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ELECTRON DIFFRACTION TECHNIQUE FOR THE DETER.'-HNATION 

OF THE CRYSTALLINE STRUCTURE OF S GLYCINE 

By 

Wai-Kit Quon 

ABSTRACT 

The method of electron diffraction is applied to the 

investigation of the crystalline·structure of S glycine. 

The structure as determined by x-ray diffraction methods is 
. . 

used as a standard of the investigation. The emphasis of the 

research is therefore on the evaluation of the electron 

diffraction technique and the effects of dynamical scattering, 

rather than on the redeterminatibn of the glycine structure. 

It is shown that the Patterson map is· similar to the 

inter-atomic vectbr map·c~lculated from the atom coordinates 

of the x-ray determined standard structure. Hence it can 

either be interprsted kinematically~ or it is not sensitive 

enough to show moderate dynamical effects. 

A test based on the Two Beam dynamical scattering theory 

shows that the sample is weakly dynamical and has an estimated 

mean thickness of about 1300 ~. 

Dynamical 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 resulting reliability 
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, factbrof' the deterJ:!\iried structure'i$ about 0.48, ' which', 

indicates 'avery, lo\~ level ofC:~nf~d~nce. 
, '" '/, .,' 

Therefore, 'dynamical 
" .. 

scattering 'must be" c'orrected' 'for l'f an a'ccurate determina-
-' . ..' 

tion Of , cry'stal structure' is" tqbe attempted. " 

Hydrogen positioils ,are easily detectable in the differ

ence Fourier' sYIlthe'sisinai). Thi's shows that "sca't tering by 

hydrogen ,is much stronger in electrondif.f,:tactiqn than in 

'x-:ray diffraction. :ft is suggested that hydrogen atoms 

should be ,included i.rite the structural analysis' at an earlier 

stage ,than that of thenoi.malx-ray diffraction procedures. 

The extent to'which dynamical,scatte:r:ing limits the 

usefulness of elecitron diffraqtion intensity da~a for 

crystallographic de,termination has, also evident significance 

for. the interpretation of high' resolution structures that 

might be obtained by electron optical imaging of the 

scattered radiation~ 
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I. INTRODUCTION 

The phenomenon of electron diffraction was first dis-

covered in 1927 by Davisson and Germer. The first photo

graphic record of diffraction patterns was obtained by 

G. P. Thomson from po1ycrystalline films of gold and other 

metals [11. Since their discovery, electron diffraction 

methods have constituted an important tool in solving the 

structure of matter, in addition t'o or supplementing the 

method of x-ray diffraction, which was first demonstrated in 

1912 [2,5,41. x-ray diffraction has of course proven to be 

the more powerful tool of the two in the structural determina-

tion of crystalline materials. 

Electron, x-ray and neutron diffraction share the same 

basic scattering theory. X-ray diffraction gives the distri-

bution of electron density, electron diffraction gives the 

distribution of electric potential and neutron diffraction 

gives the distribution of nuclear scattering potentials 

within the crystal. 'Any of these distributions, however, is 

able to map the locations of atoms within the molecule. All 

three methods compliment each other. X-ray diffraction leads 

substantially in both the degree of reliability and s?phisti-

cation, while electron diffraction and neutron diffraction 
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have yet to come of age. 

While x-ray diffraction has many advantages over the 

other techniques, electron diffraction can claim the following 

advantages which makes it desirable: 

1. The ability to handle extremely small quantities of 

material (about 10-12gm quite easily). X-ray diffraction in 

general requires cOhsiderably larger crystals to be grown. 

2. Simplicity in specimen preparation. 

3. The ability to observe visually the diffraction 

pattern before recording. 

4. The ihtensities of reflection are much higher than in 

either x-ray or neutron diffraction (10 6 times higher than 

for· x-rays and 10 8 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 specimens that must 

be hydrated. 

2. Difficulty in determining the crystal orientation in 

3 



the preparation of specimens. This poses great problems in 

indexing a new structure. 

·3. Relative to x-ray, the interaction of electrons with 

matter is much stronger. While this feature ensures small 

specimen volumes and·short exposure times it also limits the 

thickness of a specimen that can be used. Dynamical scatter

ing effects are much more easily encountered [7]. 

4 

The special characteristics of electron diffraction that 

are mentioned above makes it potentially an extremely useful 

tool in the investigation of biological sp~cimens such as 

proteins and membrane structures because of inherently small 

specimen size in most cases. Part of the purpose of the work 

reported here is to investigate in a practical sort of way the 

extent to which dynamical scattering 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 resolution structures 

that might be obtained by electron optical imaging of the 

scattered radiation. 

The other difficulties of specimen hydration, specimen 

orientation, indexing are largely of an instrumental and 

technical nature, and can presumably be overcome without 

great difficulty. 

Most efforts in the application of electron diffraction 

have been in the stUdies of inorganic material [8,9]. The 
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application to organic materials such as the determination of 

the structures of paraffin by Vainshtein et al. [10], 6is

dichloroethylene by Hoffman [111 and perfluorotrimethylamine 

and trifluoroethanol by Vaughn (12], are relatively infrequent. 

As far as biological structures are concerned electron dif

fraction is a relatively new tool [9, 13, 14, 15]. An optical 

diffraction technique which uses an electron micrograph of 

the specimen was developed 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 biologically significant molecules is rare. 

An example is diketopiperazine by Vainshtein [21]. Diketopi

perazine groups play an important role in the structure of 

proteins. 

There has been no work done previously on the determina

tion of the crystalline structures of amino acids,' 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 reason of the choice is that glycine is the smallest 

and simplest amino acid. Not including hydrogen atoms it has 

only five atoms in the molecule. This fact greatly reduces 

the number of parameters to be determined in the structural 

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



Its structure has been very accurately determine',! by x-ray 

diffraction [23, 24, 25]~ The structure of b~ta glycine as 

determined by Iitaka [24] is used both as a guide as well as 

a standard for this investigation. 

The main emphasis of this work has not been on the 

refinement and achievement of absolute accuracy in determining 

the bond ,lengths and bond angles " as' would be the case for 

normal crystallography. Rather, this thesis shows the possi

bility and a set of pr'oceduresto do so for future work ~ This 

investigation must be viewed as a preliminary study of the 

application of the te6hnique ofe1edtron diffraction to the 

determination of structure of amino acies and other biologi-

cally relevant structures. 

This research'responds to the following objectives: 
. . . . . 

1. A critic~l evaluation of the experimental procedure. 

2. The extent of dyna~ica1 ~cattering. 

3. Empirically testing the sensitivity of the Patterson 

function to the existence of dynamical effects in the diffrac-

tion intensities. 

4. The characteristics of the x~ray structural determina-

tion computer programs ;after being adapted for electron 

diffraction uses. 

a. To modify programs for electron diffraction work. 

b. To test convergence of Least Sqciare method using 

typical electron diffraction data. 

6 
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II. 'l'HEORY OF ELECTRON DIFFRPI.CTION 

A. Kinematical Appro~imation 

The motion of electrohs is d~scribed by the Schroedinger 

wave equation, 

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 

electron, .and V is the potential energy of the matter through 

which the electron passes. V must be equated to 

V = e~ 202 

where ~ is the scattering potential within the crystal and e 

is the charge of one electron. The electron beam incident 

upon the surface of the crystal may be described bya plane 

monochromatic wave 

where A is the amplitude and 

the generalized coordinate. 

when V = o. 

203 

1 
k /2n = l/A = (2rnE/R) '2 and xis 

o 

'¥ is the solution to eq. 201 o . 

For a kinematic approximation [26], [27], [28], the 

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

the first order perturbation method [29]. 'l'his method assumes 

7 



that ~ is composed of two terms, the wave function ~ and a o 

scattered wave ~'. 

~ = ~o + ~' 

The substitution of eq. 204 into 201 gives 

where 

Eq. 205 is the general equation of the form 

V2~, +k 2~ = U(r)~(r) 
o 

the solution of which [301, is 

204 

205 

206 

207 

~k(r) = -(1/4n)fu(r1)~(r1) exp(ikR)a 208 . R r
1 

where R = Ir-r11 and r 1 is a vector within the scattering 

volume v. Since ~ = ~ot~', the required solution is actually 

an integral for ~(rl).· 

VI (r) = -1/4n J U [~(r1)+~' (r
1
)] exp(ikR)av 209 

r 1 0 R r l 

Eq. 209 states that the scattered waves are generated by 

waves travelling in the scattering field u(r l ) of the sample, 

~o being the initial wave and ~I the scattered wave. 

The kinematic approximation or the first Born approxi-

mation assumes that the scattered waves are weak compared with 

the initial wave, 

~'« ~ 
o 

This means that only the initial wave gives rise to new 

210 
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scattered waves and th~t the term U·~' representing the 

scattering of secondary waves is negligible. Therefore the 
..... -+-

term '1' +'1" in Eq. 209 can be replaced by '¥ 
. 0 0 

= A e xp ( 1 k • r) . 

Eq. 209 is then approximated to be 

'1" (~) = 1/4n f U(~l) '¥O(~l) eXp~ikR)avrl 

which can be shown [30] to be 

.... 
'1'1 (r) = 

where 
.... 

~(s) = 2nme 

IT 
.... .... -+ 

f 'l'{r) exp[ifs·r))3v 
r l 

211 

212 

213 

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

spherical wave with an amplitude proportional to the Fourier 

integral over the potential of the object, Eq. 213 ~nd Eq. 212 

are valid when '¥l(~) is viewed at a great distance from the 

object. 

The kinematic theory of electron scattering assumes the 

validity of the Born approximation, which is not used in the 

dynamical theory, since the dynamical theory 'takes into 

account the interfetenc~ of both the primary and the secondary 

waves, which produces a complex wave field in the crystal. 

This complex wave field makes the scattering potential a 

complex function rather than a real function. 

The flow, of particles through unit area, J, is deterrr.ined 

by 

J = (h/4nm) ('¥*grad '¥-'¥grad'¥*). 214 

9 



Thus, the substitu~ion of ~l gives 

215 

where J o is the intensity of the incident beam. It should be 

noted that r is the distance from the specimen to the screen 

and is a constant. Therefore, Eq.21Sgoes into 

216 

which defines the important relationship between the relative 

scattered intensity and the structural amplitude, which in 
... 

turn relates Ihkl to the real structure, iJ (r) • 

Eq. 213 shows that the structure a~plitude is the inverse 

Fourier transform of the scattering potential of the crystal. 

This potential is the potential of the unit cell. If this is 

approximated by a superposition of the potential for each of 

the atoms within the unit cell 

217 

then upon substituting into Eq. 213, we find that the struc-

ture amplitude can be expressed as the summation of Fourier 

in~egr~ls over atoms, with a phase factor 

218 

. ~ 

where H = s/2TI. In this equation f is the scattering el. 
~ 

factor of atom i and H = the reciprocal lattice vector. A 

table of the atomic scattering factors for H, C, N, and 0 is 

listed in Appendix A. 

The atom scattering factor fel must be modified by the 

10 

\ 



I 

temperature function fT to take into account the thermal 

vibrations of the atoms. 

fel,T = fel-fT 219 

where fT = exp[-B(sin8/A)2 1 220 

B is the temperature factor. 

Thus, given the atom coordinates and the atomic scatter-

ing factor, the scattering amplitude 1>hk1can be calculated by 

Eg. 218. On the other hand, given the scattering amplitude 

(from experiment, by measuring I hk1 ' and if the pha~es are 

also known an inverse Fourier transform of Eq. 218 gives the 

distribution of scattering potential within the unit cell. 

Since 221 

then 1JJ = F(1)) 222 

where F represents the Fourier operator and F- 1 the inverse 

Fourier operator. 

B. The Patterson Function 

If Eq. 222 is calculated with 11>12 instead of 1>, then it 

can sidestep the phase problem sinc~ by squaring the scattering 

amplitude, the phase term is equal to unity. This is the same 

as·. doing the Fourier summation over the diffraction intensi ty 

Ihkl as given by Eq. 216. The Fourier integral over the inten

sity of the diffraction pattern is called the Patterson func-

tion or 

223 
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Because Eq., 221 shows that 1> itself is an inverse Fourier 

transform of ljJ ,the Patterson function can be interpreted as 

P = F[F-l(*)·F*-l(~)] 

or 224 

where the symbol j denotes the convolution operation. The 

Patterson function is thus seen to be the autocorrelation of 

the scattering potential. The Patterson function defined by 

Eq. 224 will show peaks for values of functional displacements 

which produce superposition of scattering centers. Hence, a 

Patterson function plot results in a plot of the interatomic 

vectors within the unit cell. 

The Patterson function, when interpreted kinematically, 

can be used to find scattering centers, i.e., atoms, within 

the unit cell, if the number of atoms is small. If the number 

of atoms within the unit cell is large (above 10 for example) 

interpretation becomes virtually impossible [3lJ, [32] . 

c. Dynamical Scattering 

Most of the work, done so far on the diffraction of either 

x-rays, neutrons, or electrons as a tool for structural 

determination has been based on the kinematical theory because 

it has a wide range of validity Over most experimental condi

tions. Treatments based upon the dynamical theory are at 

best complicated exercises because a practical theory govern

ing the range of dynamical scattering is still in want. 

: .... 
:-' 
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A dynamical approximation which has been widely applied 

was originally proposed by Blackman [33]. Lt is based on the 

two beam model, in which it is assumed that one scattered 

secondary beam besides the central beam can give rise to 

secondary scattering. For the case of a crystal of "medium" 

thickness with a weak dynamical effect, the relative intensity 

of diffraction can be shown [3] to be 

~ 
I = A21 hkl I2· toK (t ¢) 
nkl· n ' 225 

13 

where n is the unit cell volume, t the thickness of the crystal 

and K a correction factor of the form 

226 

Schiff [44] shows another way of treating dynamical' 

scattering. Assuming an infinite order of mUltiple scatteri~g, 

he arrives at the formulation 

227 

where 41' is the two dimensional projection of the scattering 

potential. This approximation is valid only at small scatter-

ing arigles. That is, if the Ewald sphere is per~ectly flat 

so that the following equation applies 

w' (x,y) = ! W(x,y,z)az 228 

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

sponds to a successive increase in the nurilier of tvlO di",e;-:-

sional distribution of potentials (Eq. 228) by which the 

three dimensional field is approximated. If the number of 



sections is one, they arrive at a pseudokinematic theory 

with 

. ~'Vexp (i a 1li I ) 

. a = 21Tm)',/h 2 

229 

In the special case of a two beam approximation, they give 

essentially the same result as the dynamical theory of Bethe 

[451 • 

The Patterson function is difficult to interpret with 

the dynamical formulation, but it can be shown (9 and Ch. VIII) 

that it might not differ significantly from the Patterson 

function calculated from the kinematical model for the cases 

of light atoms if the dynamical effect 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, alpha. The crystal structure was first 

determined by Albrecht and Corey [35] in 1939. It was rede-

termined very precisely by Marsh [23] in 1958. (2) An 

unstable form, beta. It was first described by Fischer [36] 

in 1905. Iitaka [241 in 1959 determined its structure by 

x-ray diffraction and showed that single molecular layers, 

whose internal arrangement is the same as :in the alpha form, 

are held together by hydrogen bonds throughout the 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 beta glycine crystallizes in the 

form of small needles and can be prepared by adding ethyl 

alcohol to a concentrated aqueOus solution of glycine. He 

also reports that beta glycine readily transforms into the 

alpha form in air, but remains unchanged indefinitely if kept 

in a dry atmosphere. 

However, in our experiments, beta glycine is readily 

16 
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crystallized by evaporating in a 60 0 C oven small droplets of ~. 

half concentrated aqueous solution, without adding ethyl 

alcohol. The micro-crystals, thus produced remain as far as 



• 

we can determine, indefinitely without changing into the alpha 

form. 

Our e~perimental procedure is as follows: 200 ~esn 

copper electron microscope sample holders are used. On top 

17 

of the sample holder is_deposited a thin film of formvar to 

serve as the specimen support. A small droplet of about half 

concentrated solution of glycine in distilled water is deposited 

on top of the formvar film. The sample holder is then put for 

a few minutes inside a dry oven heated constantly at 60° c. 

Micro-crystals of glycine are readily formed on the formvar 

film. 

A thin carbon film is then evaporated in vacuum onto the 

specimen. This is done so that the specimen is more stable 

in the electron beam of the electron microscope, and to 

avoid electrical charging of ~he specimen during electron 

irradiation. 

Specimens prepared in this way have the disadvantage 

that probably all three crystalline forms will be present. 

There is no physi6al way to separate them. The diffraction 

pattern of this specimen shows predominantly three different 

types of spot patterns. These have been indexed to be: 

a. The hkO plane of B glycine 

b. The hOl plane of B glycine 

c. The hkO plane of alpha glycine 

Among the three spot patterns, the hkO plane of Sgly

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



. ',". 

of appeara~ceis" the 'hko plame'of alpha glyci"ne, while ,that 

of hOI' Of ,13 glyc'in'eis'rei~t:i'vely rare. 

Spot patterns of other plane's are n¢t enCbuntered~ 

18 

nei ther' did we' find any 'pattern of the garnrna form.', The, fre- ,~., 

quent appe'"ararice",'o{the hkOplah~s agree with: the" fact' that 

the C' axis is~ the axis' 6f :g~ow'thOf' c:ry:Stcils ,"a~d' t'hecrystal 

grows with, i tselongated' ax'fs' perp~na.icu:J.ar to the specimen 

supp6rt.'Thefactth~t spot pat'terns rather th~m rings are 

form~d in'diciites" that the' crystals on the' average are longer 

than the effective' diainet~r': of the electrOh beam'. 
The hkO plane sp.ot pattern of alpha 'glycine ,', is often 

incomplete and warped. This is probably due to a poor 'rr~oS aic 

structure of these crystals. 
, ' 

T'h:ediffracti~n pat:terrisof B 'glyci l1e" on the other hand, 
" 

are quite stable. ,B6th thehkO and the hOl planes are clear 
. - .' 

and without distortion. 'They both have an estimated fading 

ti~ of about three minutes at 80 kv, under t.heconditions of, 

illu~inationused in t~is wo~k. 

TheB glycine'patterns, ,both hkO and hOI are shown in 

, Figur~602 and 603 respectively. 

.:.... 

, .: 
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IV. SELECTED AREA DIFFRACTION 

Selected Area diffraction techniques [13] and [28] are 

specially suited for choosing single particles, single cry

stals, or small portions of a specimen for diffraction 

patterns. Normally the procedure is that an area is selected 

from the image on the fluorescent screen. The optical. mode of 

the column is then changed to present the diffraction pattern, 

which corresponds to the area selected from the image in the 

magnification mode~ A diffraction spot pattern is formed if 

the specimen is crystalline. 

After an are~ has been selected, the column is switched 

to the Selected Area Diffraction (SAD) mode. The SAD mode 

leaves the illumination system and the objective lens un

changed, but the intermediate lens is changed in focal length 

So that it has a new object plane (Figure 401). This new 

object is the back focal plane of the unchanged objective 

lens, instead of the im~ge plane of the objective lens as was 

the case with normal microscopy. 

At the back focal plane of the objective lens, for 

parallel illumination entering the lens, there is by definition 

a focused image of the source. If a crystalline specimen is 

pl~ced in the object plane of the len~ (objective), a diffrac

tion pattern will be formed at the back focal plane. 

19 
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Figure 401, 

Ray diagram of the selected area diff:"t"ac·tion 

mode of operation of 1:he .~ l~ct:ronmicroscope .. 
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By using the back focal plane of the objective lens as the 

object plane for the intermediate lens, the remaining lenses 

of the column magnify and transfer the diffraction pattern to 

the fluorescent screen. 

In the SAD mode, the primary diffraction camera length is 

the focal length of the objective lens which isciliout 3-4 mm. 

The magnification introduced by the post-objective lenses, i.e., 

the·intermediate and projector, in transferring the pattern to 

the screen,· makes an effective camera length of the order of 

40-50 cm. 

In doing SAD diffraction, a real image of the specimen is 

formed in a plane close to the intermediate lens~ The diffrac

tion aperture (of the field limited 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

fication of the objective lens is about 40x, a 25\.1 diffraction 

aperture will define an area of 0.6\.1m at the specimen[13]. 

Agar [37] discussed some precautions which must be,taken 

if the area selection must be extremely precise. 

In actual experiments, it was found that the specimen is 

extremely sensitive to the electron beam. It was estimated 

that the glycine specimen has a fading time of about 3 minutes. 

Therefore, the following practices were used: 

(1) Keeping the filament current and bias to the lOld2st 

minimum. 

(2) Use the smallest condensor aperture. 

• I 
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(3) Do not go through the magnification mode,' i.e~, as 

soon as the sample is mounted, operate in the SAD mode 

inunediately. This is possible because there are enough thin 

crystalline areas to give ample diffraction patterr'~s i:1 a 

single specimen grid preparation. 

(4) Anyone sample is never used twice. 

After a sufficiently clear diffraction.pattern is found, 

a photograph is inunediately taken. The usual exposure time is 

3 minutes. 

23 



v. DATA COLLECTION 

The presently used data collection system is as outlined 

in Figure 501. The procedure is as follows: 

(1) Electron diffraction patterns are recorded by photo

graphic plates which are then developed. 
, . 

(2) The plate is then scanned by the Joyce microdensito-

meter. A tracing of each row or column is produced. 

(3) The response of the photographic plate to theelec

tron beam 'and the output of the microdens i tometer are 

calibrated. The systematic error due to non-linearity can 

be approximated empirically by assuming an overall exponential 

correction function. 

(4) The background is subtracted by visually drawing 

onto the microdensitometertracing a background line and 

reading off from it a net density. 

(5) Data from themicrodensitometer tracing are then 

corrected for non-linearity and trystal angul~r distribution 

by a PDP-8l computer. 

(6) The corrected, indexed data are then'punched into 

IBM cards, which serve as the input tQthe program INCOR. 

INCOR is the first of the structural determination progra~s. 

It is not difficult to see that the data collection syste~ as 

it is ~ct up now is ill-equipped to handle large amounts in a 

( 
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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 crystal structure ,.is to be carried out. 

Compared with the levels of sophistication that x-ray crys

talography has developed, this kind of experimental setup is 

still in its infancy. 

Conceptually it is an easy exterision to completely auto-

mate the process which was outlined in Figure 501. Such an 

attempt 'is now being developed in our laboratory. The auto-

mated system would involve a TV image intensifier and a video 

disc recorder to take the place of the camera plate. Signals 

from the vide,o recorder will go through an analog to digi tal 

converter unit. The digitized data will be indexed and 

corrected for non-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. 
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VI. DATA CONVERSION 

A.· Indexing 

1. Calibration of the Camera Length 

The effective camera length of the electron microscope is 

calibrated with a gold powder pattern. The dIll and d 200 

rings of the powder are used as standard, since they are known 

to have the distances 2.356 Jt and 2.04 ~ respectively. A 

selected area diffraction pattern superimposed on the selected 

area image is shown in Figure 601. 

2. Indexing of the hkO Pattern 

The unit cell dimensions are measured with the equation 

d = AL 
r 601 

where A is the wavelength, L the effective camera length and 

. r the distance from the (000) central spot. The result is 

shown in Table 601. The estimated error of the measurement 

is less than 2%. In the diffraction pattern along the nkO 

row, the symmetry~forbidden reflections for k equals to odd 

integers do appear. If the space group and unit cell dimen-

28 
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sions were not previously known, this would present difficul- .. 

ties in indexing. The significance of the appearing of these 

systematic absences are discussed in Ch. X. The angle between 



Figure 601 

Selected area diffraction pattern of gold powder. 

The diffraction pattern is superimposed on the 

selected area image. 
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the aka and hOO a~es is 90°. 

3. Indexing of the hal Pattern 

According to the known space group P 21 [38] there are no 

systematic absences in this projection. The angle between the 

hOO and the 001 axes is measured to be 67.0° which is the 

angle S in the reciprocal space. Figure 603 shows the hal 

projection. 

The above measurements confirm the space group of P 21 as 

given by Iitaka [24]. 

B. Calibration 

The intensities of electr6n diffraction spots vary tre-

mendously, sometimes differing by as much as several orders of 

magnitude. One way of calibrating the photographic response 

over this range of intensities is by internal calibration. 

This is done by doing multiple exposures of the same pattern 

and by noting the differences in exposure times and the 

changes in photographic blackening [39, 40]. In this way, 

a bla~kening curve is constructed every time. This is the 

best way of calibration if not the most convenient one. 

It was mentioned before that glycine crystals have a 

. fading time of about three minutes' under the present experi

mental conditions. This creates a problem for internal 

calibration, because the structure becomes disordered after 

several exposures. If one doeS mUltiple exposure with 
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lattice distance dhOO dOkO dOO1 

from projection 

hkO 4.616A : O.06A + 6.20A - 0.06A -
hOl 4.60 ! 0.6 4.90A + 0.06A ,- -

, 

( 
unit cell diruensions experir..enta 1 knoT..ln val'll':: 

+ O.lA 5.077A a 5.0A -

b 6.2 + 0.1 6.267 -
5.33 + 0.1 5.397 c -

angle be t-c;.;e en 67. 0° .~ o 2° . 66.8° 
a* and c";': 

Table 6 0 1. 
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different crystals, the difficulty 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 the 

extremely short exposure-times that are needed at the low in-

tensity end of the 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 behavior is shown in Figure 

601. The output is governed by the equat:ion 

V V [l-exp(- t 602 = RC )] 0 

i V 602a = R' 

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 used. The current i, which the cir-

cuit sends out in the exponential manner as described by 

equation 602, is used to drive the scanning of the electron 

beam. The more current that is supplied to the deflection 
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coils, the greater will be the deflection of the beam. 

Therefore, the electron b~am is deflected across the photo-

plate by the current i. The amount of deflection is pro-

portional to i. Hence Eq. 602a can be written as 

where 

x = l-exp (-R~ ) 

(X'/X ) R r o 

= X'/X . 0 

603 

Xr = the distance deflected corresponding to the 
deflecting current i. 

= 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 6.x = x 2-xl 

6.t = RC In (I-xl) - In(l-x2 ») 604 

6.t = RC In«I-xl )/(I-x2)) 

Figure 602 is a plot of bot against Xi·it shows how much time 

the beam spend with the position along the path. The RC 

value can be changed to cover a wide range of times. 

A t~acing of the deflected electron path is then done 

37 

on the microdensitometer. The microdensitometer is a "double 

beam" instrument in which two beams of light are used, one 

passing through the film to be measured and one through a 

reference wedge, which is a continuous density wedge. The 



instrument measures optical density and the reading of.the 

tracings are linear, i.e., if one peak is twice as high as 

another, then the D of the former ~eak is twic~ that of the 

latter. 

Since the tracing is along the path of the electron beam 

deflection, there is a one to One co~tespondence between the 

optical density measured at each position and the time inter

val Lit which corresponds to the po~i tion·· (X). The plot of 

the optical density or D, the photographic blackening, 

against it gives the desired cialibration curve. 

In general, D is defined as 

D = f (It) 60Sa 

where I is the intensity of the beam and t is the time of 

exposure. In thisexperiment~ D is related to the optical 

density by a constant of proportionality 

D = k[OD] 60Sb 

wherek is a constant dependent on the range of the optical 

wedge used in the microdensitometer and OD denotes optical 

density. 

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

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

times a direct, timed-spot exposure is used. The total cali

bration curve is shown in Figure 606 ... Assuming that the 

electron current density is constantin time, the exposure 

is then proportional to t, so that 

I == I ·lIt e 606 
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Figure 604 

oscilloscope trace showing a 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 curve showing the time duration ~t 

which the beam spends at each interval x+~x 

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 coll~ction and conversion systems. 
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where I is the integrated intensity of the diffraction spot 

and Ie is the electron density. 

The shape of the curve in Figure 604 confirms the 

result of Vainshtein [39] in that in the low intensity region 

there is a "toe" which differs from the exponential behavior 

of the higher intensity regions. At very high intensity 

regions when saturation effects occur, the curve would plateau 

out. However, Valentine [411 reports that the initial slope 

of the response 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 be due to the fact that because of small 

penetration (about 151-1 for 60KV electrons) only the surface 

layer is exposed and thus the saturation density is low. 

1. Correction for Non-linearity 

42 

Most of the intensity data fallon the exponential region, 

some however, fallon the "toe" region. The curve was there

fore assumed to consist of two exponential regions with two 

different slopes. The slopes of the "normal" exponential 

region and that of th~ "toe" region ate taken separately with 

the joining point at D = 2.0. The correction is applied 

according to the formula 

I = C exp(kD) 607 

.. 



... 

where kis the slope of either the "normal" or of the "toe" 

region depending on whether D is larger or smaller than t",'o. 

C is a sca,le factor determined by the boundary position of 

D = 2 where the two slope regions meet. Eq.607 is applied 

to each diffraction spot, with C = 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 

608 

,where dhkl ~s the distance between crystal planes defined by 

the Miller indiceshkl, and a is an angular measure defining 

the width of the angular spread of the mosaic crystal. Since 

a is a constant, it can be disregarded in the correction of 

relative intensities. 

Hence, the intensity of the diffraction spot hk1 is 

given by 

609 

where C is some constant which normalizes thet\vo different 

slope regions and k can assume either one of the two values 

of the "normal" or "toe" region. .Th~ Bragg spacings are 

given by 

610 
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where a*, b*, and C* are the reciprocal space unit cell 

* * * * * dimensions and S is 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 amp Ii tude .• 

is then given by 

or 

~hkl 
sn 

= r rIhkl 

where S is a scale factor which brings the ;Y--into absolute 

units consistent with~. n is the unit cell volume in real 

space and A = 0.0418 A 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 together with the calculated structure amplitudes of the 

reference structure. The values of the Ihkl are used as 

input for the program INCOR. 

." 
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PART III: 

RESULTS 



VII. STRUCTURAL DETERMINATION PROGRAMS 

It is beyond the scope of this dissertation to give a 

full or even a reasonable treatment of structural determina

tion programs. All of the programs used in connection with 

this work are library programs developed and modified by 

46 

many different researchers. They are all developed for x-ray 

diffraction work; however, they can easily be adapted to be 

used for electron diffraction. This chapter will only attempt 

to describe briefly the logic of the programs and the manner 

in which they are used in connection with our experiments. 

There are, three main 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 

not applicable in electron diffraction. Program INCOR also 

subtracts background and omits forbidden reflection if 

instructed besides calculating the structural amplitude 

~hkl from input raw intensities. 



". 

Figure 701 

Diagram showing how the" different pro

grams are linked together. See text 

(Chapter VII) £orari ex~lanation of the 

various programs. 
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For the present work, this program is mainly used to 

calculate Fobs' which is the symbol designating the observed 

structural amplitude ~hkl,and to exclude unwanted intensities 

in the systematic absences. Its output is on magnetic tape 

called Tape 5. 

LSLONG 

Its original name" is LS. Tape 5 fromINCOR is the input 

to LSL6NG. It basically is a Least Square Program which cal-

culates the phase and the scattering amplitude ¢cal from the 

input atom coordinates and atom scattering tables according 

to Eq. 218 and 220. Then it compares ~cal with ¢obs 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 increment and calculates a new set of ¢ 1. . . ca 

For each new attempt, it also calculates a R'value which is 

a ~igure of merit for least square fitting known as the reli-

ability factor (the reliability factor is fUrther discussed 

in Ch. IX). The program does this reiteratively for as 

many cycles as instructed. The atom coordinates and the 

temperature factors of the last cycle define the best fitted 

structure according to the input data at that particular 

stage of refinement. 

The program converges if the last shifts in the refining 

parameters are small and the R value no longer decreases 

npproc.i :lllly. 
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The output is written on magnetic tape called tape 7. 

FORDAP 

FORDAP is essentially a Fourier syntheses program 

coupled with a plotting routine. As input, it can take either 

Tape 5 from INCOR or Tape 7 from LSLONG, or from similar data 

punched on IBM cards if instructed to do so. If the input 

is Tape 5, then this program sums ¢2 in the Fourier synthesis, 

thereby calculating the Patterson Function. In the input is 

Tape 7, the program calculates the distribution of scattering 

potential according to Equation 213. In addition it can ca1-

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 plots, 

using the CAL-COMP plotter, either sections of projections 

of the Fourier synthesis, with either ¢ or ¢2 depending on 

instruction from the programmer. By putting in three dimen-

siona1 data it can even calculate and plot sections through 

an oblique section. 

For a more complete discussion of the general topic of 

computing methods used in crystallographic work, refer to 

s:tandard texts such as Computing Methods in Crystallography, 

edited by J. S. Rollett. 

so 
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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 programINCOR. The output of INCOR, after re

arranging the data and putting them on magnetic tape, serves 

as the input to the program FORDAP which plots the Patterson 

Function. The plots for the hOI, hkO, and Ohl are shown in 

Figures 801a, 80lb , and 80lc respectively. The peak posi

tions calculated from the FORDAP plots are listed in Tables 

80la, b , and c respectively. 

The Patterson Plot, interpreted kinematically, is the 

auto-correlation function of the scattering potential Eq. 

225. If the structure is known, a "point Patterson" can be 

calculated by plotting the differences of the known coordi

nates of the atoms (inter-atomic vectors). The plot of 

these inter-atomic vectors should be similar to the experi

mental Patterson Plot. In this case, the Sglycine 

coordinates as determined by Iitaka by x-ray diffraction 

are used. as a standard to plot a "point Patterson" map. 

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

and 802c respectively. 

A visual comparison of the two plots shows that essen

tially they are similar with some systematic omissions. 

51 
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Figure 80la 

hOI projection of the Patterson Function 

of S glycine. The peaks are listed in 

Table· SOla. 

Table 801a 

Peak positions of the Patterson Function, 

hOI projection. This is a printout from 

program INCOR. RHO is the value of the 

peak heights. A proje6tion of these peaks 

is plotted in Figure 801a. 

Figure. 802a 

"Point Patterson" map. hOI projection. 

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 BOlb 

hkO projection of the Patterson Function 

Table 80lb 
\ 

Peak position of the Patterson Function, 

hkO plane. This is a printout from program 

INCOR. RHO is the value of the peak heights. 

A projection of these peaks is plotted in 

Figure 80lb. 

Figure 802b 

hkO 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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Figure 802.b 
XBB 709-3853 



:Figure 80le 

Ohl projection of the Patterson Function . 
. 

'the peaks are listed in Table 80lc. 

\ 

Table 80lc 

Peak positions of the Patterson Function. 

Okl projedtion. This is a printout from 

program INCOR. RHO is the value of the 

peak heights. A projection of these peaks 

is plotted in Figure 80lc. 

Figure 802c 

Okl projection of th~ "Point Patterson." 

Th~s is calculated by plotting the points 

of the interatomic vectors from the known 

atom positions of the molecules within one 
unit cell. 
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Two conclusions are possible: 

(I) The diffraction patterns have no significant dynami

cal effect and hence can be interpreted on purely kinemati

cal grounds. 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 Patterson function is not sensitive 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 l/J is modified by a factor K, according to the two-beam 

approximation discussed below, and would appear differently 

from that of the Kinematic l/J, the convolution function would 

not change appreciably. 

From the consideration of the two-beam dynamicai approxi-

mai:ion [43] in the case of a medium thickness block, the 

integrated intensity can be expressed as 

21 12 -Ihkl = CA ~hkl .K(t'~hkl)·r 801 

where C is some constant, X is. the wavelength, ~hk1 is the 

structural amplitude. r is a factor which takes into account 

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

the plane distance. 

802 

and n = volume, t = the thickness of the crystal. Eq. 801 



can be rewritten as 

The Patterson function is defined as 

where r is omitted for convenience and F-1 denotes the 

operation of a Fourier $ummationand the subscripts are 

dropped for convenience. Therefore 

P '" F-l(~2·K) 

'" 
.. ...-..... 

F-1(~2) OF- 1 (K) 

'" 
r-- -1 

P
k 

of (K) 

803 

804 

805 

Where Pk denotes the Patterson in the kinematic case and~" 

denotes the convolution operator. This shows that the Patter-

son is further convoluted-with the transform of the modi fica-

tion factor. 

Alternately, if ~. is the "true" kinematic structure 

amplitude, and ~ the dynamical or apparent structure ampli-

tude and K the two-beam correction factor as defined in Eq. 

802, then ~. can be expressed as 

-1 
~I = ~oK 

The Patterson in this case is then 

The correction factor K is plotted in Figure 803. 

806 

807 

As shown by Eq. 806, K modifies ~; but according to 

65 



Figure 803, its effect is only considerable if t¢ is large. 

It is readily seen that K- l only increased the amplitude of 

t with no other effect. Eq. 807 indicates that the Patter

son function is now calculated with each intensity increased 

66 

-1 by a factor K In ,the case of the modification being small, 

i.e., K = 1, it is seen that according to the two beams 

approximation, the PattersOn map will not significantly differ 

from the kinematical Patterson and therefore does not show 

any definite effects in the locations of peaks because of 

dynamical scattering. Por a multiple beam dynamical approxi

mation such as that publi~hed by Schiff (44] the modified 

Patterson is more'difficult to interpret. According to Schiff, 

the structural amplitude can be expressed as 

where ~ is the electric potential within the unit cell. 

The Patterson is then 

P = P-l[t.¢*] ~ P-l(I) 

= p-l{F(l_e-i~(x,y» p-l(l_eiw(x,y»} 

= (l_e-iw(x,Yf)(l_eiW(-X,-y).) 

808 

809 

It is the convolution of a complex function of the electric 

potential instead of the autocorrelation of the electric 

potential. In the case that the dynamical scattering is not 

very strong, Le., if ~ is small, the complex function goes 

over to the kinetic case readily. Por small ~ if ~«l, then 

,j 



," 

Figur~ 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 teA" 1!1<2K 
. .. { -2 2rl ¢ 12} can be approx1rnated as exp ~Y3t A r . 
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810 

Therefore, in the case of not very strong scattering, the 

Schiff formula approaches the kinematic formulation and we 

would not expect the Patterson to differ appreciably from 

the kinematic case also. 

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

the case of a one dimensional centrosymmetric crystal with 

Gaussian atoms 

811 

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

-----z----.... 2 
P = exp{ice-x } exp{ice-x } 812 

where c is some number which represents variations in the 

atomic number of the atoms or the crystal thickness. For 

the cases· of light atoms c is less than 2. The way in which 

the peak heights and the total areas of the peaks of Eq. 812 

vary with c is given by Figure 804. It is seen that for 

light atoms (with c less than 2) the dynamical Patterson is 

not appreciably different from the kinematical Patterson. 

The present experiment uses more accurate atomic 

scatt~ring factors and three dimensional data. The crystal 

of e glycine is centrosymmetric. Therefore the analysis of 

Cowley and Moodie has relevance even though their calculation 

is one dimensional and is based on an assumed Gaussian 

scattering potentia"l. The experimental observation reported 

here seem to co'nfirrn their result. 
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IX. STRUCTURE OF S GLYCINE 

The raw intensity data, after correcting, for the non

linearity previous to the digitizing process (Chapter VI) , 

72 

and after being arranged by the program INCOR, are used as 

input to the Least Square Structural Factor Program XRAY 

(LSLONG). The logic and mechanics of the programs are dis

cussed briefly in Chapter VII. For a more detailed discussion 

of structural programs of this type, we refer to Stout and 

Jensen [32] and other standard x-ray crystallography text

books. 

Procedure 

(1) Use the. atomic scattering factors for electrons 

fel to calculate the structure amplitudes <Phkl of the "trial" 

sttucture. The "trial" structure in this case is our 

reference structure determined by Iitaka using x-ray 

methods. We have put in as input coordinates the atom 

coordinates as published by Iitaka in 1959 [24]. The <Phkl 

thus calculated serves as the basis for determin'ing to what 

extent the diffraction data show dynamical effects. The 

result of this experiment is discussed in Chapter X. 

(2) Using the Iterative Least Square Procedure, to see 

how well the diffraction data compare with the trial struc-

turo. 'I'hi~; program c<llcu] ,"\tf!8 the atom coonJ i n.:tl(~:~ or <l [lew 

. -.. 



structure whose electron scattering amplitudes tPhkl are 

the most con~istent with the diffraction data as determined 

by the Least Square Method. The program also calculates a 

new temperature factor for each atom; in this case we have 

only attempted the isotropic case. The initial temperature 

factor should be determined by a Wilson plot,but for sim

plicity we have put in as input the temperature factor as 

given by Iitaka. 

(3) By putting a 'small variation of the atomic coordi

nates in such a trial structure from the standard reference 

structure we can see whether the diffraction data converges 

to the same minimum or whether they converge 'to a different 

minimum. If they converge to a different minimum,this 

would indicate that the set of experimental data is not good 

enough to give a unique structure and hence, we would have 

less confidence in this experimental procedure. 

(A) Reliability Factor: After a five cycle 

refinement, the program converges with a reliability ,factor 

R = 0.48, the R value for modern x-ray crystallography tech

nique is for most cases less than 10% atid for ~areful work 

can be refined to as low as 1-2%. A. J. C. Wilson showed 

that the theoretical value for R which would be obtained by 

using the proper kind and number of atoms placed randomly 

is R = 0.59 for acentric space groups and for centric space 

groups R = 0.83 [45] [46]. vainshtein [47] has pointed out 

73 



that for electron diffraction the reliability factor should 

be about 1.5 times higher in the absence of termination of . 

series for a three dimensional series and 2 times higher for 

projections than x-ray diffraction. 

However, in an~ experiment, a R value more than 20-30% 

is indicative of the fact that low levels of confidence 

s.hould be given to the structure. The reliability is defined 

as 

R = L.I~ol"'l~cl 
Ll~ I 

.0 

901 

where ~o and ~c denote the observed and calculated structural 

amplitudes respectively. This parameter shows the degree of, 

agreement between the observed and calculated. data. Even 

though the Rvalue does not assure the correctness or incOr

rectness of a structure, at least a large Rvalue shows poor 

agreement with the data. 

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

positions given by the prograrnLSLONG are calculated with the 

coordinates of the atom N being instructed 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 

calcula.ted structure are tabulated in Table 901, and that of 

the reference structure in Table 90lb. The bond lengths 

and bond angles calculated respec~ively from these coordinates 

are listed in Table 902a, b. Table 902b also lists the 

differences in bond lengths and bond angles between the values 
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Figure 901 

Molecule of S glycine 
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Table 90la 
\ 

Atom coordinates of e glycine in frac

tional units of the unit cell dimensions 

~s given by Iitaka. 

Table 90lb 

Atom coordinates in fractional coordi

nates as calculated by the present 

experiment. Hydrogen atoms not included 

in the structure factor program. 
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Table 90la 

x y z 

N 0.3522 -0.0440 -0.2619 
,,... 

01 0.3772 0.0270 0.2420 

02 -0.0896 0.0773 0.0970 

C1 0,.1378 ,0.0532 0.0633 

C2 0.1145 0.0719 -0.2265 

Table 901b 

x y z 

N 0.3522 ,-0.0440 -0.2619' 

01 0.3834 0.0402 0.2369 

02 -0.0901 0.0980 0.1248 

Cl 0.1319 0.0099 0.0756 

C2 0.1095 0.1230 -0.2396 



Table 902a 

Bond lengths and bond angles, calcu~ 

iated by using the atom coordinates 

of Table 90la. 

Table 902b 

Bond lengths and bond angles ;', calcu

lated by the atom coordinates of 

Table 90lb. The differences are the 

differences calculated by subtracting 

this value from the standard value 

which is given in Table 902a. 

, 79 
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BOND LENGTHS calculated difference 

N-C2 1.4837 A 

-

C2-Cl 1. 5207 

CI-Ol 1. 2279 

CI-02 1.2464 

BOND ANGLES calculated difference 

C2. Cl.02 115.9320 0 

C1. c2.N 110.8000 

C2- Cl.Ol 117.7790 

-

Ol-CI-02 126~l790 

Table 902a. Bond lengths and bond angles. 
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BOND LENGTHS calculated difference 

N-C2 1. 6409 A -0.1572 ]I. 

-

C2~Cl 1.7995 -0.2788 

CI-Ol 1.2435 -0.0156 

CI-02 1.3712 -0.1248 

BOND ANGLES c2.1culateo· differerlce 

C2-CI-02 . 105.7590° . 10.1734° 

Cl-c2-N 93.0441 .17.7559 

r------ --

C2- CI-Ol 105.2a70 12.4925 

- --

Ol-CI-02 120.0000 6.1792 

t' . 

Table 902b. Bond lengths and bond angles • 

. . 
. I 



given by Iitaka and that which is given by the present 

experiment. The atoms of S glycin"e are labeled in Figure 

82 

901. It can be seen readily that the changes in bond lengths 

are relatively small com~ared with the changes in bond angles. 

The largest changes in bond length occurs with the el --e 2 

bond which is 0.27 1 or abbut 20%. The largest change in 

bond angle is the angle at atom C2. The change is 17° or 

almost 17%. Assuming the correctness of the reference struc-

ture, this degree of deviation is very significant. 

"(e) The Question of Temperature Factor: In the 

early stages of structure determination, we encountered nega-

tive temperature factors in the structural program refine-

ment. Taking the thermal motion of the atoms into account, 

the structure amplitude can be expressed as 

E ~. ~ + 
~hkl = .f 1 exp{2r1{r.-H» 

1e . T 1 
1, 

902 

. ~ . 
where r. is the posit1on vector of atom i, H 1S the vector 

1 

of the reciprocal lattice and f 1 is the atomic scattering 
e . T 1, 

factor of the ith atom multiplied by the thermal function, 

i.:.e., 

fel,T = fel"fT 

sine 2 fT = exp (-B(->..-) ) 

whereB is defined as the temperature factor. Unreal or 

negative temperature factors can be due to the following 

situations. 



(1) Uncorrected non-linear effects of the data process-

ing procedure. 

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

the photographic plate is non-linear_ For the most part~ a 

correction of the form I = eKD , where D is the blackening 

and K is some constant, is adequate. Suppose that the slope 

K is corrected, and K' is the true slope, then Eq. 904 can 

be written as 

I = e KD (K' -tlK) D -, e = K'D-tlKD e • e. 905 

recalling that 

A -1/2tlKD r-e . 

906 

83 

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

ducti~n of a factor of the form el/26KD into Eq. 902. This 

factor also varies although in some complicated manner, as 

(s~ne)2 and it also counteracts the temperature factor. 

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

sine 2 . . 
(--A--) falls off too slowly. This needs are-calculation 

, 

of the fel tables. 

The fel as a function of angle is shown in Figure 902. 

It can be seen from Figure 902 that'fel approximates an 

_K(sine)2 
eA curve. If it is falling off less sharply than it 

should, the effect is as though f 1 is modified by so~e 
+K,(sin8)2 e 

factor of the form e A with some constant K'. This 



factor has the same fUnctional form as fT and counteracts to 

it. 

(3) Dynamical effects 

84 

For a single crystal of "medium" thickness, the integrated 

intensity according to the two beam dynamical approximation 

can be expressed as 

2 ¢ 2 . 
I = CA Inl ·t·K 907 

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

and 

908 

with n denoting the unit cell volume. 

If II is the correct intensity 

and 4> '\, Ii"' = rr-. 1 
K 

908a 

It is obvious from Eq. 908 that the dynamical correction 

factor 11K introduces into Eq. 902 a factor of the form 
+k¢2 . 8 2 

e which also is dependent on (s~n) and counteracts 

the temperature function fT' 

From the experimental results Case (2) clearly does 

not apply. If Case (2) were true, then the temperature 

factor of the same kind of atom, for example carbon, will 

be negative. The results of three types of experiments direc-

ted to this question are tabulated in Tables 904, 905, and 

906. The experimental results as listed: Tables 904 and 905 

are calG:ulated from the same raw intensity data but their 



intensities are corrected for non-linearity by different 

values of slope K. 

From Tables 904 and 905, it is shown that the tempera

ture factor of Cl and C2 are of different signs. Therefore, 

case (2) is ruled out. 

Case (1) seems probable because, as shown in Table 906, 

after correction of non-linearity effect by assuming a two 

slope correction curve (Chapter VI) all the temperature 

factors become positive. While the correction of non-linea

rity as described in Chapter VI yields positive temperature 

factors, it does not improve the R value. This means that 

the reliability for the calculated structure is lower than 

before. 
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The increase in R value with positive temperature fac

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 was pointed out in 

Chapter VI, a point by point correction according to the 

calibration curve should give much more reliable results 

than the tWd slope systematic correctionrnethod we have used. 

Another explanation for the negative temperature factor 

is Case (3). The evaluation of the extent to which the 

diffraction data are dynamical will be discussed in Chapter 

X. 

A combination ofthc effects of Case (1) and Case (3) is 

possible. 
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Output of the,Leas~ Square program. XRAY 
(LSLONG) '. Lis,ted are: The reliabi li ty 

, factor 'R,thescale factor, the new atom 
coordinates x, y, z, the newtemperatur,e 
factor B, and the atom types. This is 
the result after 5 cycles of refinement. 

Table 904 ' 

Calculated with a one slope non-linearity 

correction for the raw intensities. 

Table 90~ 

Calculated with a one slope non-linearity 

correction for the raw intensities. Slope 

different from Figure 904. 

Table 906 

Calculated with a two~s16pe non-linearity 

correction for the raw intensity data. 

, 

-" 
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Table 904 

R (INCLUDING Zr.:n.O UEIG~rr DATA) = .43732 FO? 235 DATA. 
r~EH SCALI: FAC:TO~\. FOr~. F0i3:3 = .18774 

, ATO!·! 
1 
2 
3 
4 
5 

i<iE'>i X 
.352200 
.324036 

-. OS96\~6 
.131694 
.103824 ' 

NE\-l Y 
-. CL:·OOOO 

.Ol}7212 

.109566 

.032.353 

.128619 

. -
Table 905 

t'!E~l Z NE'i1 Bl1 O~< B 
-.261900 .420 N 

.237306 .694 01 

.124'i99 2. 16ll 02 

.075030 -.377 Cl 
-.239098 .856 C2 

R (INCLUDING ZERO ~'liIGl~T DATA) = .35765, FO;:::' 199 DATA. 
,NE\'/ S GALE: FACTO? Fa?, FOBS = .48993 

ATOl-t 
1 
2 
3 
4 
5 

NEi:l X 
.352200 . 
.-379734 

-.091263 
.115799 
.102688 

NE~l Y 
, -.040000 

.032229 

.077586 
• 03·~816 
'.111666 

Table 906 

nEvI Z 
-.261900 

.222471 

.112315 

.075358 
.237292 

tIE'>I Bl1 
.252 
.968 

1.374 
... 1. 296 
1.677 

OR B 
N 
01 
02 
CJ 
C~ 

'R (INCLUD H1G ZEIZO 1'lEIGHT DATA) = .48925 FOJ. 235 DATA. 
NEH S GALE FACTO:::. FO:Z FOBS =.18657 

ATOt1 NE\-lX NE"vl Y NEH Z Ft.-c" i~~, B11 OR B 
1 .352200 -.040000 -.261900 .532 N 
2 .383419 .040202 .236902 .510 01 
3 -.090100 .098018 .124317 2. 122 02 
4 .:131947 .009902 .075626 .053 C1 
5 .109545 .123050 -.239618 .703 C2 
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(0) Convergence and the Number of Minima: To get 

some idea about the convergence behavior of the data, as 

determined by the least square program, three experiments 
,,.. 

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 parameters are kept unchanged. 

The results of such experiments are tabulated in Tables 

9Q7 and 90S. It is clearly seen that they all converge to 

different minima with high R values. 

These experiments add another testimony to the unreli-

ability of the result. 

It is not unusual that least square programs do some-

times converge to different minima, for variation in input 
o 

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 known beforehand. If there 

were enough data to completely overdetermine the parameters, 

the programs should converge to the same minimum. In·the 

present investigation, the three dimensional data together 

have about 235 different spots. This is equivalent to having 

about half" that amount of unique data points because of 

symmetry. When this number is compared with the situation 

in x-ray diffraction, where data usually run into thousa~ds, 

our technique at this stage of development see8S crude ir.deed. 



Output of the Least Square Progran XEAY 
(LSLONG). Listed are: The reliability 
factor R, the scale factor, the new atom 
coordinatesx,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 coordinate. 

Experiment II. 

Table 907c 

Result of a slight variation in input trial· 

structure. Note the unphysical 7 coordinates. 

Experiment III. 
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FIG. 907a 

R(lI';CLUCIUG ZE:~O ~{:::I";lIl' DATA) = .53306 For~ 235 DATA. 
HE~l S CALl:.: FACTO~( FOI~ F013S - .16976 

ATOH NE~l X NEVI Y i'!E~l Z 1';EI'1 2,11 O~) .,:. ..... B 
1 .352200 -. Ol~OOOO -.261900 1. 53.3 i'l . 
2 .385092 • 055257 .263301 1.006 01 
3 -.107160 .111679 .155236 .692 02 
4 .143601 .018659 • 0733L~ 1 1. 606 C1 
5 .131034 .131650 -.391769 4.359 c2 

FIG. 907b 

R (INCLUDInG zzr-w HEIGHT DATA) = .49739 FO~~ 235 DATA. 
NEH S CALE FACTOi~ fOR :FOBS - • 19677 

ATOH NEH X NEH Y NEH Z NE~} B11 on. B 
1 .\352200 -.040000 -.261900 .817 H 
2 ;365630 .030775 .243559 1.2.99 01 
3 -.091743 .109148 .091064 2.655 02 
4 .121159 .033912 .027822 -.577 C1 
5 .. 103518 .117382-33.275909 -.534 c2 

FIG. 907e 

R (INCLUDING ZEl-ZO HEIGHT DATA) = .4$432 FOR 235 DATA. 
N£U SCALE FACTO~ FOil FOBS = .18574 

ATOH NEH X NEVI Y NEH Z i'·!Er .. 1 Bll OR B 
1 .352200 -.040000 -.261900 .560 N 
2 .386393 .048405 .246947 1.065 01 
3 -.090310 .114103 .138166 2.092 C2 
4 .132133 ·043387 .072743 -.681 C1 
5 .103031 .127044~38.264245 1.419 C2 
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Table 908a 

Bond lengths and bond angles. Result of 

variation of input Experiment I. Calcu

lated with the atom coordinat~s given in 

Table 907a. The differ~nce is that be

tween this result and the known values. 

Table 90Sb 

Bond lengths and bond angles. Result of 

variation of input Experiment II. Calcu

lated with the atom coordinates given in 

Table 907b. The difference is that be

tween this result and the known values. 

Unphysical values in the bond lengths a~e 

due to flaws in the least square program 

which allow the atom coordinates to exceed 

the unit cell dimension. 

Table 908c 

Bond lengths and bond angles. Result of 

variation of input Experiment III. Calcu

lated with the atom coordinates given in 

Table 907c. The difference is that which 

is between this result and known values. 

Unphysical values in bond lengths are due 

to flaws in the least square program which 

allow the atom coordinates to exceed the 

unit cell dimension. 
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BOND LEI':GTHS calculated difference 

N-C2 1. 5124 A .... 0.0287 A 

-

C2.Cl 1.5786 '-0.1579 

CI-Ol 1. 2686 -0.0407 

CI-02 1.6095 ,-0.3631 
, 

BOND ANGLES calculated. difference] 

C2-CI-02 116.4200° -0.4879° 
-

Cl- C2-N 68.0730 41. 127 

C2- CI-Ol 112.1560 -5.6234 
- -.~.-----

01- CI-02 109.4600 -16.7192 

Table' 908a. Bond lengths and bond angles. -
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BOND LEL\:GTHS calculated . differe:1ce 
;;;. 

N.C2· * 
-

C2-Cl * 

CI-Ol 1.3378 -0.1099 

CI-02 1. 3395 -0.0931 

BOND ANGLES celculated differe:lce 

C2-Cl-02 124.7770° -8.8447° 

Cl- C2-N * 

C2. Cl·Ol 121. 4860 -3.7066 

Ol-CI-02 109.8330 16.3457 

. 

* Unphysical values (please see legend) 

Table 908b. Bond leneths and bond angles. 
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, 

BOND LENGTHS calculated difference 

N-C2 * . 

C2-Cl * 

Cl.Ol 1. 2616 -0.0337 

". 

1.3828 -0.1364 CI-02 
'" 

BOND ANGLES calculated· difference 
" 

C2-CI-02 125.1380 0 -9.2057 0 

CI-C2-N * 

C2-CI-Ol 109.8960 -7.8828 

~ 

Ol-Cl-02 120.2668 -5.9132 

. 
:f." 

* Unphysical v~lues (please see legend) 

Table 908c. Bond lengths and bond angles. 



The number of unique data points used in Iitaka's work was 

only about one hundred, however~ His. data were from the 

hOI and Oklprojections. This number should be looked upon 

as the barest minimum that can be used, as present day x-ray 

crystallography usually works with data points numbering 

one or two orders of magnitude higher. 

(E) Hydrogen Atoms: A Fourier synthesis using the 

phases and scattering amplitudes of the calculated structure 

is shown in Figure 902. A ~F synthesis using the same con-

ditions is shown in Fjgure 903. 

The difference Fourier synthesis is a powerful tool in 

the refinement of the atom parameters. It is a Fourier 

synthesis using the difference between the magnitudes of the 

observed and calculated structure amplitudes I<p I-I<p I as o c 

coefficients. It can be expressed in the form 

AF = 
-+ -+ 

-21T(H·r) 
e- 909 

where a c is the phase of <Pc. If the phases are correct, 

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

model used and the "true" structure implied by the¢ IS. 
o 

The difference map has a peak ever~Jhere that the ~ c 

model fails to provide the electron density implied by the 

I~o! (the phases of the <Pc are used). It shows a hole where 

it provides too much. As a first approximation, correctly 

placed atoms will not appear in the synthesis, inc~rrectly 

placed ones will be in holes and missing ones will appear as 
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Figure 902 

Fourier synthesis map of the sca~tering 

potential of S glycine at a section along 

. the b-axis where b = 0.8 fractional units. 

Figure 903 

The ~F 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 glycine molecule 

minus hydrogens. 

hydrogen atoms. 

cussion. 

The open circles denote 

See text for further dis-
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Output of .the Least Square Program XRAY 
(LSLONG). Listed are: The reliability 
factor R, the scale factor, the new atom 
coordinatesx,y,z, the new temperature 
factor B, and the atom types. This is 
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 values . 
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FIG •. 909 

R (iNCLUDEiG ZEr.O :<lEIGlfi' DATA) - .47185 FO~·~ 235 DATA. 
H£H SCALE FACTO:·!. Fm;. FOBS = ·.19515 

ATON NEH X Nm·I .. Y NEh .. Z t!Et;'J Bl1 0'" -, B 
l .352200 -.040000 -.261900 .590 N 
2 .383831 .039544 .241836 .591 01 
3 -. 085L~53 .120674 .105738. 2.939 02 
4 .131949 .027645 .077351 -.796 C1 
5 .109340 .114648 -.213692 -.061 C2 

ATOi'S NOT 3.EF INED • 
6 • 540000 .012000 -.135000 2.000 Hl 
7 .340000 -.031000 -.449000 2~JOO H2 
8 .337000 -.203000 -.216000 2.000 H3 
9' .125000 .241000 -.274000 2.000 . 1-14 
10 -.091000 .008000 -.362000 2.000 H5 
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BOND LE:I':GTHS calculated difference 
/ 

N-C2 1.6669 A -0.1832 A 

-
C2-Cl 1. 6189 ~0.0982 

CI-Ol 1.2378 -0.0099 

CI-02 1.3093 -0.0629 

Bmm ANGLES calculated difference 

C2- CI-02 102.'7440 0 13.1883 0 

CI-C2-N 100.3580 18.4422 

C2. CI-Ol 109.2890 8.4904 

-----

Ol-CI-02 124.8320 1.3475 

.... 

Table 910. Bond lengths and bond angles. 



peaks. 

It also shows where an anisotropic temperature factor 

is needed. For fhrtherdisccisSionbnthe toleo~ the ~F 

syntheSis in the refinement of'sttuctures, the reader, is 

referred to standard texts such as Stout and Jensen [48]. 

From the difference Fourier map of Figure 903 it is, 

readily seen that 

1. Atom 01 has too large an isotropic temperature f ac-

tor (TF) and anisotropic TF correction is necessary, 

2. Atom Cl has too small an isotropic TFand also anis-

otropic TF correction is needed, 

3. Atom 02 needs a larger shift in coordinates, and/or 

probably has too large a temperature factor, 

4. Hydrogen atoms are ,easily located and occUr at peaks 

labeled with open circles and connected by dotted lines as 

shown in Figure 903. 

These observations indicate that further refinements , 

'in the direction of 

a. Putting in anisotropic temperature factors ,for 

at least atoms 01 and Cl. 

b. Including hydrogen atom positions are in order. 

But as mentioned above, because of the high reliability 

factor value, further refinement was not attempted. 

The above observations testify to the fact that the 

, scattering cro~s-sections of hydrogen with electron diffrad-

tion is considerably higher than that of x-ray diffraction, 

104, 
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hence detection is much easier. 

Except for the fact that a couple of 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 Fourier synthesis of 

electron diff~action methods. 

Figure 903 further suggests that including the hydrogen 

atoms into .the calculation of structural ampli tudes can 

reduce the error. The result is shown in Table 908, i~ which 

a 5 cycle refinement of the least square program with the 

hydrogen atoms included but not refined is tried. 

As shown in Table 909 and 910, this experiment produces 

a slightly better result, as the calculated bond lengths and 

bond angles are concerned, but it neither reduses the R fac-

tor nor gives a reasonable temperature factor. The conclusions 

~rawn previously in this chapter therefore still hold . 
...:..-.. '.;) ..... ~,;:..~.- ~ 

(F) Refinement of Calculated Structure: In view 

of the preceding results, 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 

anisotropic temperature factors, doing difference Fourier 

synth~sis and refining the position~ of the hydrogen atoms, 

-etc • 
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X. EXTENT OF DYNAMICAL SCATTERING 

The first sign indic'ating possible effects cf dynalnical 

scattering is the presence of forbidden reflections. Since 

we are working with a structure that has been accurately 

determined by x-ray diffraction, these forbidden reflections 

do not present serious problems in space group determination. 

If the structure is unknown and if there were no accurate 

x-ray diffraction data to act as a standard reference, the 

presence of forbidden reflections would pos~ serious problems 

in the determination of space groups. 

The space group of glycine as by Iitaka is P2 [24]. 
1 

This is confirmed by the indexing of our electron diffraction 

patterns except for the forbidden reflections along the k 

axis. The extinction rule is k·= odd, for the oko recipro-

cal lattice row of the hko projection, and none for the hOl 

projection. As can be readily seen from Figure 1001, the 

010, 030, 050, oio, O~O, O~O reflections do appeai with 

appreciable intensities. In Chapter VI it was pointed out 

.that since we have the x-~ay diffraction data as standard, 

the INCOR program was instructed to ignore these forbidden 

reflections. However I the appearance of thes~ systematic 

reflections- may be interpreted either as a sign of dynamical 

effect or as a result of incoherent secondary ~cattering [9, 

.• 



Figure 1001 

Microdensitometer tracing of the OhO 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 s~condary 

scattering rather than mUltiple scattering, it is possible 

to correct for it if its influence is not very strong [49, 

50]. This represents yet another stage of refinement which 

we shall not attempt to do. 

There are methods for correcting the effect of dynamical 

scattering such as that proposed by Honjo and Kitamura [51] 

and by Nagakura [52]. Honjo and Kitamura made their dynamical 

correction based on the two beam approximation of Blackman. 

They proposed a method of recording data at several wave-

lengths and extrapolating 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 resolution and the 

reliability of structural determination. The correction 

represents yet another stage in the refinement of the calcu-

lated structure. 

If a standard reference structure is known and its 

structure amplitude ~ is calculated, Vainshtein [53,54] 

suggests a method which allows the comparison of the two beam 

correction factor K with the theoretical value of that exp 

quantity. The K , which is arrived at experimentally, also exp 

allows a crude calculation of t, the mean thickness of the 

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



cp 
thickness and for the region taIl gkl l <2. 

According to the two beam approximation, the integrated 

intensity for a "medium" thickness crystal can be expressed 

as 

1001 

with 

1002 

These equations are the same as Eq. 907 and 908 respectively 

and the symbols are as defined in those two equations. 

Equation 1001 

k_rrel 
exp 

can be written as 

= c-K exp 

reI 

1003 

110 

n2 
where c is equal to --

A 2_ t ' Iexp is the experimental relative 

reI 
intensity, and k is the scale factor which brings leal into 

2 
the same unit as <P cal - Equation 1003 is valid for each hk1 

reflection in the two beam case. Since Eq. 1002 defines the 

functional form of K, it follows that K , defined by Eq. exp 

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 teA 

= 13" "lr- W = m<P 1004 

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

instead of K, then the slope of the plot of K against exp 

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



thickness t can readily be obtained from Equation 1004. 

The average thickness t could also be measured by using 

the intercept of Equation 1003, 

relj . 
k ex = 

~2 ell = 0 
cal 

·1004a 

However, in this case k which is the .scale factor, would 

have to be determined independently such as by varying A. 

The plot of K against ell 1 is shown in Figure 1002. exp ca 

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

thickness of the crystal is then 

t = ml3n -A-'-

o· 
substituting into Equation 1005, A = O.0418A, n 

_ o· 

we obtain t ~ 1310A, within a factor of two. 

1005 

03 
= 157.835A , 
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This value of the average thickness is of the same order 

of magnitude as that which was estimated theoretically by 

Vainshtein for organic crystals with Z =6-8, and having 20-

25 atoms in the unit cell. For such a case Vainshtein gives 

a thickness of about 1200A as the thickness of crystallites 

at which kinematic scattering changes to dynamic scattering. 

From this, we can infer that the sample we have used. had a 

thickness which is beginning to or is showing effects of 

dynamical scattering. 

From Eq. 1002, it is obvious that the purely kinematical 

case would mean a zero slope, i.e., m= O. The more dynamical 

the situation is, the larger is the value of m. The conclusion 



that our sample is on the border line of showing dynamical 

effect is evident from Figure 1002 and 1003. A "best fi·t" 

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 the mean thickness and inter~ 

preting the extent of dynamical scattering has validity only 

if the following 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 effects. 

2. The crystal is of "medium" or intermediate thickness 

so that absolute dynamical effect is hot taking place. 

3. The standard structure or reference from which the 

~cal is calculated, is correct with a high degree of confi

dence. 

4. t- 1~1<2. 

5. The thickness of each mosaic element must be the 

same, and there must not be large statistical variations in 

volume between the individual mosaic 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 

structural amplitudes produces slightly different values for 
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Figure 1002 

Curve to show dynamical effects. <1> cal 
The is calculated without H atoms. 

ordinate is the ratio I /<1>2 which exp cal 
is ass.urned to be equal to I-log (Kexp) 

according to the two beam dynamical theory. 

A best-fit straight line~is drawn through 

these points by eye. Because of the 

functional form of K (see text), the points 

corresponding to large <1> values are given 

more weight than those corresponding to 

small <l>, in drawing the -line. The slope 

of the line determines the extent of dyna

mical scattering. 

Figure 1003 

Curve to show dynamical effect, <1>cal is 

calculated with hydrogen atoms . 
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the calculated structure amplitudes (Appendix B-2). Figure 

1003 is the same as Figure 1002 but calculated with the 
. , 

structure amplitudes which includes hydrogen. It is. not. 

appreciably changed, hence the mean crystal thickness can be 

taken as being the same order of magnitude as that which was 

116 

estimated from the previous plot, particularly since the whole 

method is extremely crude to begin with. 

',. 
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XI. CONCLUSIONS AND SUMMARY 

(1) Patterson Function 

All three projections of the Patterson function (hOl, 

hkO, and Okl) are qualitatively si~ilar to the "point" 

Patte!son maps calculated from the atom coordinates determined 

by x-ray diffraction methods. This can be taken to mean that 

either the Patterson function is n~t sensitive enough to show 

the difference between kinematic scattering and dynamical 

scattering behavior, or that the specimen under. investigation 

J is thin enough so that the mode of scattering is totally 

within the kinematic domain. It has been shown theoretically 

by Cowley and Moodie [45] that the Patterson function is 

indeed not sensitive enough to reflect the difference between 

kinematic scattering and moderate dynamical scattering for 

light atoms. 

(2) Dynamical Scattering 

Assuming 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 test was applied to 

the electron diffraction data for the two cases of including 

and excluding the hydrogen atoms, in order to further assess 

the extent of the dynamical effect. The results for both 

cases indicate that the specimen is weakly dynamical with a 



roughly measured mean thickness of approximately l300A. 

This mean thickness is of·the same order of magnitude which 

Vainshtein calculated, for an organic crystal of 20-30 atoms 

in the unit cell, at which kinematic scattering changes into 

dynamical scattering effects. To correct the effect of 

dynamical scattering, experiments of the type performed by 

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

(3) Hydrogen Atoms 

The difference Fourier synthesis shows distinct peaks 

located at approximately where the· hydrogen atoms should be. 
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This fact· shows that hydrogen atoms have a much more pronounced 

J effect in electron scattering than in x-ray scattering. There-

fore, in future work, the positions of the hydrogen atoms 

should be included into the structural amplitude calculation 

at an earlier stage than it would be for x-ray work. This 

confirms the work of Vainshtein that H atoms can be located 

accurately even if the data are not good enough to do the 

entire structure. 

The difference Fourier map also suggested refinement by 

putting in anisotropic 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 

i 
I 
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in input, it can converge t6 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. 

(S) Reliability Factor 

The reliability factor R of the calculated structure is 

too high. Therefore, 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 trial structure; 

b. Inadequate non-linearity correction; 

c. Insufficient overdetermination of the parameters 

because of the small amount of data available; 

d. Dynamical scattering. 

It is assumed in this case that the trial structure as 

determined by x-ray diffraction is correct except for possible 

dynamical effects which are not significant in x-ray diffrac

tion. Non-linearity correction was discussed extensively in 

Chapter VI. It is assumed that in the present experiment 

the necessary correction has been made. The result from 

Iitaka's work seems to indicate that about 100 unique data 

, points is sufficient to determine the structure even though 

using a tilting stage to collect ~eflections from othet planes 

will yield many more data points fora better determination 

of the parameters. 



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 
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The data collection and conversion system is too limited 

to process the large amounts of data which any attempt of 

accuracy in structural determination must require. An auto

mated and integrated system such as the one being developed 

now (Chapter V) is very much needed. 

It has 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 

of theoretical limitations and because the present level of 

instrumentation is still too crude to yield the large quanti

ty of data that is necessary for very reliable results. 

Throughout the research, the structure of B glycine as deter

mined by x-ray diffraction has served both as a guide as well 

as a standard. It is assumed that the structure as "seen" 

by x-rays is the same as that which is "seen" by electrons. 

With these assumptions and within the limitations of instru

mentation, the above conclusions are drawn from the present 

investigation. 
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APPENDIX,.. 

Table of the atomic scattering factor fel in p 

units, i.e., scattering factor relationship to scattering 

* factor or proton for th~ atoms H, C, N, and O. Values 

have been converted into p units from the table given by 

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

1966. 

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.50 

0.60 

0.70 

0.80 

0.90 

1~00 

* 

H 

.221 

.212 

.189 

.160 

.130 

.104 

.083 

.067 

.055 

.037 

.027 

.020 

.015 

.012 

.010 

C 

1.024 

.944 

.861 

.727 

.59-7 

.480 

.384 

.310 

.250 

.170 

:125 

.092 

.075 

.058 

.050 

N 

.919 

.877 

.798 

.702 

.601 

.500 

.41S 

.347 

.288 

.200 

.146 

.113 

.OS77 

.071 

.0585 

a 

.840 

.815 

.752 

.677 

.593 

.510 

.434 

.368 

.313 

.225 

.167 

.130 

.100 

.079 

.0668 

The p unit is defined as the r~tio of 
fe1 of an atom to the scattering power of a proton 

. -8 scattering at a s1n6 = 0.1 x 10 . 
-A-
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APPENDIX B-1 

These are the listings of the computer printouts 

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

Here the Fls are the same as the notation ¢ that was used 

throughout, which denotes the structural amplitude. The 

scaling factor k of theF b is arbitrary in the first o s 
cycle, and the reflection Fobs (0,0,0) is not an experimental 

point but a value put in by the program. In the'listing, 

the H, K, 'L are the Miller indices, the sinA and CosA are 

the imaginary and r~al parts of the phase of the calculated 

structure.' The other listings are only meaningful to the 

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

lem. 
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Th~se are the 'listings qfthe first, and fifth cyc'lest 
-" .. ;'. 

, '. 

of the program t.S~ONG whe'~ hydrogenatorns are ihcluded into 

the calculation b~t not refined~ 

The notations are the sarne as described in Appendix 
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