
the case with normallmicroscopy.' | | ~ |

At the back focal plane of the objective iens, for
parallel illuminatioﬁ éntering the‘iens, there is by definiticn
a focused image of the source. if a crystallihe specimen is
placed in the object plane'of the lens (objeqﬁive), a diffréc—

tion pattern will be formed at the back focal plane.




| '»E_.‘i.gure.-i 401 R

Ray diagram of the selected area diffraction.

mode of operation of the electron microscope. -
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By using"the back focai‘élane of the objective lens as the
object pléné for the iﬁtérmediate léns( the remaihing 1enses
 ‘of the édiﬁmn”maghify'énd'transfér-the diffréctisn pattern to
,the_flﬁbrgséén;;scréeh;:; ” | |
Ih.the:SADvmoae,,the'primary diffraction camera length is
the focal iength of thé objectivé_léns which is about 3-4 mm.
. The magnification_intrbduced by thé post—objéctive lenses, i.e.,
.#thefintermediate and projector;'in transferring ﬁhe pattern to

. fhe screen,'makes An effec;ive camera lengrh of the order of
140-50 cm. |

| In doing SAD diffraétioh, a real image of the speéimen is

formed in a plane close to thé'intermediaté lens. The di_f'frac—j
“tion apertdre (df-thevfield’limitéd aperture, as it is also
called) placed in this plane will define the area of the speci-
‘men contributing to the diffraction pattern. Since the magni-
ficatibn of the objective iens is about 40x, a 25u diffraction
aperture wiil defiﬁe an area of 0.6um at’the'specimeh[l3].

Agar [37] discﬁssed soﬁé precautioﬁs which must bevtékenv
if the aréa selectibn'must be extremely precise.-

In actual eXperiments,vit was found that the specimen is
extremely sensitive to the eleétron beam. it was estimated
that the~glycine spécimeh has a fading time'of-ébout.3vhinutes.
Therefore; the following practiées were used:

'(l) Keeping thé‘filament current and bias to‘the lowes£' 
minimumn. |

:(2) Use the smallest condensor aperture.



Ju,

23

(3) Do not go through the ﬁégnification mode, i.e., as
goon as the sample is mounted, operate in the SAD mode
immediately. This is poSéible because there are eﬁough thin
cfystalline areas to giveAampie diffraétioﬁ patterns in a
singié_specimeh grid preparation.

(4) Anf one sample is never used twice.

Aftér a_sufficient;y‘cléar diffraction pattern is found,

a photograph is immediately taken. The usual exposure time is

3 minutes.




V. DATA COLLECTION -

The.presently used déta collection éystém is as outiinéd
in Figure 561, The procedure is as foliows:

(1) EleétfonxdiffractiOnipatterhs are fecordedtby'phOto-
graphic plates which are thén devélopéd.. |

(2) The_plate is then scanned by the Joyce microdensito-
meter. A tracing of each f0w;or column is produced.

"(3) The response of the photographiévplate'to the elec-
tron beam and thenéutput of the microdensitometer are

calibrated. The systematic error due to non-linearity can

be approximated empirically by assuming an overall exponential

dorrection functibn.

;(4) The béckgfound is subtracted by visualiy drawing
onto the microdensitometer.traéing'a backgfohnd line and
reaéing_off from it a net density.

(5) Daté frém the microdensitometer tracing are tﬁen
correctéd’for non-lineafity and Crysﬁal angular.distribution
by a PDP-81 computera | | |
| (6) The cbrrected,_iﬁdexed data ére.tﬁen'punched-into
IBM qafdé, which'serve és the input to’thé}prograﬁ‘INCOR.
INCOR.is the-first of the structural determination programs.
It is not difficult to see that ﬁhe_data collection_systeﬁ as

it is set up now is ill-equipped to handle large amounts in-é

y;

Z
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Figure 501

Data collection and conversion system.
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speedy manner, which is absolutely necessary if accurate

determination of'cryétal structure .is to bé,carried_out;

'Compared with the,ievelsrof-sophistication that'x—fay crys-

talography has developed, this kind of experimental setup is
still in its infancy. | |
ZConceptﬁally it is an easy‘eXtension to completely auto-

mate the proceéé Whiéh was outlined ih'Figure 501. Such an

‘attempt is now being developed in cur_laboratdry. The auto-

mated system would involve a TV image intensifier and a video

‘disc recorder to take the place of thé;camera_platé. Signals

from the Videp recorder will go thréugh an analog to digital
éonﬁerter.unit.' The_digitized data will bé indexed and
corrected for noh—linearity of calibration, etc;, with the
help of a computer. The output from this should be repacked

and written into_magnetic tape to be used as the input tape

of structure determination programs.

27
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' VI. DATA CONVERSION

A. Indexing
1.‘Ca1ibration of the Camera Length

The effective camera length'of the electron microscope is

calibrated with a gold powder pattern. The d and d

111

200
rings of the powder are used as standard, since they are‘kﬁown

- to have the distances 2;356_A and 2.04 & respectively. A
selected area diffraction pattern superimposed on the selected

area imageiis,shown in Figu:e 601.
2. Indexing of the hkO Pattern

The unit cell'dimensiqns'are.measured with the equation

g = AL
N - r

601
fwhere‘k is the wavélength, L the effécti&é‘camera length and
-r the distaﬁce from the (000) central spot. The.resuit is
‘_shown in Table 601. The estimated'error of the measurement
is less than 2%. In the;diffractionvﬁattern_along ﬁhe 0k0
row, the symmetry4f§:bidden reflecﬁiohs for k equéis to odd
integefs do appéar. If the space group_and unit éell diﬁen—
sions weré Qot_previously known, fhis‘woﬁid present difficulé
‘ties in indeXingf The,sigﬁificénCe of the appearing of thesé

syétematic absences are discussed in Ch. X. The angle between
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Figure 601

Selected area diffraction pattern of gold powder.'

The diffraction pattern is superimposed on the
selected area image.
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Figure 601,
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the 0k0 and h00 axes is 90°.
3. indexing of the hOl Pattern

'Aécoraing to the known space group PZl-[38] there are no
systematic absences in this projecﬁion, Thé angle betweeh the»
hoo and fhe 001 axes is meaSured to bé'67;0°”whi¢h is the
‘angle B8 in the reCiprbcal space. Figure 603 shows the hOl
projeétiOn;_

The above measurements confirm the space group of P as

21
given by TIitaka [24]. .

B."Calibratibn

The intenSities of electron diffraction'sgots Qéry tre-
i mendously;.sometimes differing by as much as séveral orders of .
~magnitude. 'Oﬁe'Way of-éalibrating’the'phOtographic résponse
. over this rangé of.intensities is by internal calibrétion.
This is donefby doiﬁg mulfiple eprsures,of the same pattérn
‘and by noting the differencesvin exposure times and the
‘changes iﬁ photograéhic blackening [39, 40]. 1In this way,
a blaCkening curve is constructed e?ery time. Thisris the
best way of Calibratioh if»nét the.most convénient one.

\ 'It‘waS‘mentiohed before tha£ glycine crystals-havé'a
jfadingvtime,of about three mihutééiﬁnder'fhe present experi-
mentél Conditions. This creafésra pfobiem for-interﬁal
calibration, becaﬁSe the structure becomes diSofdered afte:

several exposures. If one does multiple expoSuré with




'?ffExperlmentally determlned unlt‘.e'“

'ﬁcell dlmenSLOns of B glyc1ne.

Flgure 602

”fplane of B gly01ne.

Flgure 603

:lefractlon pattern of the hOlﬂ'

'gplane of B gl”c1ne,,

'fDLffractlon pattern of the hkO‘:? o




| 1att1¢e‘dlstance , dhOO .dOko dOOl

from-projection'

nk0 | 4.616a % 0,06a[6.20a T 0,068 -
ot | 4e60foe | .- |4.90a% 0,06
unit cell dimensions . '.experimental : known value
a 1 5.0a20.14 5.0774 .

b | 62 Yo 6.267

c 5.33 2 0.1 5.397

R angiebbetween | '67.0qff,0,2° R 66.3°
a* and ¢* = = . ' ]

Table 601.




Figure 602,

" XBB 708-3748
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Figure 603,

XBB 708-3749
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different crystals, the difficﬁlty is the variation of thick-
ness with different crystals.

Besides internal calibration, one can calibrate the
general response behavior of the photographic emulsion to
electron beams. ‘Since it is very difficult to time thev
extremely short exposure-times that are needed at the low in-
tensity end othhe calibration curve, an electronic device has
been constructed which sweeps the electron beam across the
photographic'plate with an exponential acceleration time. It
' is basically a RC circuit and its behé&iqr is shown in Figure

601. The output is governed by the equation

v = Vo[l—exp(- ﬁ%—)] ' o 602

i= Eé_'. | | ' e02a
where V = voltage across the capacitor

Vo = maximum voltage

i = current

t = time

R = resistance

R' = load resistance at the output

C- = capacitance

The equation 602a is a valid approximation within the
range of time constants qsed. The current i, which the cir-
cuit sends out in the exponential manner as describ¢d by
e@uation 602, is used tovdrive the scanning of the electron

beam. The more current that is supplied to the deflection
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coils,Jthe.greater,Will be the deflection of the beam.
Therefore, the eleetron beam is deflected aéross the photo-
plate by the current i. The amount of deflection is pro-

portionai to i. Hence Eg. 602a can be written as

- 1- _t . .
X = l-exp(-z=) | 603
where (X'/XO)R"‘
X = X'/Xg

X' = the distance deflected corresponding to the
deflecting current i. '

' Xé = the maximum deflection which depends on the
‘ overall gain of the amplifier.

Eq. 603 can be re-arranged to give the amount of time
that the electron beam spends within a small increment of
distance N ]
RC In(l-x

At Yo 1:;(1-32-)‘)' | 604
N At = RC In((1-x,)/(1-x,))

Figure 602 is a plot of At againet X; it shows how much time
the beah'speﬁd with theeposition along the path. The RC |
‘value can be changed_to'cover_a wide range of times.

A tracing of the defiec£ed eleetron path is then done
on the mierodehsitometer;' Thefmicfodensitometer'is a "dOublel
. beam" ihstrumeht in which two beams of light are used, one
passing'threugh'the fiim to be measured.and'oné ﬁhroﬁgh a

reference wedge, which is a continuous density wedge. The



instruﬁent méasures opﬁiéal aeﬁsit§Land thégreading of the
tracings'are’lineaf,'i;el,'if dﬁé éeak is twice as high as
another, tﬁen Ehe D of the formef peak is twice that of Ehé
lattér.. | . | -‘ |

Since the tracing is along:thévpath of the electron beam
deflection) there is é one to one ccfrespéndence between ther
opﬁical density ﬁeésured at each position and the time inter-
‘val At which cofrespohds to thevpoéifion“(x).. The plot Qf
the optical aensity;or D, the photég:aphic'bléckéﬁing;
agéinét’it‘gives thefdesired_daiibration curve.

In general, D is defined as

‘D= f(It) - ~ 605a

where I is the inténsity of the beam and t is the time of
-exposure. In tﬁis'exPérimeﬁt; D iévrelated to'the.oétical
density by’a‘conéﬁantfof pfqbortidnality
b =xtol o | 605b
Where-k is a constént.dépendent on the range of!the,éétiéal
"wedge_ugéd in the microdensitometer and OD denotes-optical

deﬁsity.

In the present experiment, only the lower ranges of D is

. plotted in the above mentioned manner. ' For longer exposure .

.times'a direct, timed—spotnggposure:isSﬁsed, The toﬁél cali-
ﬂ.bratiCn curvé’is.shQWn-in Figure 666._ Assuming'that'the
-glectron’current densi#y is_constaﬁt in-ﬁime;:the éxpoéurev
is then proportional'ﬁo t, so0 tha£v  | | |

I = I At o S eos

38
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Figure 604
Oscilloscope trace shbwinéva typical curve
of the current i used to deflect the electron
beam. The upper and lower graphs are of
different RC values. ' .

Figure 605
Typical-cdfve_showing the time duration At
»which the beam spends at each interval X+AX

along the path of the sweep.

Figure 606

Calibration curve of the photographic .
blackening and the time of exposure. It
is used to correct for nonlinearity effects

in the data collection and conversion systems.
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D, blackening
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It, seconds
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.where I is the integrated intensity of the diffraction spot
and I, is the electron density;

The éhape of the curve in Figure 604 confirms the
result of Vainshﬁein [39] in that in the low intensity region
there is a "toe" which differs from the éxponential behavior
of the higher intenéity reéions. At very high intensity
fegions when saturation effects occur, the curve would plateau
out. Howéver, Valentine [41] reports that the initial slope
of the résponse of photographic emulsion to electrons in the
energy range 40 to 80 kv. is linear. Our result appears super-
ficially different from this. The explanation for this
difference probably lies in the range of optical densities
covered. Or as Valentine suggests, a deviation from non-
.linearity could beidue_to the fact that because of small
penetratioﬁ (abbutrlsu fbr SOKV electrons) only the surface

layer is exposed and thus the saturation density is low.

l. Correction for Non-linearity

Most of the intensity data fall én the exponential regicn,
some however, fall on the "toé“ region. The curVe was there-
fore assumed tQ consist of two exponential regions with two

~different slopés. The slopes of the "normal" exponential
région and that of the "tbe" region are taken separately with
the’joining point ét D = 2.0. 'Thg correction is applied

according to the formula

I = C exp(kD) ' 607
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where k is the-sloﬁevof either'the "hormal" or of»thev"toe"_
regibh depénaing on wHethefrD is.larger or smaller than two.
C is a scaie factor determiﬁedAbj the boundary ?osition of

D = 2 where the ﬁwo'slbpe regions meet.. Eg. - 607 is applied

to each diffraction spot, with ¢ = 1 if D = 2.
2. Correction for Angular Distribution

‘Assuming that the.speCimen is a mosaic single crystal
,[42] with a uniform angular~distribution, the diffraction spot

intensity is divided by a factor, which in the case of uniform

angular distribution has the form -
L= &/ A 608

Qhere dhkl'is'the distanCe between'crystal planes defined by
the Miiler~indices‘hkl, and a is an angﬁlar measure defining
the width of the angular spread of the mosaic crystal. Since
o is a constant, it.can be disrégérded in the co:fection cf
relatiﬁe intensities. |

Hence, therintengity.of tﬁe difffaction spot hkl is
given by | _

RNy =»Ic/ahkl)ex?(kD) » | ". 609
wﬁere C is some éonStant wﬁiﬁh no:malizeé the,tWQ @ifférent -
slope regions and k can éssume either 6né of ﬁhe two values
of the “norﬁal" dr’“toe" region;',The Bragg spacings are
giveh by |

! 1

4, = (k%a*2+k%*2412c* 24 2n1a cos8*) 2 610
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where a*, b*, énd c* are‘the reciprocal space unit cell
dimensions and B8* ié_the angle'between a*b* and the b*c*
planes of the reciprocal lattice. |

It must be noticed that Ihkl'is only the relative inten-

sity and not the absolute intensity. The structural amplitude

is then given by

or i _ _

*hk1 = ¥ T
" where S is a scale factor which brings the VI into absolute
units consistent with é. Q-is the unit cell volume in real
space and A = 0.0418 & which is the wave length of the
electron.

The square root of the diffraction intensities which are
the experimental structure amplitudes are listed in Appendix
B togéther with the calculated structure amplitudes of the
reference structure. The values of the I_ are used as

, hkl
input for the program INCOR.



PART III:

RESULTS
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VII. STRUCTURAL DETERMINATION PROGRAMS

It is beyond the s¢0pevof this dissertation to:give a
full.br eVen a reasonable ﬁreetment of strdctgral determina¥
tion programs. All of'the programe used in connection with
this work are library programs developed and modified by
many different researchers. They are all developed for x-ray
diffraction work; however,vthey can easiiy be adapted to be
used for electron diffraction. This chapter will only attempt
to describe briefly tﬁe logic of the programs and the manner
in which they are ﬁsed in connection with ourvexperiﬁents.

| There areethreebmain_programs used, all of which were
- kindly supplied by Dr. Zalkin of the Lawrence Radiation
Laboratory at Berkeley. The programs are named INCOR, XRAY
(LSLONG) and FORDAP respectively. The way in which they are

used is outlined in Figure 701.

INCOR

The program INCOR is normally used to process raw X-ray
data and repack them for input uses for either XRAY or FORDAP.
It processes both goniostat'or weissenberg’data, which are
net applicable in eleetron diffraction. VProgram INCOR also
subtracts backgrouﬁd_aﬁd omits forbidden reflection if
instructed besides calculating the structural amplitude

Qhkl from input raw intensities.



pigure 701 .,
.,Diagram‘shOWing'hbw theldifferent pro-

.grams are -linked together. See text

ff(Chapter3VII).for-an explanation of -the

" various programs. - -
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Raw data

| uncor |

' Least square Fourier
fitted parameters synthesis plots

© " Figure 701.
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For the present work thls program is malnly used to
.calculate F bs’ whlch is the symbol de51gnat1ng the observed

structural amplltude ¢ and to exclude unwanted 1ntensrt1es

hkl’ - _
' 1n the systematlc absences. Its output is on magnetic tape

called Tape 5.

LSLONG

Its original‘name7is IS. Tape 5 from;INCOR is the input
to LSLONG. It basically is-a:LeaSt Square Program thch cal-
culates the phaSe and the scattering amplitude ¢¢ai from the
input atom coordinates and atom scattering tables a¢Cording
to Eq. 218 and 220. Then it compares ¢__, with ¢_, _ which is
inputted from INCOR for each'hkl; It calculates a new scale
factor,_changes'the'atom coordinates and the temperature fac-
tor by a small‘incrementband calculates.a newlset Of'¢cal’
For each new attempt, it also calculates a R value which is
a flgure of merit for least square flttlng known as the rell—
: ablllty factor (the rellablllty factor is further discussed
in Ch. IX). The program does this relteratlvely for as
.'many cycles as instructed. The atom coordlnates and the
temperature factors of the last. cycle define the best fltted
structure accordlng to the 1nput data at that partlcular
stage of reflnement. | |
| The program converges lf the last ShlftS in the re“rn‘nc
parameters are small and the R value no longer decreases |

apprecinbly.
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The output is written on magnetic tape called tape 7.

FORDAP

FORDAP is.essentiallyja Fourier syntheées program
coupled with a plotting routine. As input,‘it can take either
Tape 5 from INCOR or Tape 7 from LSLONG, or frbm‘éimilarvdata
punched on IBM cards if instructed tb'do éo. If the input
is Tape 5, £hen this program sums @2 in the Fourier synthesis,
thereby calculating the Patterson Funétion. In the input isv
Tape 7,'£he progiam calculates the distribution ofvscatterihg
potential according to Equation 213. 1In additipn it can cal-
~culate the difference Fourier, or it can do the Fourier
summation of the observed structure'amplitudes with the
' phases of the calculated structure. FORDAP also pléts,
using thé CAL-COMP plotter, either séctions of projections
of the Fourier synthesis, with either ¢ or @2 depending on
instfuctionvfrom the programmer. By putting in three dimen-
sional data it can even calculate and plot sections through ”
an oblique section. |

For a more compléte discussion of the general tobic of

computing methods used in crystallographic work, refer to

standara texts such as Computing Methods in Crystallography,

edited by J. S. Rollett.
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- VIII. THE PATTERSON PLOT

_The‘raw data;'after the background and the systematic
corrections were made as mentioned in Chapter V, is then
fed into the p:ogram INCOR. The output of INCOR, after re-
éfranging.the daéa énd’putting them on magnetid tape, serves .
as the input to the program FORDAP which plots the Patterson
Funétion:. The plots for the h0l, hko, and Ohl are shown in
Figures 80la, 80lb, and 80lc respectively. The peak'posi—

. tioﬁs‘calculated from the FORDAP plots are listed in Tables
801a, b, and c respectively.

The Patterson Plot, interpreted kinematically, is the
'_auto—correlétionlfunction of the scatterihg»potenﬁial Eq.
225, If'the>structur¢ is known, a "point Patterson" can be

calculated by plotting the diffe:enceé of the known coordi-
nates of the atoms (inter—atbmic vectors). The plot of
these inter-atomic Vectoré should be similar to the experi-
:‘mental Patterson.Plot. In this'dase,‘the B glycine
coordinates as determined by Iitaka by x-ray diffraction

- are uéed as a standara_to plot a "point Patterson" map.

The x,y,z, préjectiqns are shown in Figures 802a, 802b,

~and 8020 respectivély.

A visual‘éomparison of the two plots'Shows thét,essén—

tially they are similar with some systematic omissions.




"
D

Figure 801§

hol projection of the Patterson Function
of B glycine. The peaks are listed in
‘Table 80la. -

Table 80la

Peak positions of the Pattérson’Function,.
h0l projection. This is a printout from
pfogram INCOR. RHO is the value of the
peak heights. A projection of these peaks.
is plotted in Figure 801la..

Figure 802a

"Point Patterson“ map. hOlvprojection.

This is calculated by plotting points of
- the interatomic vectors from the known

atom positions of the molecules within

“one unit cell.
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Figure 801b

hk0 projection of the Patterson Function

Table 801b

BN

Peak position of the Patterson Function,

hk0 plane. This is a printout from program

56

- INCOR. RHO is the value of the peak heights.

A’projection of these peaks is plotted in
Figure 801b.

Figure 802b

hk0 projection of the "Point Patterson."
This is calculated by plotting points of
the interatomic vectors from the known atom

positions of the molecules within one unit
" cell.
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Figﬁre 801¢_

Ohl_projectioh bf'the-Patterson Functioﬁ,
The peaks are listed in Table 80lc.

" Table 801lc

Peak positions of the Patterson Function.
0kl projection. This is a printout from
~program INCOR. RﬁO’is the'valge of the
.peak heights. A projection bf these peaks
is plotted in,Figufe 801c.

~ Figure 802c

Okl projectioh of the "Point Patterson."
This is calculated by’plottingbthe points
- of the interatomic vectors from the known
atom positions of the molecules within one
unit cell. | :
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Two éoncluéions are possible:

(1) The diffraction patterns have no significant dynami-
cal effect énd hence can be interpreted on purely kinemati-
cal groundé; 'Their Patterson plots are similar to what they
should be theoretically; the omissions means that certain
interatomic distances are not resolved well.

(2)-The,diffraction patterns have significant dynamical
effect, but the Pétterson function is not sensiti?e enough to
show the difference. This is plausible because the Patterson
is a convolution of two functions. Even if these functions
are modified, as in the case of dynamical effect, so that
the Y is modified by a factor'K, according to the two-beam
approximation discussed belbw,'and would appear differently
from that of thé Kinematic P, the convolution function would
not change appreciably.

From the consideration of the two-beam'dynamical approxi-
mation.[43] iﬁ the case of a medium thickness block, the

integrated intensity can be expressed as

a2 2 =
I = G\ [@hkll K(t,o — 801

hkl hk1! ‘T

where C is some constant, X is the wavelength, ¢ is the

“hkl
structural amplitude. I is a factor which takes into account

the mosaic nature of the sample and is proportional to dhkl’

the plane distance.

- : 1—-2 2 Eﬁﬁl
K(E,0,, ;) = exp(-3E") |7

12) ‘ 802

and Q = volume, t = the thickness of the crystal. Eg. 801



can be rewritten as-

b s S S 803

The Patterson funétion is defined as
‘P=F(m - 804
where ' is omitted for convenience and Ffl denotes the

operation of a Fourier summation and the subscripts are

dropped for convenience. Therefore

P AP L(02:K)
N R
v FE OT(97)F T (K)
] _ : ,
~ Py F T(K) ' 805

Where Pk denqtes the»Patterson invthe kinematic case and f;‘\,

denotes the convolution operator. This shows that the Patter-

son is further convoluted with the transform of the modifica-

‘tion factor.

Alternately, if o! is\thé "true" kinematic structure
amplitude, and ¢ the dynamical or apparent structure ampli-
tude and K the two-beam correction féctbr as defined in Eq.
802, then ¢' can be expressed as

?' = ¢*K | | . 806
The Patterson in this case is then:
) '—. \'2 .I v .
P' = F([]e'|%) : 807
The correction factor K is plotted in Figure 803.

As shown by Eq; 806; K modifies ¢; but according to
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Figure 803, its effect is only considerable if t? is large.
It is readily seen that g1 only inéreased the amplitude of
¢ with no othervéffect. Eq. 807 indicates thét the Patter-
son fuﬁction is now calculated with each intensity increased

1. In,thé;case of the modification being small,

by a factor K~
i.e., K =1, it is seen that according to the two beams
approkimation, the Patterson map will not significantly differ
from the_kinématical Pétterson and therefore does not show

any definite effects in the locations of peaks because of
»dynamical scattering. For a multiple béam dynamical appfoxi-
mation sﬁch as that published by Schiff [44] thé modified

Patterson is more difficult to interpret. According to Schiff,

"the structural'amplitude can be expressed as
& ~ iF(l1-e V) | 808
where ¥ is the electricipotehtiél within the unit cell.

The Patterson is then

P = Fl[e-0*] ~ FL(1)

Flip(l-e 2V (Xi¥)y gl o3V (x,¥) )y 809

: — Ny
= (1“6-;”) (x,y) ) (l_elw (_XI—Y)‘)

It is tﬁe convolution of a complex function of the electric
potential instead of the autocorrelation of fhe eléctric
potential; In the case that the dynamical scéttefing is not
very strong, i.e., if ¢ is small, the complex_function goes

over to the kinetic case readily. For small ¢ if y<<1, then



Figure 803
Theoretical values of K (after Vainshtein,
ref. [3]). This is the factor which cor-

rects for dynamical effect according to the

two-beam approximation. When t-+X-

<2k
r

can be approximated as exp{fy3E—2X2|§|2}-
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Therefore, in the case bf not Very stroﬁg séattering, the
Schiff formula épproaches the kinematic formulation and we
would not expect the Patterson to differ appreciably from
the»kinemaﬁic case also.

According to the theory of Cowley and Moodie [45] for

the case of a one dimensional centrosymmetric crystal with

Gaussian atoms

o

¥ (x, y) = c exp(-xz) . 811

the Patterson function can be expressed as (see Eq. 229)
. : 2 .

P = exp{icefx'} explice™™ } . 812
whefe c is some number which répreseﬁts variations in the
atomic number of.the atoms or the crystal thickness. For
the caéésfof light atoms c is'lesévthan 2;.'The way in which
the peak heights and the fotal afeas of the peaks of Eq. 812
vary with c is given by Figure 804. It is seen that for
'iight atom§~(with c less than 2) the dynamical Patterson is
not appreciébly'different'from the kinematical Paftefson.

The present experiment.uses hore accurate atomic
vséattérinérfathrs and three dimenSional data. The crystal
of B leciﬁe is céntrosymmétric. Theréfdré the analysis of
Cowley and Moodie has relevance even though their calculation
_ is one dimensional and is basea on an assumed Gaussian
" scattering potential. The experimental obser?ation reported

here seem to confirm their result.




Flgure 804

- The varlatlon Wlth c of the peak helght
: and peak area for Patterson Peaks - [9]

. ..c is some number wh1ch represents elther

" the atomlc number. or the atoms or the,:"
crystal thlckness., ‘This:- graph shows the .-
evdeference between ‘the Patterson functlonv'

v calculated w1th the klnematlc theory and B
that which was calculatéd by the. dynamlc’”-’°

approx1matlon of Cowley and Moodle.
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IX. STRUCTURE OF B GLYCINE

The raw intensity data, after correctingifor the non-
lihéarity previous to the digitizing process (Chapter VI),
and - after being arranged by the program INCOﬁ,.are‘uSed as
inputfto.the Least Square Structural Facfor Program XRAY
(LSLONG). The logic and mechanics of the‘programs are dis-
cussed briéfly in Chapﬁer VII. For a more detailed discussion

of structural progréms of this type, wevrefer tb_Stout and
Jensen [32] and other standard x-ray crystallbgraphy text-

books.

Procedure

(1) Use thé,atomié scattering factors for electrons

£,y to calculate the structure amplitudes ® 41 Of the "trial"
structure. The "trial" structure in this case is our
reference structure determined by Iitaka using x-ray
methods. We have put in as input_éoordinates the atom
coordinates as published by Iitaka in 1959 [24]. The ®hk1
thug calculated sefves as the basis fér determining to what
extent the diffraction data show dynamical effects. The
(;esult of thié expe;iment ié discussed in Chapter X.

- (2) Using the lterative Least Squére Procedure,'tovsee
how well the diffraction data compare with the trial struc- .

ture. - This program calculates the atom coordinates of a new



structure whose electron SCattefihg amplitudes’©hkl”are
"~ the most conéiStent‘with the diffraction data as determined’
by the Least Squaie Method.' The program alsd célculates a
new temperature factbrvfor each atom} in thiS»éééevwé have
iny-attémpted the isotropic case. fhe initial temperaturé
factor should be determined by a Wilson piot,'but for sim-
plicity we have put in_asvinput the temperature.factOr,as
given by Iitaka. 4 | |

- (3) By pUtting a small variation of the_atomic'cobrdi—
nates.in such a trial structure from the standard reference
structure Qe éan see whether the diffraction.data con&érges
to the same minimum or whether they converge to a differeht
minimum. If they cbnverge to a different minimum, this
would indicate that the set of experimental data is not good
enough to give a uniqué structure and hehce, we would have

less confidence in this experimental procedure.

(p) Reliabili@z_Factor; Aftef a five cycle
refinement, the program converges with a.reliability«factor
R = 0.48,-the'R value for modern x-ray éryétallography tech-
nique ié for mosf cases less than 10% and for;éareful work/
can be refined to as low as‘l—2%; A. J. C. Wilson showed
that.the theoreticalrvalue for R_whichAwould'be obtained by
‘'using the proper kind and number of atoms piaced randomly
is R = 0.59 for acentric space grbups and for centric space

groups R = 0.83 [45]1(46]. Vainshtein [47] has pointed out
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that for electron diffrection the reliability'fector should
be about 1. 5'times higher in the absence of terminaﬁion of
series for a three dlmen31onal serles and 2 tlmes hlgher for
progectlons than x—ray dlffractlon. |

However, ‘in any experlment a R velue-more ‘than 20-30%
| is 1nd1cat1ve of the fact that low levels of confldence
should be given to the structure. The reliability is defined
as |
zle |-le,]

zl?ol

N R = 901

whe:e 60 and ¢C denote the obServed and calculated structural
amplitpdee respectivelyf This parameter shows the degree of .-
agreement between the observed andlcalculated_data,-.Even_
though the R value does not asSure_the correctness or incer-
rectness of a structgre, at Ieast a large R value shpws poor

agreement with the data.

(B) Bond:Lengths and Bond Angles: . The atom

positiens given by the program LSLONG ere calculated with the
coordinates of the eﬁom-N being instfucted to be fixed in

the program so that an origin of the coordinate system of the
unit cell can be defined. The atom coordinates from the
calculated stfueture are tabulated in Teble-gdl,vandethat of
the reference-structﬁre in Table 901b. The bond iengths
and_bona engles calculated respectively from,thesevcoofdinates
are listed in Table 902a, b. Table 902b alee-lists the |

differences in bond lengths and bond angles between the values



Figure 901

Molecule of B8 glycine
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Table 901l1a

N\

Atom coordinates of B glycine in frac-
tional units of the unit cell dimensions
as given by Iitaka.

Table 901b

Atom coordinates in fractional coordi-
nates as calculated by the present
experiment. Hydrogen atoms not included

" in the structure factor program.




01

02
Cl

Cc2

01
02

Cl

Cc2.

X
0.3522

0.3772

-0.0896

0.1378
0.1145

X
0.3522
0.3834

-0.0901
0.1319

‘0.1095

Table 90la

y

-0.0440

0.0270

0.0773

0.0532

0.0719

Table 901b

y

.-0.0440

0.0402
0.0980
0.0099

0.1230

z
-0.2619

0.2420

0.0970

0.0633

~0.2265

A

-0.2619

0.2369
0.1248

0.0756
~0.2396
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Table 902a

Bond lengths and bond angles, calcu-
lated by using the atom coordinates
of Table 90la. '

Table 902b

Bond lengths and bond angles,--calcu-
" lated by the atom coordinates of
Table 901b. The differences are the
differehces-calcqlated by subtracting
this value from the standard value

which is given in Table 902a.

.79



calculated

BOND LENGTHS édifference.
N-C2 1.4837 2
c2-cl 1.5207
~C1-01 1.2279
Cl-02 1.2464
BQND ANGLES Eaiculated difference
C2-Cl-02 115.9320°
Cl-C2-N 110.8000
c2-c1-01 117.7790
o1_ci-02 125:17§0 

‘Table 902a. Bond lengths and bond angles,

14
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BOND LENGTHS| calculated | difference
NeC2 1.6409 A | -0.1572 &
c2-cCl 1.7995 1 -0.2788
ci-o1 1.2435 -0.0156
Cl-02 1.3712 | -0.1248

BOND ANGLES calculated | difference

C2-Cl-02 105.7590° - | 10.1734°

Cl-C2-N 93.0441 17.7559

C2-C1-01 ] '105.2870 12.4925 .
120.0000 | -6.1792

01-C1-02.

Table 902b. Bond'iengths and bond angles,
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given by Iitaka and that which is given.by-the present
experiment. Thevatoms of B glycine are labeled in Figurel
901. It_can be seen readily.that_the changes in bond 1en§ths
are relatively small comparéd with the changes in bond angles.
The largest changes in_bond iength occurs with the C1--C,
bond which is 0.27 & or about 20%. ‘The largest éhange in
‘bond angle is the angle at atom Cz;_ The change is 17° or
almost 17%. Assumingléhe correctness of the: reference struc-

ture, this degree of deviation is very significant.

(C) The Question of Tempéfaturé Factor: In the

early stages of structure determinétion, we encouﬁtered nega-
tive temperatute factors in the structural program refine-
ment. Taking;the thermal motion of the atoms into account,
~the structure amplitude can be expressed as

‘ _2 PR -+ ' :
‘Qhkl _'iﬁeli Texp(2r1(ri H)) . 902
. 14

- where r, is the position vector of atom i, H is the vector
of the reciprocal lattice and fel is the atomic scattering

. . i,T
factor of the ith atom multiplied by the thermal function,

i.e.,
fel,T = fel.fT
£p = exp(-B(E2%) %) /

where B is defined as the temperature factor. Unreal or
negative temperature factors can be due to the following

‘situations.
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(1) Uncorrected non-linear effects'ofvthe data process-

ing procedure.

In Chapter VI, it has been shown that the responée of

the photographic plate is non-linear. For the most part, a

correction of the fo

and K is some constant, is adequate.

rmI = e

KD

’ whére D is the blackening

,Sﬁppose that the slope

K is corrected,band K' is the true SIOpe, then Eg. 904 can

be_written as

I = eKD,=

recalling that

o‘o »/I'—:_Q.e

o (K'=8K)D _

on vl = éKo,e-;KD _

1/2AKD

1
X'D.

—~AKD
e

905

&.e—L/2AKD.

206

Equation 906 shows that in this case the effect is the intro-

ductién of a factor of the formbe

1/2AKD

into Eq. 902. This

factor also varies although in some complicated manner, as

(sin6)? 

and it also counteracts the temperature factor.

(2) The‘atomic-scattering factor fel as a function of

(sine)z

"of the fe tables.

1

N

The fel as a function of angle

It can be_seeh from Figure 902 that:

. sin®, 2
e‘K(-)\_ )

should, the_effect is as though £

factor of the form e

+K.(sine)

2

curve. If it is falling

el

with.

falls off too slowly. This needs a re-calculation

'is shown in Figure 902.

fel approx1mates an

off less sharply than it

is modified by some

some constant K'. This
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factor has the same functional form asfT énd counteracts to

it.

(3) Dynamical effects
For a single crystal of "medium" thickness, the integrated
intensity according to the two beam dYnamical approximation

can be expressed as

® S . :
I = cr?|8]% ¢tk | 907

where c 1is some constant, t is the thickness of the crystal,
and

s
2]?%) | 908

K = expl-3(t)2:)?

with @ denoting the unit cell vélume.

If I' is the correct intensity L I’ N@z

and d v VI'= /I - % ' : ‘ 908a

It is obvious from Eq. 908 that the dynamical correction

factor 1/K introduces into Eg. 902 a factor of the form

2 : .
e+k¢ which also is dependent on (51n8)2

A

and counteracts
the temperature function fT. |
From the experimental results Case'(2) clearly does
not apply. If Case (2) were true, then the température
factor of the same kind of atom, for example carbern, will
be negative. The results of three types of éxperiments direc-
ted to this guestion are tabulated in Tables 904, 905, and
' 906. The experimental results as listed: Tabies 904 and 905

are calculated from the same raw intensity data but their .



intensities ére.correcﬁed_for non-linearity by different
values of slope K. ,. | ' |

From Tables 904 éna 905;.it is shown that the-tempera—‘
ture facto: of Cl and C2.are of different signs. Therefore,
case (2) is ruled out. |

Case'(l):seems probablé because) as shown in_Téble 906,
aftef correction of non-linearity effect by;aésumingva two
slope correction curve (Chapter'VI) all the temperafure
factoré become pbsitivé. While the:correCtion of nén—linea—
rity as described iﬁ Chapter VI yields'positivevtemperAture'
factors, it does not improve the R value. This means that

the reliability for the calculated structure is lower than

o before.

The increase in R value with positive temperature'fac—

85

tors may mean that the correction method for the non-linearity

of the calibration curve is not adequate and introduces

systematic errors which cause the increase in R. This expla-

nation seems acceptable because; as waé pointed out in
Chapter VI, a éoint by point‘cofreCtion according to the
calibration curve shoﬁld give much more reliable results

‘than the,tWOYSIOpe.systematic correction,method.we have used.

Another'éxplanation ﬁor the hégative témperature factor
is Casé (3).- The evaluation of the eXtent to which the
diffraction data are dynamical will be discussed in Chapter
X. | |

A combiuation of the effécts of Case (1) and Case (3) is

. possible.
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Output of'thegLeést Squarenprograﬁ XRAY
(LSLONG) . Listed are: The reliability
- factor ‘R, the scale factor, the new atom

coordinates x, y, 2z, the new temperature .

factor B, and the atom types. This is

the result after 5 cycles of refinement.
‘Table 904

Calculétgd‘with a one slope ﬁéh—linéarity

- correction for the raw intensities.

'Table 905'
Calculated with a one slope non-linearity

correction for the raw intensities. Slope’
" different from Figure 904.

Table 906

Calculated with a two-slope non-linearity

correction for the raw intensity data.
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‘Table 904
‘R (INCLUDING Z&£RO YEIGET DATA) = 438732 FOR 235 DATA,

NEW -SCALE FACTOW FOR FOB3 = 1'87_7_4'

TONM NET X NEW Y uE oz NEW Bll Cx B

A

1 0352200  -.04C000 -,261900 420 N

2 .32:036 067212  .237306 . .69 01

3 -.0395635 J109586  .124°99 2164 o2

4 131694 ,032353  ,075030  -.377 C1

5 .103824" 123619 -,239098 - 856 c2
Table 905

R (INCLUDING ZERO WZlolUT DATA) = .35765 FCR 199 DATA.

NEW SCALE FACTOR FOR FOBS = ,43993

ATOM - NEW X -~ NEY Y  NEJ Z  MEW BLL OR B

1 .352200°  -,040000 -,261500 252 N

2 0379734 - .032229  .222471  .968 oL

3 -.091263 .077586  ,112815 1.374 02

4 L115799 ,032816  .075358 -1.295 C

5 - .102688 111566 =-.237292 1,677 C2
Table 906

‘R (INCLUDING ZERO WEIGHT DATA) = .48925 FOR 235 DATA.
NEYW SCALE FACTOX FOR 035 = 18657 '

ATOM NEWX . NEW Y CNEW Z NEW B11 OR B
1 .352200  -,040000 -,261900  ,532 N
2 2383419  .040202  .236902  .510 o1
3 -.090100  .093018 ..124317 2.122 02
& 131947  .009902  .075626  .053 Ccl.
5

. 109545 .123050 -.,2396183 .703 c2
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(D) Convergence and the Number of Minima: To get

some idea ébout the convergence behavior of the data, as
determined by the least square program, three ekperiments
are performed under the following conditions: |

1. A small random variation of magnitude 0.02 frac-
tional units is introduced into the input coordinates of the
trial structure, | |

2. All other parémeferé are kept unéhanéed.

The results of such experiments are tabulaﬁed in Tables
907 and 908. It is clearly seen that they all converge to
aifferent minima with high R values. . |

Thesevexperiménts add another testimony to the unreli-
ability of the result.

It is not unusual that least square programs do some-
times converge to different minimé, for variation in input
coordinates of * 0.02 fractional units, or about 0.1 A.

This kind of variation is not.too unreasonable if the atom
positions are not accurately kﬁown beforehand} If there

were enough data to completely overdetermine the parameters,
the prbgrams should converge to the same minimum. In the
‘present-investigation;_the_three—aimensibnal data together
have about 235 different spots. .This is equi&alént to having:
abbut half that amount of unique data»poiﬁts because of
symmetry. >When this number is compared with the‘situation

in x—raybdiffraction, where data usually run into thousands,

our technique at this stage of developmeﬁt seemns crude indeed.
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Output of the Least Square Program XPAY

. (LSLONG). Listed are: The reliability -

- factor R, the scale factor, the new atom
- coordinates x,y,z, the new temperature
factor B, and the atom types. This is
the result after 5 cycles of refinement.

Table 907a
Result of a slight variation in input trial

structure. Experiment I.

Table 907b

 Result of a slight variation in input trial
structure. Note the unphysical 7 ccordinate.

Experiment II.

Table 907c
Result of a slight variation in input trial
structure. Note the unphysical 7 coordinates.
Experiment III.




FIG. 907a

R (INCLUCLKG ZEA0 Wil3ll DATA) "= 53306 FOR 235 DATA.
Hid SCALE FACTOX FOL FOBS = ,16976

ATOM HEd X NEW Y HEW 2 KEW 211 O2 B
1 .352200 -,040000 -,281900 1,533 BN
2 .385092 .055257 .263301 1.006 Ol
3 -.107160 .111679 .155236 .692 02
4 . 143601 .013659 .073341 1,606 Cl
5 .131034 ,131650 -,391769  4,35¢ c2

FIG., 907b

R (INCLUDING ZZRO WEIGHT DATA) = ,49739 FOR 235 DATA,
NEW SCALE FACTOX FOR FOBS = 19577 - -

TOM  NEW X NEWY = NEW Z NEW Bll OR B

A

1 352200 -.040000 -,261900 .317 i

2 .365630  ,030775 .248559 1.299 ol

3 -,091743 109148 - .,091064 2.655 02 -

4 .121159 .033912 .027822 -.577 Cl

5 .103518 .117382-33,275909 -.534 c2
FIG, 907c

R (INCLUDING ZERO WEIGHT DATA) = .48432 FOR 235 DATA.
NEW SCALE FACTOR FOR FOSS = 18574 '

ATOM  NEW X KEW Y NEW 2 FEW BLl OR B

1 .352200 .,040000 -.261900 . 560 N
2 .386393 .048405  ,246947 1,065 Cl
3 -.090310 .114103  ,138166 2,092 c2
4 .132133  .043287 ,072743  ..681 Cl
5 .103031 .127044438,264245 1,419 c2



Table-908a'

Bohdvlengthsvand bond angles. Result of
variation of input Experiment I. Calcu-
lated with the atom coordinateés givéhfin
Table 907a. The difference is that be-

tween this result and the known values..

Table 908b

Bond lengths and bond angles. Result of
variation_bf input Experiment Ii.,.Calcu—
lated with the atom coordinates given in
Table 907b. The difference is thaﬁ.be-
tween this result and the known values.
'Unphysical values in the bond lengths are
due to flaws in the least square program
which allow the atom coordinates to ‘exceed

.the unit cell dimension.

Table 908c

Bond lengths ana bond angles. Result of
variation of input Experiment III. Calcu-
lated with the atom coordinates given in
~ Table 907c. The difference is that which
vis'between this result and known values.

Unphysical values in bond lengths are due

to flaws in the least squafe-program_which”

allow the atom coordinates to exceed the

unit cell dimension.
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‘BOND LENGTHS|

1109.4600

calculated ~difference.
N2 1.5124.A T ~0.0287 A
'cz-ci 1.5786 | ;0.1575'
C1.01. 1.2686 ~0.0407
Cl-02 1.6095 ~0.3631.
BOXD ANGLEsj célcu;ated,-vdifference
- C2-C1-02 116.4200° | -0.4879¢
C1-C2-N 68.0730 | 41.127
lcz-Cl-Ql 112.1560 | -5.6234
t Oi-CIFOZ _ 416.7i§§

~

Téble'908a} Bond 1engths_and bond angles,-?f
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BOND LENGTHS|

calculated [differencé
w2 .
@-c *

'c1-b1  1.3378 -0.1099
c1-bz 1.3395‘ 40;0931
BOND ANGLES calculated difference
C2-C1-02 124.7770° -8.8447°

Cl}cz-N *
C2-C1-01 121.4860 -3.7066
ol-CI-oz .109:9330 16.3457

Unphysical values (please see legend)

‘Table 908b. Bond lengths and bond angles,
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BOND LENGTHS

;jcalculated _;differenc%-
N-C2 *
c2-Ct o
ca-or | 1.2616 -40.0335
'¢1_sz' “},3828 | .-0.1364
BONDANQLES‘f .¢a1cu1§ted"_diffgrence
c2-C1-02 | 125.1380° ~9.2057°
2N *
c2-c1-01 109.8960 ;7;5828v
lZQ.;668 55.9132»

015C1-02_:

Unphysical values (please see legend)

~Table 908c. Bond"lengths and bond angles, .

96



The number of uhique data poiﬁts‘used in Iiﬁaka‘s work was
only about‘dns hundred, howevér; His,dsta'wsre from the

hOl and Oklsprojections. This‘numbsr should be looked upon
as the bérest minimum that can be used, as present day x-ray
crystaliography ususlly works with data-points_humbering

one or two orders of magnitude higher.

»(E)A Hydrogen Atoms: » A Fourier synthssis using the
‘phases and scatteringvamplitudes of the calculated structure
isrshownvin Figure 902. A AF synthesis using the same con-
ditions.is shown in Figure 903.

Thevdifference'Fourier synthesis is a powerful tool in
the :efinement.of the aﬁom'pa:ameters,w It is a Fourier
synthesis»using the difference between‘the magnithdes of the
observed and calculated structure amplitudes I@ol—lécl as
coefficients.: It can bevexpressed in the form

i 21 (BT
Ltoc gm2m(Hor) 909 .

. z o
AF =y tegl-le e

where_aC is the phase of @c.. If the phases arescorrect,

Eg. 909 provides a direct measure of the errors between the

model used and the "true" struéture‘implied by the 2 's.
Thgldifferesce map has_a peak everywhsrevthét the-éc
model fails to provide the slectron density implied by ﬁhe
l@oli(the phsses ofrﬁhe ¢ are used). It shows a hole where
it providés too_much; As a first approximation, correctly

placed atoms will hot'appear in the sYnthesis, incorrectly

placed ones will be in holes and missing ones will appear as

97
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Figure 902

Fourier synthesis map of the scattering
potential of B glycine at a section along

‘the b-axis where b = 0.8 fractioﬁal'units.

Figure 903

The AF synthesis of B glycine along the

b axis. It is a section at b = 0.8
fractional units. The solid dots are the
atom centers of the B glyéine‘molecule
minus hydrogens. The open circles denote
hydrogen atoms. See text for further dis-

cussion.
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‘Output of the Least Square Program XRAY
(LSLONG) . Listed are: The reliability
factor R, the scale factor, the new atom
‘coordinates x,y,z, the new temperature
factor B, and the atom types. This 1is
the result after 5 cycles of refinement.

Table 909
Hydrogen positions as given by Iitaka

are included in the calculation, but
they are not refined.

‘Table 910

Bond lengths and bond angles. Calculated
from Table 909. The difference shows
- the discrepancy between this result and

that_of the known wvalues. -
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R (INCLUBING ZERO WEIGIT DATA) = ,47185 FOR 235 DATA.

FIG.

MEW SCALE FACTOR FOR FOBS

- ATOI

H LN

NEW X

.352200

.383831
- -.085458
©.131949

.109340

HOT RETFINED,
. 540000

.340000
~.337000

-125000
-.091000

NEW.Y

-. 040000

.039544
.120674
027645

L114648

.012000
-.031000
-.203000

.241000

.008000
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19515

NEV Z
-.261900
.241835

. 105738

077351
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.216000
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.362000
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.061

.000
. 200
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Ol
02
Cl
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. 000

.000
.000

H1

H3
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BONDiLENGTHS calculated | difference
I\-C2 - 1.6.669 A | -0.1832 .A |
2-Cc1 1.6189 7;6.6985

.01?01 1.2378. '40.0095
C1-02 11.3093 -0.0629
BOND ANGLES ;alculacéd difference
cz;ci-oz- 102.7440° 13.1885°
Cl-C2-N 1100.3580 10.2422
C2-Cl1-01 109Q239o 8.4904
_oi-ci-dz 124:8320 1.3475

‘Tableﬂ

910. Bond lengths and bond aﬁgles; f:

~
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peaks. - S B S /
’ItvalSO'shOWS where“an anisotropicvtemperature factor .

is needed. ;For fﬁrther"discﬁSSion:on”the roléfof’the AF

synthesis in the refinement of:structures, the reader is

. referred to standard texts such as étout and;Jeneen'[48];

’from'the difference Fourierlmap‘of:Figure 903 it is
readiiy seen that - ) |

1..Atbm 01 has too large an'isotropic*teﬁperature'fac-
- tor (TF) and anisotropic TF correction is{neceseary, |

2. Atom Cl;has too small antisotr0pic TF and also anie—
otropic TF correction is needed,

3. Atom 02 needs;a larger.shift in coordrnates, and/or
probably has too large a;temperature factor,

4. Hydrogen atoms are ea511y located and occur at peaks
labeled w1th open c1rc1es and connected by dotted lines as
shown in Figure 903.

ihese observatdons indicate that further refinements
'in the direction of. | | |

a. Putting in-anieotropic'temoerature factors :for
at least atoms Ol and Cl. | |

b. Includlng hydrogen atom posrtlons are in order.
- But as mentloned above, because of the hlgh rellablllty
:factor value, further reflnement was not attempted
The above observatlons testlfy to the fact that the .

‘scatterlng cross sectlons of hydrogen w1th electron diffrac-

tlon is consrderably hlgher than that of x-ray dlffractlon, :
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hence detéction is-muchieasier.

>Except for the fact ﬁhét a céuplé 6f the smaller peaks
in the difference map (Figure 903) cannot be accounted for,
Figure 903 is an excellent example of the detection of hydro-
gen atom locations by the difference Fburier:syntheéis of
electron diffraction methods. | »'

Figure'903 further'suggésts that including the hydrogen
atoms into the calcu;afion of structural amplitudes can
- reduce the error. The result is shown in Table 908, in which
a 5 cycle refinement of the 1eﬁst squafé program with the.
hydrogen atoms included but.not refinediis tried.

As shown in Table 909 and 910, thisvexperiment produces
a slightly beﬁtervresult, as the calculated bond 1engths and
bond angles_a;e_concerned, but it neither redueces the R fac4
tor nor gives awreasonable temperature,féctor; The conclusions

drawn previously in this chapter therefore still hold.

R IS

(F) Refinement of Calculated Structure: In view

of the preceding fesults,.refinement of the calculated struc;
ture seems out of the.question._ Therefore, we have decided
not to further refine by the normal techniques such as using
anithroPic temperature factors, doing difference Fourier
synthesis aﬂd iefining'the pdsitioné of-the hydrogen atoms,

“etc.
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X. EXTENT OF DYNAMICAL SCATTERING

The first sign indiCating possible effects cof dynamical
scattering is the presence bf forbidden reflections. Since
we a;e.WOrking with a structure that has been accurately
determined by xFray diffraction, these forbidden_reflections
do not present serious problems in space group determination.
If the structure is unknown ahd if there were no accurate
x-ray diffraction data to act as a standard reference, the
presence of forbidden reflections would ?osevserious problems
in the determination of space groups.

The space group of glycine as by Iitaka is P, [24].
. 1

This is cqnfirméd'by-the indéxing of 6ur electron diffraction
patterns except for thé fd;bidden réfleCtioné along the X
axis. The extinction rule is k = odd, for the 6ko recipro-
cal lattice row of the hko projection, and none for the HOlA
projection. As can be readily seen from Figure 1001, the
010, 630, 0so0, olo, 030, 050 reflections do appear with
éppreciable infenéities.. In Chapter VI it was pointed out
 that since we have the x?ray-diffradtion_data as standard,
the'INCQR prog;am was instructed to ignore these‘forbidden
.refleqtions;f Héwever;'thé apéearance of.thesé systématic
refléctionSrmay be interpfetéd either as a sign of dynamical

effect or as a result of incoherent secondary scattering [93,
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‘Figure 1001

Micr@@epsitometer tracing of the 0h0 reflec-
tions‘;_These are values of the diffraction

spots before non-linearity connections are
made. ’
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27,44]. If the forbidden reflections are due to secondary.
scatterin@ rathef>thén muitiple scattering,'it is possible
to cbrrect'for itbif its influence is not Qery sﬁrong (49,
50]. This rebresents yet aﬁother stage of refinement.which
we shall noﬁvattempt to do. |

There are methods for corfecting the effect of dynamical
scattering ;uch as that proposed by Honjo'and Kitamura [51]
and by Nagakura [52]. innjd and Kitahura made their dynamical
correction based on the two beam app:oximation of Blackman.
They proposéd a‘method of recording data at several wave-
lengths and extrépolating the observed intensities to zero
wavelength;"Nagakura proposed another method utilizing
Wilson's intensity Statistics'combined with the theory of
‘primary extinction. |

"Any effort compensating'the effects of dynamic scatter-
ing would undoubtedly improve both the reéolution and the
reliability'of strucﬁural determination;v The correction
represents yet anothervstage in the refinement of the calcu-
lated structure.

'If a standard :éference structure is known and iﬁs
:structure amplitude ¢ is»calcuiéted, Vainshﬁeih [53,54]
suggests a method which allows the comparison of the fwo bean -
correction fécto; Kexpvwith the thgdreti;al;valug of that
quantity. The Kexp’_WhiChiis arrived‘at expefimentally; also
allows a crude calculation of t, the mean thickness.of the

crystal. The method is valid for crystals of "medium"
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2hk1

9]

thickness and for the region te}| |<2.

According to the two beam.approximation; the integrated

intensity for a "medium" thickness crystal can be expressed

as
¢
_ 2, hkl 2= _ ,— |
Iy = M=tk (E,0 | 1001
with o
K(t,o) = exp{—%(E'll—Egll)z} 1002

These equations are the same as Eq. 907 and 908 respectively
and the symbols are as defined in those two equatiohs.

Equation 1001 can be written as

k.Irel s :
—EXP_ - s.x
¢2 c Kexp _ 1003
cal
' 02 rel
where c is equal to >+ I is the experimental relative
| A% E exp |

o _ ' rel
intensity, and k is the scale factor which brings Ical into

the same unit as ©2_,. Equation 1003 is valid for each hkl
reflection in the two beam case. Since Eg. 1002 defines the

functional form of K, it follows_that Ke , defined by Eq.

Xp
1003, would also have the same functional form if the two
beam dynamical approximation for the medium thickness case
were applicable. Equation 1002 can be re-written as
1 —
—— te)
VY=-1nK = vV3 ¢ = md 1004

Equation 1004 defines m. If we put into Equation 1004 Kexp

instead of K, then the slbpe of the plot of Kexp against

¢ is m. With the value of m thus determined, the average

cal
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thickness t can readily be thained.from Equation 1004.
The average thickness t éould also be measured by dsing
the intercept of Eqﬁation~1003,

rel

2
k 5 = 95: 1004a
o2 | =0 2% '

However, in_this case k'which_is the_scale factor, would
have to be determined independently such'as.by varying .
The plot of K_.

exp

The slope determined from it is m = 0.2 + 0.1. The average

a'gainsti,@cal is shown in Figure 1002.

thickness of the crystal is then

Substituting into Equation'ldos; A’;'o.o41$K, Q = 157.83583,
we obtain t ﬁ’l3lbi,'within a factor of two.

This value of the éverage thickhessiis of thé same order
of‘magnitude as that wﬁich was estimated theoreticaily by
Vainshtein for organic crystals with Z = 6-8, and having 20-
25 atoms in the unit §ell. For such a case Vainshtein gives
a thickness of about l2COA as the thickness of crystallites
at which kinematic scaﬁteriﬁg changés to dynamic scattering.
From_this; we can infer that the sample We have used had a
thickness which is beginning to dr_is shpwing»éffects of
dynamical scattefing; | | |

 From Eq. 1002, it is obvious that the pufely kinematical'
case would mean a zero slope, i.e., ﬁ-= 0. The more dynéhiéal

the situation is, the larger is the value of m. The conclusion
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that our sample isvon the border line of showing dynamical

_ effect is evident from Figure ll'0‘02.and 1003. A "best fit"
straight line through the points, as judged by eye, has
almost a zero but slightly positive slope. The scatter of
the points makes an accurate determination of m almost impos-
sible. |

This way of calculating ﬁhe mean thickness and inter-
preting the extent 6f éynamical écattering has valiaity only
if the fo;iowing set of conditions apply:

1. The two beam dynamical ‘approximation is valid. How-
ever, the large intensities in the forbidden reflections may
indicate the presence of multiple beam effécts.

2. The crystal is of "medium" or intermediate thickness
so that absélute dynamicél effect is not taking place.

3. The standard structure or reference from which the
Qcal'is calculated, is correct with a high degree of confi-
dence. \

4. T |§<2.

5. The thickness of each mosaic eiément must be the
same, and there must not be large statistical variations in
volume between the individual_moéaic elements that give rise
to the‘individual'reflections.

The above conditions seem to apply in this case.

The inclusion of hydrogen atoms into the calculation of

structurél amplitudes produces slightly different values for



Figure 1002

Curve to show dynamical effects. . ¢__,

is calculated without H atoms. The
: . . . 2 .
ordinate is thevratlo Iexp/d>Cal whlch

is assumed to be equal to {:lOg(Kexp),

~according to the two beam dynamiéal_theory._

A best-fit straight line. is dréwn'through
 these points by eye. Because of the

functional form of K (see text), the points

corresponding to large ¢ Values_are given
‘more weight than those corresponding to
small ¢, in drawing the line. The slope
of the line determines the extent of dyna-

mical scattering.

Figure 1003

- Curve to show dynamical effect,wé 1 is

g ca
" calculated with hydrogen atoms.
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"Graphic representation of Figure 1002.
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Graphic reépresenation of Figure 1003.
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' ﬁhe calculated.struc#uré amplitudes‘(Appéndix B-2). Figure
1003 is the same as figufe 1002 but calculéﬁed with the

' stfﬁéﬁuré:amélitudes which includes hydrogen. = It isfnofj
appreciably changed, hence the mean crystal thickness can be
taken as being the same order of magnitude as that which was
estimétéd from the previous plot, particularly since the whole

_ method_is-extremely‘crudé~to begin with.
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XI. CONCLUSIONS AND SUMMARY

’(l) Patterson Function

all thfee}projections of the Patterson function (hOl,
hk0, and Okl) are qualitatively similar to the‘"point"
Patterson maps calculated from the atom coordinates determined
by x-ray diffraction methods. This can be taken to méan that
either the Patterson function is not sensitive enoﬁgh to show
the difference between kinematic scattering and dynamical
scattering behavior, or that the specimen under_investigation
is thin enough so that ﬁhe'mode of scattéring is totally
withiﬁ the kinematic domain. It has been shown theoretically
by Cowley and Moodie [45] that the Patterson function is
indeed not sensitive enough to reflect tge diffe:ence between
kinematic scattering and moderate dynamical‘scatteriﬁg for

liéht atoms.

(2) Dynamical Scattering

Assuhing the validity of the atom coordinates as deter-
mined by x-ray diffraction, and assuming the validity of the
two beam dynamical scattering theory,‘a £est'was‘applied:t6
the electron diffraction data for the two cases of including
and exciuding the hydrogen atoms, in order to‘further assess
.the extent of the dynamical effect. The resultsvfor both

cases indicate that the specimen is weakly dynamical with a




118

roughly measured mean thickness of approx1mately 1300A.

This mean thickness is of. the same order ‘of magnitude which
Vainshtein calculated,:for an organic crystal of 20-30 atoms
- ih the unit cell, at which kinematic scattering changes into
dynemical scattering effects. To correct the effect of
dynamical scattering, experiments of the type performed by

Honjb, et al., should be attempted in future work.

(3) Hydrogen Atoms

The difference Fourier synthesis shows\distiﬁct peaks
locatea at approximately where the'hydrogen atoms should be.
This fact shows that hydrogen atoms have a much more pronoﬁnced
effect in electron scattering than in x-ray scattering. There-
fore, in future work, the positions of the hydrogen atoms
should be incleded inro the structural amplitude calculetion
at an earlier stage than it would be for x-ray work. This
confirms the ﬁork‘of Vainshtein that H atoms can be located
aceurately even if thegdata are not good enough to do the
entire structure.

The difference Fourier map also suééested refinement by
putting in anisetropic temperature factor for the atoms 01

and Cl.

(4) Least Square Method

The structural determination program using the Least .
Square approximation method is very sensitive in the present

work to the initial trial structure. With slight variations
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in input, it can converge to different minima. This reduces
the level of confidence which can be placed on.a calculated
structure. Again, better statistics in the overdetermination

of the parameters may be able to reduce the number of minima.

(5) Réliability Factor

The:reliability féctor R of thé>caiculated structure is
téé high. Therefbre,'further refinement at this stage is
not warranted. A.high R value can in the general case be due
to a multitude of reasons, such as

a. An incorrect tfial structure;

b. Inadequate nonflinearity‘éorreétion}

-c.'Insufficiénﬁ.ovérdetermihation of the parameters
because of the small amount of data available;

d. Dynamical scattering.

‘It is assumed in this case thét the trial structure as
de;erminéd by x-ray diffraction is correct except for possible
dynamical effects which_are:nqt éignificant»in x-ray diffrac-
tion. Non-linearity correction Was discussed extensively in
Chapter VI. It is assumed that iﬁ the present experiment
the necessary correction has been made. .The result from
iitaka'sAwork.seems to indicate that about 100 ﬁnique’data
points is sufficient to determine the structure eveﬁ thbugh
uéing a tilting_stége to collect refléctions from other planes
will Yieid many more data points for a better determination

of the parameters.
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Hence it may be concluded that the high R value is due
primarily to the effect of dynamical scattering that is dis-

cussed in point (2) above.

(6) Data Handling

The data collection and conversion system is too limited
to process the large amouhts of data which any attempt of
accuracy in structural determination must require. An auto-
mated andhintegrated system such as the one being developed

now (Chapter V) is very much needed.

It haé not been the goal of this research to solve com-
pletely the crystallographic structure of glycine by the
electron diffraction method. This is not yet possible because
6f theoretical limitations and beéause the present level of
instrumentation is still too crude to yield the lérge'quanti-v
ty of data that is necessary for very reliable results.
Throughout the research, the structure of B glycine as detef—
mined by x-ray diffraction has served both as a guide as well
as a standard. It is assumed that the structure a§ "seen"

'by x-rays is the same as that which is "seen" by electrohs.
With these assumptions and within the limitations of instru-
mentation, the above conclusions are drawn from the present

investigation.
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APPENDIX A
‘Table of the atomic scattering factor fel'in p
units,_i.e., scéttering factor relationship to scattering
L . : *
factor or proton for the atoms H, C, N, and O. Values
have been converted into p units from ﬁhe table given by

the International Tables of x-ray Crystallography, Vol. 3,

1966.
E%Eﬁ X ].0“8 ! ’ | c . N 0
0.00  .221  1.024  .919  .840
0.05 .212 .944 .877  .815
0.10 .189 - .861  .798  .752
0.15 .160 .727 . .702  .677
0.20 130  .597  .601  .593
0.25 ~ .104  .480 .500 .510
0.30 .083 .384 .418  .434
0.35 . .067  .310  .347  .368
0.40 .055 .250 .288  .313
0.50 . .037 +170 .200  .225
0.60 .027 1125 .146  .167
0.70 .020 .092 .113  .130
0.80 .015  .075 .0877 .100 .
0.90 .012° .058 .071 - .079 |
1.00 .010.  .050 - .0585 .0668
*Thé‘p;unit is defined as the ratio of
f of an atom to the scattering power of a proton

el Zg
scattering at a sin6 = 0.1 x 10 ".
A



APPENDIX B-1

_1These are the listings of the computer printouts

of the first cycle and fifth cycle of the program LSLONG.

Here the F's are the same as the nctation ¢ that was used

throughout, which denotes the structural amplitude. The

séaling factor k of the Fobs is arbitrary in the

cycle, and the re_flectioniFobs (0,0,0) is not an

point but a value put in by the program. In the

the H, K,\L are the Miller indices, the sinA and

the imaginary and real parts of the phase of the

first
expérimental
listing,
Cqu are

caiculated

structure. The other listings are only meaningful to the

mechanics of the program and not to the physics of the prob-

lem.

125
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These are the listings of the first and fifth cycles!
of the program LSQONG when hydrogen atoms are included into

thé«calgdiatidnrbut'nqtvrefiﬁed; 

The notations are the same,as.déscribeg in Appendix .
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