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Often electron wmicrograons exiiibit a repeating structure.
Sometimes this repsating styucture satisfies the definition of a

cxy~tal in that it has a three dimensional repsating siructure,

If

he unit cell siructure of ihis repeating structure can be determined,
it caun be usad to hely catagorize differeant sections of a particular

i
sangie, In some cases, the use of optical diffraction analysis of

electron alcrographs with repeatlop structure is 2 meihod of

deteramining tite unit ecall stvuccure,

samples of B-Lactoglobulic were prepared for viewing i tha
clectrun nicroscope uting boun thae crystalliac material acd zzrbon
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replicas of the crvatal surface. Because the crystalline material

was very unstable in the electron beam, images adequate for use as
diffraction gratings could not be obtained. Electron images from the
replicas were used to generate the optical diffraction patterns in this
paper.,

The structure of pg-Lactoglobulin has been determined previously
by X~ray cixtraction anaxysis. Thnis intormation was used to assist
in the interpretation of the optical diffraction patterns,

Electron micrographs and optical diffraction patterns were
recorded which were fOuhd to be consistent with the structure of
g-Lactoglobulin as determined by X~ray diffraction analysis. The unit

v

cell dimensions were determined to be a = SBiQK, b = 59+3% and

¢ = 102+128.



CRYISTAL STRUCTURE ZETERMINATION OF J-LACTCGLOBULIN

FROM ELECTRON MICROGPRAPHS

by
RICHARD ROETER

A thesis submitted i partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in
PHYSICS

Portland State University
1971



TO THE OFFICE OF GRADUATE STUDLES:
Tha members of the Cowwmicree approve the thesis of Richard

Roeter presected July 29, 1971,

Junn Dash, (hairman

e

bavid McCluve

Gertrude Rempfer

Makoto Takeo

APPROVED:

Mark Guraviten, Head, Department of Physiég

David Clark, Dean of Graduate Studies



ACKNOWLEDGEMENTS

The author is grateful to his advisor, Dr. John Dash, for
his assistance throughout the project and Dr. Gertrude Rempfer

for her assistance in the initial phases.




TARBLE OF JOKRT

PAGE
ACKNOWLEDGEMENTS, c e e e e
LIST OF TAl

PP
L L T S S S S S ST 111
'-}L LI N S T T T Y T ST S SR S T S TS 4
T Qg T OTTIR G .
LIST OF VIGURES & v v v v e e e o v s e v o u s
LT A SPEITI TS
CHAXTER

INTFODUCTION

v

voe e s e . e
REVIEY OF LITURATURE

4
Canera S

7
- . - » * L4 - T - -
Flengation of rhe Reci

Points

ce
e e e a e e e e s e s e e e e 12
Sources of EXXor . o v v v v v s e e e e e e e s la
IV METHODS AND TeCUNIQUES s s s e s s e e e s
Sample and Sample Preparvs

. 17
rtion.
ipparatus,

* »
- »

. . 17
. o e e e e s <
VvV obaTa . . . ..

25
DLBCUSE

-
1]
4 e 2 s o s & ¥ e s ¥ "-9
LON OF T RESULTS 38
s v (..',! iy 'l\s“(a AN UL.L « 5. s . e ¢ & v 2 e = s = -~
Y . 2%
1)\,116\ A,ri‘.i‘l VULE M s e e = + . * w 0w « s e ¢ e [ -
Couclu ik TN
onuc g FLOUE « e o s 4 e 6 6 e 2 & s s s e 4 s 4 . o
¢ & s s+ & & a4 & » & & s & F L e ¥ s s s o = s =

40




TABLES

I1T.

Specifications for Spectra-Physics Model 132

Laser .

Comparison of Peossible Planes Resolvable in

-

LIST OF TABLES

*

L]

.

3

-

.

-

)

B~Lactoglobulin Crystal and Experimental Results. .

Theoretical and Observed Angles between Diffraction

Planes,

.

»

»

.

.

.

-

.

-

[3

PAGE

27

31



LIST OF FIGURES
FIGURES PAGE

1. Schematic diagram showing the relation between the
camera lengtih L and the first diffraction maxima on
the diffraction pattern, . . . e e e e e e e e 12
2. Schematic diagram showing the relation between thev
elongation of the reclprocal lattice spotsg and the
numbér of scattering slits . , , . . . . + « .’. . 13
3. Photograph ot a typical cellection of g-Lactoglobulin

crystals as seen in the ligiht microscope e e e e 19
4. Photograph shows a bright field image of a single
B-Lactoglobulin ecrystal as recorded using a iiitachi
H5-75 electron nicroSCOPE, . ., . . v v v 4 o o o o 21
b Phofograph shows the same crystal as seen in Figure

4 after about 4 minutes exposure to the electron

bean

e e e e e e e e e e e e e e e e e e e 22

[ea)

Photograph of tha electron diffraction pattern

obtained from thae B--Lactoglobulin crystal in

Figure 4 « v« v v ¢ v e e e e s e e e e e e e e e 24
7. Schematic diagram of the optical difiracteacter

apparatius o . 4 e e e e e e e s e e+ e e

o .

Fhotograply of the electron wicrograpih area from which

the eptical diffractioa pattern in Figure § was



http:Photogra.ph

vii

obtained with the insert showing the mask area

. e e 32
9. Photograph of optical diffraction pattern of
B~Lactoglobuiin snowing the diffraction maxima
generated by the (110) and (012) planes. . . . . .. 32

10. Photograph cof the electron micrograpn area from
which the optical diffraction pattern in Figure
11 was obtained with the insert showing the
MASK ATER4 v v o o o o o o o o o o o o o o o o ¢ o o 34
11. Photograph of optical diffraction pattern of

g-Lactoglobulin showing the diffraction maxima

generated by the (001) and (100) places. . . . . . . 34

rad
N

. Fhotograph of the electron microgranh area from
which the optical diffraction pattern in Figure
13 was obtained with the insert showing the mask
= o = 35

13. Photograph of optical diffraction pattern of

p-Lactoglobulin shiuvwing the diffraction'maxima

generated by the (010) and (101) plenes. . . . . . . 35
14, Photograph of the electron micrograph area from

vhiich the optical diffraction pattern in Figure

1> was obtained with the insert showing the

MASK d8Y€3. . 4 v 4 ¢« 4 4 e s e e e e e e e e e e e 36
15. Photopraph of optical diffractien pattern of
p~Lactoglobulin showing the diffréction maxima

penerated by the (110) plane ¢ ¢ v v ¢ ¢ o o o & o & 36




CHAPTER 1

. INTRODUCTION

Inclusions which are distinguishable from their surrounding

matrix are often found in electron microscope images., Sometiumes

the

arrangemant of these inclusions satisfics the definition of a crxstal

in that they are three dimensjional periodic arrays. This repeating

structure probably is important, in most cases, either structurally or

functionally, in determining the properties of the systems being

analysad, For example, in metallurgy, there might be a relation%hip

between the ilnclusion structure and the chenmical and physical

properties of the material, and in biolegy, tinere might be a

relaviousnip between the inclusion structure and the c¢ell structure or

organization.

Wien the inclusion material can be adequately separated from its

|

surrounding matrix, information about 1ts three dimensicnal siructure

|

can often be determined using X-ray diffraction and/or optical
crystallography tecimiques, If the inclusien material canvot be
separated from its surrounding matrix it is often difficult to
characterizz more than the periodicities and the angular relation

between thce Arrays,

~I

1ships

The inclusion material and its surrounding matrix can often be

prescrved ov only slishtly modified when prepaved for viewing in

the

electron microscope. Proevided the distovtion is not too great, the




electron micrograph image provides a good represcntation of a section
of the xepeating structure, The electron micrograph image represents
plave section of the tiree dimensional periedic structure. Since, in
. general, different plane sections of a specimen will reveal different
periodicities, the electron aicrograph images wmay appear dissimilar
witeir in fact they are different views of the same structure. This
effect can lead to a great deal of confusion, especially if these
electren nmicrograph images are to be cowmpared with cthers found in the
same or in different specimens. 1If the unit cell structure could be
determined wuch of the difficulty could be elininated.

The periodicity of the inclusion material can be measured
directly from the print of a high magnification electron micrograpii,
Recently, Klug and DeRosier (1) nave proposed optical diffraction
techniques as a method of determining the three dimensional linear and
angular parawetersz from electren micrographs whicit have a rvepeating
structure. This was proposed to be accomplished by using the electron
micrograph divectly as a diffraction grating and analysing the
resulting ovtical diffraction patteru, The usce of optical diffraction
for these meoasurements provides a few importaut advantages over the
direct measuring method. First, the optical diffraction method
provides an objective and accurate method of measurement. Second,
there are often subtle pericdicitiss whicih are not readily apparent to
the naked eye but ave casily seen dn the optical diffraction pattern.
Third, the cprical dilivuction pattefus of different plane scctiong of

the cthree dimeasional waterial can be recombined in reciprocal space
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to provide information about the unit cell structure, Fourth, the
determination of the threc dimensional unit cell structure can be used
to provide a closg approximation of the molecular weigh: of the
wmaterial or at least place it within a certain range (2)..

The-purpose of this research project is to investigate the
optical method of structure determination by attempting to determine
the unit cell structure of a crystalline material whose unit cell

dimensions have been determined by X-ray diffraction.



CHAPTER 11

REVILY OF LITERATURE

Generally, repeating structure in electron micrograph iﬁages'is
fairly easy to catagorize beczuse a numerical value can be assigned to
the varioAus dimensions. Often tire interpretation of this data is a
far more complex problem, To extract the maximum amount of
information f;om electron micropraph images with repeating structure,
some innovative techniques have been developed. One such techuique
has been the use of optical methods to both enhqpce and a2nalyse the
repeating structure.

Markham, Frey and iiills (3) have developed a wethod of
investigating rotational peviodicities by szuperimposing photographs of
an electron micrograph rotated repeatedly through a givén angle. When
the propew angle is closen, the rotational sirvucture is enhanced.
Markham (4) has developed a strcboscopic tecg£ique which alsc serves
to superjmpose images in various anguiar arrays in . a manner simlilar to
the one above. Linear objects vere treated in a similar manuer by
Markhaj§ Hitchborn, Hills and Froey (5). The ﬁechod consists of
supaximposing phoﬁegrapns of an elgctron microgra?h which ha§ a

repeating structure transiated repeatedly thyough & proper chosen

These early metieds of vsing optical mzans of enbancing periodic

structure adve led researcunelrs to ccaek other ways in which optical
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5
methods could be used to interpret the images with periodic strdcture'
in electron micrographs. Klug and Berger (6) have suggested using the-
electron micrograph of an cbject exhibiting a repeating structure as a
diffraction grating aund analysing the repeating structure by means of
optical diffraction, Using this method. to analyse electron ﬁicrograpﬁs,
they were able to analyse‘the repeat structure, state some conclusions:
about the negative staining process and distinguish between coutrast

Nl

arising from the 'near’ and "far" surfaces in the electron micrographs
of TV hglix.

. Klug -and Berger performed their experiments using an optical
diffractometer, an instrument wiich ¢nables the coperator to view the
Fourier transforp of an imege and &lso to recoustruct images from
their Fourier transforms. The primary use of this instrument has

been to assist in the solution of X~-ray diffraction problems (7). -
Tavlor and Lipson (7), whovhave developed this instrument,; have made
valuable contributions in areas related to optical trapnsforms. Berger
(8} has introduced the gas laser as a light sourcéd for the optical

diffractomater. Because of the bigh intensity of the laser light,

The three dimeunsional densiiy map of the bacteriophage T4 has
beon renﬁnst:ucted by DeRosiev and Xlug. (1) using information contained
in the electvon micrograph, its oPticél diffraction pattern, and
compy ler techn o o Tney further suggested that the brojection of

varicus opricxl vicws, i.c., electron micrograph dmages, of a material

wirieh hags 2 three dimensional repeating structure could be recombined
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in reciprocal space to determine the unit cell structure. Much of the
theory related to the technique was developed earlier Ly Bragg (9).
The use of optical diffraction techniques to determine unit cell
struciure was further developed by the theoretical considerations of
Berger (2). Sternlieb and Berger (10) colaborated in the u;e of
recombination . techniques to determine the unit cell structure of
mitochondrial erystals by optical diffraction analysis of electron

micrographs of human liver bicpsy specimens,

6



CHAPTER II1
THEORY

To determive the crystal structure means to determine the -
distribution of scattering wmatter in the unit cell. Tor visualization
it is convaenient to consider the unit cell as made up of discrete
scatgtering elements; bowever, the true representation is that of a
continuous distribution of scattering matter with councentrations of
scutteriug«maﬁter in the region of the unit cell elements.

One method of analysing this distribution of stattering matter
is to exéress the density funetion cf the crystélline matgrial in terms
of & suitable TFourier series, The gpectrum of the radiation scattered
from the crystalline material can be used to help determine the terms
in the series, since eacn inteusity pealk in the diffraction pattern

represeunts one of the terms of the series. VWheo each term and its

)

ceefficient is determined, the unit cell strdcture 1s determined.
Bacausz of the closc relationship between the unit cell
‘strucrure and its difirac;iun patiern, as cxpressed in terms of a
Fourier gseries, a general expression of the series is helpful in
'v1sualizinq the relationship of the unir cecll structure to the optical
diffractivu metnod described iu this papzr. The Fourier sevries can beV

written in the following foom when expressed in terms of the

reciprocal lattice (9):
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Eg. (1) p(r) = 1) Flme
vV m
. 201 (°E5)
where Eq. (2) F(m) =

p(rle dv
p (r} is the density function for a point (x,y,z) in the crysgal, Vis
’the volume of thé unit cell, m is a singlé symbol used to represent
the triple numbers h, k and 1, r is the vector from the origin of the
crystal lattice to the point (x,y,2z) of the crystal lattice, fg is the
vectoxr from the origin of the reciprocal lattice to the point (h,k,1)
of the reciprocal lattice, F(mn) is the stfucture factor and 4v is the
volume of the elementary parallelpiped whose gides are dx, dy and dz.
Tne vector E;(hkl) to the point (h,k;1) of the reciprocal lattice is
perpendicular to tne planes [hkl} of the crystal lattice and its
magnitude is the reciprocal of the spacing of these planes.

To every spectrum that can be given by a crystal there
corregponds one term in the Fourier series. Each such term represents
a distribution of scattering matter whose density is given by a plane
simple harmonic waveform. There is no gpectrum fSr the zero order, and
higher orders from a given set of planes give submultiples of the true
lattice s?acings of the planes.

Thﬁ reciprocal lattice and the diffraction pattern will provide
a representation of the spectra given by a crystol lattice. Each term
in the Fourier series containg an amplitude component and a phase
conpoznent, The awplitude cervonent is the structure factor ¥{m). The

value of the phase angle iu given by (9):
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Eq. (3) b~ 2n(F-rk) = 2x(?~:‘i*}/dm
where ﬁ* is the unit vector in the direction of the reciproecal lattice
vector f: and d is the spacing between the planes (akl).

Experimentally, the intensity |F(m)!?, is determined and the
phase factor remains undetermined. For this reason and bécaﬁse of
the finite number of térms of the Fourier reries used during
analrysis, the Fourler series gives information about the unit cell
structure but not the complete structure. Generally other
experimental data and theoretical information are combined with the
ﬁaurier treatment to give a good representatioh of the coﬁplete
structure,

In 1929 Bragg (9) introduced a wmelhod for using Fourier series
to analyéé crystalline structure. Imstead of determining the volune
density, one attewmpts to determinc the surface density of all the unit
cell scattering matter projected onto a plane, The projection is mads
along aay zone axis and if such a projection can be made on more than
one plane, the information obtained is often sufficient to determine
the unit cell strucfure. The Yourier method is particularily
instructive since it provides a machematical metiod of visﬁalizing the

istribution of scattering wmatier in the unit cell structure. Jzames
(v} hzs shown, usiap Fourier meihods, that tiie two dimensional
projection of the scattering wmatter of a crystalline structure along
a zone nkis onto the reciprocal net cotréépénds axactlilﬁith the
distribution of the transmitted amplitude from a certain two

dismcusional gratiag haoving tiwe same translaticas. This can be
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reatated to show the rﬁgationship to the optical diffraction method
discussed in this paper. If the three dimensional crystalline
structure can be projgcted aloag a zone axis and then transformed into
reciprocal space, i.e., by optical diﬁfraction, tha‘reciprccal net’
Tepresents the Fourler transform of a plane section of the erystalline
strecture. Thie Fourier transform passes through the origin of the
reciprocal lattice and lies parallel to the plane of the projection.

The electron microscope can be used to project a three
dirensional gtructure onto a planef Due to the large depth of field
of the electron microscope, the whole specimen is brought into focus
in the image plane. Different levels of the specimen cannot be
breught inte focus excluding other parts of the specimen, Using a
goniometer or tilting stage, it is pogsible to project different views
of the three dimensicnal unit cell structure (if it is resclvable)
along a zone axis onto a plane, i.e., the image plane.

As was stated earlier the diffraction pattern alone cannot be
used to determine the cowplete unit cell structure in terms of a
Fourier seriza because of the lack of Informaiion about the phase.
Howevey, one can anslyse the spatial distribution of the diffraction
mawimd Lo determine a representation of the two dimensional projection.
of the crystalline siructure.

To determine the three dimensional structure, one can generate
onfdcal diffraction patterns from electron wmicrographs which represent .
two dimensional projecticnz of the crystalline structure. One then

cordinges iwo dimensional diffriction patterns which contuin one line
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in common, that is, with an identical periodicity. These two
diffraction planes iuntersect each other along tneir common line. Once
the aagle between the two planes is determined, the relative
orientation of the two planes is uniquely determined. A practical
method of solving this problem is to find a third two dimensional plane
which dntersects the first two. The coanstructed lattice now represents
a szceitlon of all the unit cell structure is reciprocal space. Once a
pypothatical uwnit cell structure in reciprocal space has been
constructed, other diffraction patterns. of different sections can be
used to test for consistency. The unit cell structure in reciproﬁal

space can then be converted mathematically into real space,
1. CAMERA CONSTANT METHOD

A ray diagranm representing the Fraunnofer diffraction pattern
penerated from a double slit is shown in Figure 1. An dntensity peak.
occurs in the diffraction pattern wnen the diffracted waves interfere
conﬁtructively. If ¢ is gufficiently small, i.e., less than 6 degreces,
the Brage equation for the first order maximum can be written as

Eq. (4) A= dy
where d is the spacing of the double slit and A is the wavelength of
the incident radidtion. VWhen ¢ 1is small, 3 is approximately equal to
0 and

Eq. (S}A 4= %/
where L' is the camera Jdeagth and x is the distance from the center of

the diffraction pattern te the spot to be indexed., Substituting




|
-

j

i\

Incident Paraltel )
Monochromafic Diffraction Diffraction
Light Grating ' Piane

Figure 1. Schemaric diagraw showing the relation between the
camera length L oaw! the first diffraction maximum o tho
diffraction pattarn,
Equation 4 inte Equation 5, we get the equation
Egq. (6) Ly = dx
The term LA is known as the camera constant and is determined frem
megsurements of x ou a diffracticn pattern of a substance of

accurately known spacing. The procedure to index the diffraction

12

pattern using the canaera coustant worked is te measure the x value for

each spot and caleculate its d spacing from Equation 6.

17 . LELONGATION OF 'Tdll RECIPRGCAL LATTICL POINTS

.

A ray diapram showing the elonpgation of a recicrocal lattice

spot penerated from a diffraction grating is shown in Figure 2.

ki

Jenkins and Woite (L1) list cthe angular half wid

I's

hoof any principal

maxinum fox o diffraction prating as
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RIS S R——

Eq. (7) 46 =
: Nd cos ©

ngular half width of the diffraction maximum generated

o)
o
1
=
&
e
c".
[
w
”
(£
o)
s

from the ditfraction grating, © is the angle at which a ray leaves the

gratiag in Figure 2, A jc the waveleugth of the incident radiation,

s

d is the distance separating the centers of the scattering slits and N

is the numbar of scatiering slips.

U
L L
=
= |
!
.k
= T - -
‘ﬁ""‘\ g ‘X
= l \\ngr\ i
| x
B |
{
=2 l .yE>
Incident Paraliel ’
Monochromatic Diffroction Diffraction
Light Grating Plane

Figsure 2, Schematic diagram showing the relatjion betweon the
AR e S = =

elongation of the reciprocal lattice gpots and the number of
scattexing slits.

In the optical diifraction arvangement 9 is emall, i.x., loss
than 6 depress, aud ¢ % kan & = x/L, so thet the augular half width
of any principal maxima can be expressed as
Eg. (& . A0 = 4y
2L
where Ax ie the elpngatioa of the neciprocal lattice poini. Coemiining

Eguaticns 6, 7 and &, the elougativn of the reciproecal lattice point
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can be expressed as

Eq. (9) bX = 2%

where x is the magnituﬁe of the reciprocal la;tice vector from the
origin of the diffraction pattern to the diffraction maximum of
iuterest and can be measurced directly. The value of N can also be
determined experimentally, 7Tnis can be accomplished by photographing
both the back focal plane and the image plane of the magnifying lens
of the optical diffractometer, The image plane will contain the
image of all the scatteriﬁg ohijects which scatter the radiation from
the laser beam of finite diameter. Another method is to prepare a
mask for tiwe region from which a diffrac#ion pattern has been obtained
in an electron wicrograph, The vumber of sceattering objects
intercepted by the laser beam will depend cn the dimensions of the
mask in the particular direction related to a diffraction spot. Ona
can phetograph the mask area, i.e., using an enlarger, and count the
number of scartering objects along the direct%on rejated to a
particulor diffraction spot. In general, the valve of N will depend
upon the wapnification of the clectron wicrograph and the area in the

electron microgyaph exposed o Lhe incident radiation,
III, SOURCES O ERROR

Because of inherent difficulties in the diffraction method of
analysis and the numerous problems associated with the specimen, tihwe

constructed lativice will bo subject o sons error. Sternlieb and
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Berzer (30) listed some of the inacecuracies associated with the
specimen. Compression of the material during sectioning can make
lattice determination difficult since the analysis is based upon the
combinztion of reciprocal lattices wi;h identical periodicities. Some
inaccuracies wmay be due to swelling or shrinking of the specimen during
fixation and dehydratioa. bBerger (2) states that is some cases there
may be more than one type of crystal lattice in a single specimen.
However, if enough secticus are analysed some discrepencies should be
apparent which prevents construction of the wnit cell structure.

A serious source of error can be velated tc the type of symmetry
of the crystalline materisal. LI the crystalline material nas a glide
or screw axis, the lattice parameters may have the wrong dimensions.
lowever, the constructed unit cell is useful information in these cases
bacause it is related by some constant to the real repeating pattern.
dtner methods can be uscd to determine the value of this censtant.

The diffraction maxima in the rcciprocal latiice are generally
not lattice points. Decause of this there is-a certain amount of error
introduced in combining reciprocal lattices with identical
pevicdicities., When the eloungated rveciprocal lattices are combined
thierve is a rvange of orientations possible. The elongation of the
reciprocal lattice point can be magtiematically expressed by Equation 9,
This equztion shows thét the reciprocal lattice maximum is a point
when the numbar of'scatteriug objects is infinite. Ideally, the‘
experimental apparatus shwould proviﬁe the larpest possible number of

scattering points without producing unvantad other effects. The
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laser bean diaveter can be chogen or else expanded so. that the maximum
nunber of scattering objects will be intercepted without introducing
abberation or distortion of the optical diffraction pattern due to the
dimensions of the lens.

For ‘a toin lens the focal point for the rays coming from the
outer part of the lens is closer ro the lgns‘thah the rays froa the
inner part of the lens., This effect cannot be totally eliminated but
it can be reduced by selecting only the rays near the optical axis.

Another method»of increasing the number cof scattering points is
by selecting an optimuw magnification for the electron micrograpn -
imapo. There will be a range of magnification possible for the
analysis of electron micrograph images using optical diffraction. This
range will be limited at one eﬁtreme by the resolution of tne electron
microscope and/or sample preparation znd at the other extreme by the
nunber of scattering objects intercepted byAthe bean of radiation of a
finite diameter incident op the electron micrograph.

One attempts to establish the optimum conditions for the
determination of the reciprocal lattice. Tnis will genarally mean
generating a diffraction pattern wihich is an optimum betwﬁen the angle
of the diffracted beanm being small and the number of scattering objects
beivg large,

Knowing the numbor of scattering objects and the magnitude of a
pavticular reciprocal lattice vector, tine elongation of that point can
P

be determined. hils elongation can be used to indicate the range of

possible orievtations when two diffraction patteras are combined,
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CHAPTER 1V
MUETHODS AND TECHNIQUES
I. SAMPLE AND SAMPLE PREPARATION

The three dimensional structure of msny crystals which have a
repeating structure which is resolvable with the electron microscope
has becen determined., p-Lactoglobulin is one such crystal.

Air dried B-Lactoglobulin crystals were obtained fron the Mann
Research Laboratory. Senti and Warner (12) have reported some of the
properties of R~Lactoglobulin crystals they have- growa. They reported
an avaerage value of 9.8% water couteut in air dried [-Lactoglebulin
crystals with slight variations frow day to day. Senti and Warner alsc
found that two types of f~Lactoglobulin crystgls formed, both
ertiucrhonbic, but differvent iu habit. One batch had thick rectangular
tablets sonewhat elongated zlong the [100] angd showing (001) doamivance.
The othar batch contaived prisms which wore conslderably elonpgated
along the [016] and usuwally shoved (100} dowinaat, although {(001) was
sowctines zs developed as much as (L0Q). These differcnces were also
observed by Riley (13). 7Thz optical propayvtles of the B-Lactoglobulin
cerysinlas used in the work roported dn this paper were not examined.
This nformation is probubly divectly related to the sections observed
in the elzotron wicroscope bacause of the preferential fracturing along

eviatn planes of the crystal dueviug sawole preparation. In the light
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microscope, the crystals appeared to be translucent flakes. Figure 3
shows typical B-Lactoeglobulin crystals as observed with the Iight
microsacype.

There have been several reports of the three dimensional unit
zell structure of B~Lactoglobulin. There is a certain amouﬁt of
difference in the values for the lattice paraneters. Much of this
disérepency is due to the uncertainty in the water coatent. For air
dricd crystals Crowfoot (l4) reperted unit cell dimensions of a = 603,

b = 638, ¢ = 1108, Fankuchen (15) reported a = 608, b = 62%, and

1

¢ = 1112, and the values of a = 60.7K, b = 61.0% and ¢ = 112.4% were
found by Senti and Warner (12). The error in the Senti and Warner
lartice parameters is estimated to be no greater than 0.537 (12). To
give an idea of the wvariation possible in the lattice parawmeters duae .
to the water contenr, Senti and Warner reported the following valuos
for the lattice pavameters with crystals having an average water
content of 46.2%: a = 69.29%, b = 70.42R and ¢ =~ 156.5A.

The lattice parameters of B-Lactoglobulin are well within the
vesolution limit of the electron microscope. Dawson {16} has recorded
electron Images which show plares of unit c¢ell dimeusions for
B-lactegleobulin, He veported & view of the (LQQ}kface‘of
B-Lactoglobulin crystal with a periodicity of c = 105:54. In addition,
from a mewsurement of sbadow lenptin he detexmined a = 50+104, with b
being undeterndued. Considering that the water content was probably
redaced b the cvaporater during sawple prepuration. the results are

in good agroeneas with ho Y-vay diffraction vesults for the
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Figure 3. Photograph of a typical collection of g-Lactoglobulin
crystals as seen in the light microscope. Magnification 240X.




20
determinarvion of the onit czll disensions.

Initially. an attempt was made to view the lattice planes of
f~Lactogiobulin directly and correlate the planes of the crystal with
the selected area electiren diffraction pattern. pg-Lactoglobulin
erystals were crushed iloto a wvery fine powder. This powder was dusted
onto a copper mesh grid which was coated with a thin carbou fiim
substratc. The grid was then shaken to remove any crystals which did
not zdhere to the carbon £ilm. The crystals were then viewed directly
with 50kv and 125kv Hitachi e2lectron microscopes, These crystals
were vory unsiable oven under very low beam currents, eg. 5 waups . Any
repeating structure in the crvstal was not readily appareht. The
electrou image cuanged from davk to light when viewed with bright field
with very little contrast except when grossvchdnges Wwere occurring. HNo
repeating structure was apparent using dark field imaging. The initial
electron diffraction pattern was genérally very strong and faded in a

short lewpth of time (generally in a few minuies). These effects made

=y

rect viewving of the crystal lattice plaunes iwpossible.

a

#

Fi

e,
50

ure 4 shows a print of a bright field image of a single
E-lactoglobelin crystal, Tigure 5 shows a print of a bright field
image of the came f~lLactoglobulin crystal aiter exposure to the

.

clectron bzam for agbovt 4 pinutes, During this time theve were

H YL

nunerous dynanmical chovges in contrast conditions., Not shown in the

»

print iz 2 hals of material which bas presumably resulted from a

reaciion of the electyon beam with the 3-Lactoglobulin crystal. Dark

tield innges for B-Lacroplebulin crystals were vecorded but not used
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1900A

Figure 4. Photograph shows a bright field image of a single
B-Lactoglobulin crystal as recorded using a Hitachi HS-7S
electron microscope. Magnification 52,500X.



1900A

Figure 5. Photograph shows the same crystal as seen in Figure

4 after about 4 minutes exposure to the electron beam.
Magnification 53,500X.
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Pein

n this paper. Although the electron diffraction pattern had intense
scantered beams, the image from these zcattered beams did not reveal
periodicities. Figure 0 shows a typlcal electron diffraction pattern
obtalincd from B-Lactoglobulin crystal,

Prepavaticas for indirect viewing of the crystal plaues in the
alectron microscope were wade using a psuedo-replica technique similax
to that usad by Wyckoff (17). pg-lactoglobulin crystals were crusihed
betwesn two glass slides and dusted onto a parledlon film. An alloy
containing G4 platinum 207 pallediur was shadow cast in a vacuum
évapur&t;r onto the crystals from two dirsciions at right angles io
each otuer. One dirvection wasg elevaied 200 above the horizontal and

o
the oihey direction 43 above the horizontal. Each shadoweastlug
deposi ted approximately 404 of the alloy ou the crystals Carbou was
then deposited from vertically above the crystals in order teo forun a
coutinvous replice film. The copper mesh grid was then placed sample
side up in a dish containiug a fine sponge filled with acetone to
dissolve the parlodion film. After ten minutes, the copper nesh giid
was tr.nsferred from the acetone bath to a second dish containing a
fine sponge filled with a G.1 M solution of sodivm chleoride in
distilled water to dissolve ibe 3-Lactoglobulin., After thirey winuies,
the copper mesh grid was transferred to a third dish containing s fine
gponga fi1lled with disvillod vater to rluse tne sample. The sample
was thenr zenoved from the water and aiv drided in preparation for
viewiny in the electron microgcope. If small pleces of the original

molerieis odhore Lo the corvon kuppo?f they way be ravoved with
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Figure 6. Photograph of the electron diffraction pattern
obtained from the B-Lactoglobulin crystal in Figure 4.
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solvents or, in many cases, left in place, since the structure observed

in the electron microscope is mainly that of the metallic f£film,
IL. APPARATUS

The specimens of g-Lactoglobulin, prepared as described in the
previous section were viewad with a HS--7S electron microscope at an
azccelevating potential of 50kv and photographically recorded on
electron image plates. HMagnifications of 50,000 to 60,000 times
enabled one to obtain electron micrograﬁhs with repeating structure,
fhis structure was generally nol apparent when viewed directly in the
electron microscope. These electron micrographs were used to generate
optical diffraction patterns in the apperacus described below. Thz
optical diffraction patterns were vecorded on Flus--X Pan Professional
4147 film with exposure times of about 1 second. Inm addition, a mask
wvas prepared for euch éection in the electron micrograph from which an
optical diffraction pattern was cobtained. This was done to identify
the section and recoxrd the orientation.

A diagram of the optical diffractowmeter used to obtain optical
Fraunhofer diffraction patterns from electron micrographs is
represented diagramnatically in ¥ipure 8. Llight coming from a Spectra-
Physies Model 132 helium-neon gas laser, whose gpecifications are
listed in Table 1, passes through & microscope cobjective leus, 10X,
and & pinlicle widich form 2 spatial {ilter for expanding and cleaning up
the beam, i.¢., removing unwanted intensity -variations. Ll is a

collimating lens thav rendors the divergent light parealiel. Next in
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FPigure 7.

Schematic disgram of the optical diffractometer apparatus,

92



TABLE I

SPECIFICATIONS FOR SPHCTRA-PHYSLICS MODEL 132 LASER

Wavelength 63284 (visible spectrum, deep
red)
Output Power ‘ 1,0 milliwatts
Spatial Mode ' Tem
00
Bean Diameter @ 1/e? 0.8 miliiueters
Points

Beam Divergence 1.0 milliradians

in the plane P is the input £ilm, uvsually contained in a liquid gate
1

assenbly, A fluid whose index of rvefraction matches that of the filwm

:

base and/or emuleion is uvsed to eliminate phase ncise - the random

variation of optical phase across the filw caused by variatious in

£ilm thickness. Since in tiis apparatus no liquid gate assembly was
used, variation in filw thickness was a source fory some error. Lens

L? extracts the Pouriur transform of the input film and presents it as
& complex amplitude distributlon in the plane P?,'tUe Fourier transform
plane, The opticalAdiEfraation pattern can be rvecorded in the plane

¥ . Generally, the diffraction pattern in ihe plane P' ie diffdicult

2 P
ta resclve adequately. & convergeant lens L was uged to magnify the

diffraction pattern and position it in the fiusl plane P . The plane
3
P oig loeazted a distance beuind L equal to the focal length of 1 .
2 2 2
Taylor (7) has listed the idoal conditions for the attaivment

of cptical diffyaction patreras in the optical diffractemeter. In

senovat, it dis dmportanrt to have moacehromatic light, high qualicy
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lenses and proper alignment of the system. Precautions were taken to
approach these ideal conditions. Lenses were chosgen which were free
fremrbubbles and minute imperfections. In additicn, care was taken to
insurce the lenses were clean and free from greasc spots and
condensation. The Spectra-Physics Model 132 Qaser provided a
sufficiently intense source of monochromatic, coberent light,. Finally,.
the diffraction apparatus was alipgned so ﬁhat all the components of the
system had a common optical axis. Focusing is generally a very

critical operation iun this type of apparatus.
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CHAPTER V
DATA

A Cornell Imterference and Diffraction Slitfilm Demongtratot was
usec as a reference pattern for the camera coustant method of
analysis., The particular spacing chosen consisted of 14 slits with a
center to venter spacing of 0.0176 cm. The diffraction pattera
generated from this set of slits had principal maxima with separations
of 1.,0837 ¢m. Using Equation 6, it was determined that the camera
constant for this particular position cof camera and magnifying lens
was 0.01907 cm?. This camera constaut was used in;all-calﬁula;ions
raelated to the optical diffraction pottern analysis, since the
cpesitica of the cumera and the magnifying lens was not changed in the
apparatus .

4 series of photographs was taken for each area of the electron
micregraphs from which an eptical diffraction pattern was cobeainzd.
These phcaog:aphsvconsiated of a general area from which the optical
difiraction pattern was obtained, the area enclosed by the mosk which
contaired the secattering objects for thea opticel diffracticn patterns
sad the eptical diffraction pattern itself.

Soma general features of the diffraction patterns are worth
commenting upon. The intense centval repicn iz contributed to not
only by itihe zero corder diflrvacied beam but also the halation ring

arvising from reflicctions of this beanm a2t the back surface of tne

photozrsohie fidn.  This yvhenomens is commonly net with dn pootography



i

of gsirong sources of light. The two, approxiwmately perpendicular

%

spikes of aigh intensity which pass through the center of the
diffraction pattern repregsent the aperture function of the subject,
i.e., the diffracticn pattern of the mosk used to frame the rvegion
illuaninated., Recause the short end of the mask has not always been
set ;tficaly perpendicular to the loug edge, these spikes are nct
necessarily mutually orthogonal. The very fine periodicities within
the spikes are functions of the mask Jimensions., The use of the mask
2uables cune to rotate the opt1c1l diffractién pattern into the image
sc that the particular planes in the image can be ideontified. |

A sumuary of the data resulting from the analysis of the optical
diffracticn patterns is listed in Tables JI and TII. Table TI shows a

comparison of the possible planes spacings for 6~Lactoglobulin

crystal live material using the lattice paramh ers of Senti and Varner
{i2) and thosze plane spacings which were deternined experimentally.

i

ia theoretical and experimental values for the angles betweszn the

y‘R

possible planes are listed in Table IIl. The data was determined to
be consistent if plane apacings and angular relations ware botl
reagcnably close to the X-ray results,

Yigura 8 is a print obtained from an eleciron micrograph of
sefactoglebelin crystal surface. The mapeification of the image 1s
168,000 aud the magnification of the insert Is 3306,000X. Figure 8
shows the {110) and (012} planes for g-lactogloebulin, Although ¢he
image sppears to be gulte structured, the porviedicity ds not readily

apparent, Figure 9 chows a phatograph of the optical difiraction
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TABLE II
COMPARISON OF POSSIBLE PLANES RESCLVABLE
I 3-LACTOCLOBULIE CRYSTAL AND
BRPERTIMENTAL

RESULTS

ikl d (ﬁ) d ‘ (i?x) Scattering
(12 exp Objects

031, 112.4 o 102412 17
OLo 61.0 59+3 - 20
G0 o0.7 5814 10

(12 56.% e -

101 53.4 5343 20
116 ~43.0 S 462 N
012 41.3 4342 20

102 41.7 S -

G20 30.5 — L -
200 0.4 —— —

TABLE 111

THEORETICAL AND OBBLRVED ANCLES BREIWEUN DIFFRACTION PLANES
PLANES ANGLE ANGLE .

’ MEBLBEC
s o oy &)
(V10), {3ul) 50
. ‘ o e
(QGL), (200Y 9(} 19

N vy e PR +) )
{136y, (01 £1.5 61.5



Figure 8. Photograph of electron micrograph area from which the
optical diffraction pattern in Figure 9 was obtained with the
insert showing the mask area. The arrows indicate the [110] and
[012] directions.

Figure 9. Photograph of optical diffraction pattern of
g-Lactoglobulin showing the diffraction maxima generated by the
(110) and (012) planes. Magnification 3.3X
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pattern obtained f£rom the insert area in Figure 8. The optical
diffracvion pattern has been votarad into the image using the
diffraction spots arising frow the mask dimensions to.indicate the
divection of the repeating structurc giving rise to the diffraction
spots asscclated with the repeat etructure of R-Lactoglobulin, All
the optical diffraction patterng recorded have besev rotated into theix
regpective iwmapges,

Figure 10 is a photograph showing the (001) and (300) planes for
p-Lacteglobulin crystel surface. The surface appears to be both
structured and periodic. The magnification of the image is 162,000X
and the magnification of the insert is BZQ,OOOX: Figure 11 shows &
photogroph of tho eptical diffraction pattern associated with the mask
area of the insert in ¥Figure 10.

Figure 12 rchows o photograph of the image frowm which the
optical diffraction pattern in Figure 13 was generated. The
magnification of t¢he iwage is 143,000% and the insert 286,000X. This
image shows the (0L0) and (L01) planas forx ﬁ;hactoglabulin. Tiie image
appaars to be structured and periodic,

Figure 14 and 1% are, respectively, an imnsge showing the (110)

plane of f-lactoglobulin and the optical diffraction pattern generated

mage is 168,000X and the

e

from this image. The mapnification of the
iusevs is 336,000X, The image appears to have structure in it,
however, the density variation 1s great enough to generate a
diffvaction pattern which is difflcult to iorerpret.

Bacauvse of tne type of sample preparatica only a limived uumber
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Figure 10. Photograph of the electron micrograph area from
which the optical diffraction pattern in Figure 11 was obtained
with the insert showing the mask area. The arrows indicate the
[001] and the [100] directions.

Figure 11. Photograph of optical diffraction pattern of
B=Lactoglobulin showing the diffraction maxima generated by the
(001) and (100) planes. Magnification 3.3X.
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Figure 12. Photograph of the electron micrograph area from
which the optical diffraction pattern in Figure 13 was obtained
with the insert showing the mask area.

The arrows indicate the
[(010] and [10l1] directions.

Figure 13. Photograph of optical diffraction pattern of
8=Lactoglobulin showing the diffraction maxima generated by the
(010) and (101) planes. Magnification 3.3X.



5% WEINE, ¥ 1
’mn\.“l i !
) J%

Figure 14. Photograph of the electron micrograph area from
which the optical diffraction pattern in Figure 15 was obtained
with the insert showing the mask area. The arrow indicates the
[110] direction.

Figure 15. hotograph of optical diffraction pattern of

Y A A b ‘ p

8-Lactoglobulin showing the diffraction maxima generated by the
(110) plane. Magnification 3.3X.



of diffraction patterns weve obtained., Tne number was not sufficient
to allow the combination of diffractiocn patterus with identical
pericdicities. iowever, since the structure of B-Lactoglobulin ls
known frem X-ray diffraction analysis, the optical diffraction
patteras can be used o determine the section of the three dimansional
unit cell structure from which these diffvraction patterns could be
generated. The resclution of the replica will limit the number of
possible planes, go that it is fairly easy to write down all the plans
spacings and the angular relations. Onez then accepts those plancs
cwitkon are consistent with the known spacings and eliminates the otiers
for any particular diffraction pattern. This process is repeatsd for

zach cptical difircction teern. With shree different twe

e
]
.

dimeusicnal diffraction patterns, the unit cell structure can be

reconstructed,



CHAPTER VI
DI'SCUSSION OF THE RESULTS
I. DATA ANALYSIS

Several problemz had to bz overcome in sample prepavation., The

electron images images obtained were not of as high quality as Dawson's
'(16). Since the cryatalline material was not freshly cleaved, 1t is

possible that there may have been contaminants on the surface of these
crystals. In addition,, there is some uncertainty in the lattice

parameters because of the probable reduction in water content for the -

crystalline material exposed to the vacuum environment.

Both the density and spacing variation can lead to exrors in tha

unlt cell structure determination. This effect occurs because the

optical diffraction method of analyszis responds te all variaticas in

tna

cbject without discriminating between them. The result is that the

n
R

spaclioy between the zcero order diffraction spot and the diffyaction
epcet of interest will represcut the veciproczl of an averages spacing.

Uiz variations in the electron micrographs resulted in optical

T

ditfracticn patterns which exhibited a great deal of nolse or ‘

background intensity. ‘the diffraction maxima were vot as strong as |

they could have been, Loth because of the variation in tig repeating

H
;
structure ond density and because of the limited number of aaaitexiu%

chiects,
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Barcauae of the limited number of scattering objects, the
elongation values ranpged from 54 to 104 of the experimentzlly
dertermdvced lattice péramcters. No difficulties arose, related to.
elongation, concerning the selection of ¢ve plane as opposed to

another for a parvticular Milier index because of the limited number

of planes poasible.

11, CORCLUSTON

Electron wmicrographs and ortical diffraction patterns were
recorded vhich were found to be consistent with- the structure of
B-Lactoglobulin as determined by X~ray diffraction analysis. The unit
e I3 . 2 ﬁ 24 4 2 ¥
cell dmensions ware determined to Le a = 58404, b = 59437 snd
Semple preparation remains the most difficult problem. In the
veplica techuique; the use of freshly cleaved crystals would probably

raeduce some of the preblews.

The unit cell structure deterwinatinn of a warerial whosc

et
%
e
(o
3
s
o
[aX
i.}
~
?—J-

ity is destroved whepn it 48 removad {row its nat

+
i

envirounaent woald be an intcresting and challaxgeing prodjent,

developnant of a technique for wnit cell sivneciurce determination of a

.t
-5

waberial vhiiceh has been exbedded and sectioned would be useful

inforcaiion bacause 1t would provide a2 wmeans of Jotersinlng the taree

dimenziongl structure fovr some matevisls 2 unid cell stouwcture

cannst bo determived by other neans, in addotion, in fdeal oo s

o]
Lo

o

b2 poscible o detcraing the molecular weiyghe of the waterial.,
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