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ABSTRACT

PROFILE STRUCTURES OF THIN MULTILAYER FILMS BY X-RAY
DIFFRACTION USING DIRECT AND REFINEMENT METHODS OF ANALYSIS

Victor Skita
.J. Kent Blasie .

Meridional ;t—réj 'diuffi;z‘act{.ibn 'data “ from a i;z;ngmuir-Blodgett
mulf.ilayers containing two to ten molecular monolayers of arachidic
acid were analyzed by two . independent. .methods. A Patterson
function deconvolution technique uniquely provided the electron
density profile‘ (8A resolutioﬁ) '.of t;hev ;véfagké; V Ysifmmeti‘ic bilayer
repeated in the multilayer. =~ This average " bilayer apﬁeared to
disorder as the number of bilayers in the multilayer decreased. A
refinement technique, which does not assume a centrosymmetric
structure or the existence of a unit cell, uniquely provided the
f)rbfile structure of the multilayer itself.’ "In particular' it could
distinguish the individual monolayers .in. the multilayer. Meridional
x-ray scattering data from Langmuir-Blodgett multilayers composed of
arachidic acid and either myristic acid or polymerized 10,12
pentacdsadiynoic acid were also analyzed by the refinement
technique. . It found that only the last monolayer in the depostion
sequence (ie. the aurfacq 'monolayer) ‘was disordered and that
ordebing of f.he surface monoléyer cah bewir;duc‘ed by the deposition
of an additional monolayer. -  In addition, ‘an ° appliéation of
Langmuir-Blodgett multilayer thin films and their characterization by
x-ray scattering is discussed with regards to the structural study of
membrane—mémbrahe | interhctions and the triggex;i;lg 6f cellular

components of the immune system.
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Except for some asymmetric substances, in principle there is nothing
which prevents a direct determination of the structure of any
arbitrary substance from the intensity data alone. It is only a
question of precision of measurement and, consequently, how larg‘e is
number of solutions. ,

— from Hosemann and Bagchi - :
Direct Analysis of D.szract.zon by Matter.
North-Holland Publishing Company, 1962,

xd



CHAPTER ONE: INTRODUCTION

X-ray diffraction from oriented fatty acid (cHs~[CH;],~COON)
multilayers was observed and first interpreted by Miiller [1-1] and
Miiller and Shearer [1-2] in 1923. They concluded that a "complete
[structural] solution” was not plausible at that time, and settled for
calculating the average methyl (-cH,) to carboxyl (-coou) spacing
from their powder patterns. .

Fatty acid monolayers \A‘rere first deposited onto solid glass
subtrates by Katherine Blodg;tt (1-3, 1-4] and later by Bloc_igett and
Langmuir [1-5). X-ray diffraction studies of these Langmui;—Blodgett
films deposited onto metal [1-6] and glass [1-7] substrates soon
followed. - Holley and Bernstéin [1-8] speculated Langmuig'-Blodgett
films could be used to studyw the correlation between the number of
cooperating Langmuir-Blodgett monolayers with the experimental line
widths observéd in the diffraction patterns.

In a series of papers ;rving Langmuir and Vincent Schafer
discuss the fabrication of Langmuir-Blodgett - films that . either
incorporate proteins during tl;né-film deposition process [1-9,. 1-10] or
by conditioning the surface pf an Langmuir-Blodgett film 80 as to
adsorb proteins from solution [1-10, 1-11, 1-12], - They used optical
methods to measure the thickness of their protein (ureasé, pepsin,
albumin, or cholesterol) layers. More recently, McLean [1-13] outlined
the procedure for the fabrication (via the Langmuir-Blodgett
technique) of stable polar substrates using diacetylene containing

molecules.



Kopp et al. [1-14] have pointed out that membrane proteins
should ideally be studied at an interface between between high
dielectric {(water) and low - dielectric {(membrane) ° phases.
Investigations on the functional interactions between biological cells
[1-15], and on antibody-antigen  interactions [1-16, 1-17] wuse
Langmuir-Blodgett films as “ a model system. The study of
transmembrane potentials [1—18], for instance, which depend critically
on the orientation of the membrane proteins could be enhanced by
fabricating appropriate Langmuir-Blodgett protein films. Thé detailed
structural study and analysis of simple Langmuir-Blodgett syste‘ms
composed of only a few molecular monolayers is critical if oﬁe wiches
to study the structural-funct;ional relationship of membrane proteins
in Langmuir-Blodgett films.

X-ray diffraction can in principle be used to invest;igate the
structure of these simple, very thinyr multilayer films cont.ainipg only a
few molecular monolayers dépoaitéd on solid substrates by the
Langmuir-Blodgett technigue. One would like to ascertain whether
the structures of the individual monolayeras differ from one another
and particularly whether the qubstrate perturbs certain individual
monolayers in the multilayer film. Previous analyses of the
meridional x-ray diffraction from such multilayer films haver employed
either a non-unique modeling of the multilayer electron density
profile to fit the obéerved diffraction data [1-19] or direct‘. .methods
(multilayer profile Patterson function deconvolution [1-20] and

counter-ion isomorphous replacement [1-21]) to uniquely derive the



electron density profile of the average, symmetric bilayers or bilayer
pairs repeated in the multilayer. Most methods of unambiguous
structural analyeis employing x-ray scattering are limited in that
tiiey require (or assume) the repetition of some average structural
unit (umt cell) in a perlodlc array of eﬁ'ectively infmite extent.

This study is composed of two parts. In part one meridional
x-ray diffraction data from multﬂayers contaming one, two, three and
five bilayers of arachidic acid deposited on alkylated glass substrates
was collected. Data from tlriee multilayers were analyzed by two
independent method‘s for comparstive purposes. A Patterson function
tieconvolution technique [1-20] 4provided uniquely the electron density
profiles (8A resolution) of the average, symmetric bilayer as a
function of the number of times N (N = 2, 3, 5) it was repeated in
the multilayer. A box-refmement technique (1-22, 1-23] for the
homologous series of multllayer structures N = 1, 2, 3 uniquely
provided the electron density profile (8A resolution) of the multilayer
itself, namely of each individual monolayer as a function of its
position in the three multilayers. '

B Tlie second | part consists of studying Lengmuir-Blodgett
multilayers composed of monolayers of different amphiphilic
macromolecular species each have different chain‘ lengths. i)irect
methods assuming a repeating unit cell could thus not be employed;
rather a variant of the box refinement technique wes ueed to study

these mixed multilayer systems.
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CHAPTER TWO: GENERAL THEORY
Part I. Introduction

The general theory presented herein attempts to concisely review
scattering theory, and then extend the basic concepts to diffraction
from both infinite and finite one-dimensional systems. nThe quantum
mechanical derivation of scattering is well known; the formalism used
in based largely on Eugen Merzbacher’s approach [2-1] and somewhat
on that of Gordon Baym [2-2]. The extension of general gcattering
theory to x-radiation comes ﬁ‘om Hoseman and Bagchi [2-3] and thn
Coley [2-4]. The discussion qf diffraction from an infinite system is
based on Ashcroft and Mermin [2-5] and Coley [2-4]. Diffraction from
a finite system is discussed m detail by Hoseman and Bagchi: [2-3],

and to a lesser extent by Coley [2-4].



Part II. Scattering Theory

Scattering involves the bombardment of atoms in a target with a
beam of barticles. These particles are scattered by the target atoms
gnd are detected as an intensity. This intensity varies with
scattering‘ angle. Quantum mechanically, we wish to derive the
eigenfunctions of the scattergd beam; thias being directly related to
the observed intensities, or likelihood of finding a particle at a
certain place. : ' .

‘Cert.ain assumptions are made. 1) The effect of the scattering
center on th.e particles can be reprersented‘by a potential V(r) which
falis to gzero within a finite ‘region of the scattering centgr. This
would exclude a pure Coulombic field. 2) The scatterihg is elastic
(ie. without energy loss or ga.in by the projectile) - 3s) The incident
particles do not interact with ‘each other.

The Hamiltonian is given by:
X=X, + V(r)

32

2L RN | : (1I-1)

The incident particles can be represented by a wave packet of

the form:

AN

¥(r,0) = (207% [ #(1) explik-(rro)] d°k  (II-2)

where ¢(k) is the momentum distribution. It is assumed that ¢(k) is
centered on k = k,, and is non-zero in the vicinity of k,. Note, ¢(k)

and ¥(r,0) are related by a Fourier transform.



If ¥(r,0) can be expanded in terms of its eigenfunctions ¥,(r):

¥(r,0) = ) ca¥a(r)

n

then ¥(r,t) is givén by:

¥(r,t) = ch%(r) exp[- -,i;Ent] (11-3)

Equation (II-3) describes the eigenfunctions of the Hamiltonian A,
and not X. The eigenfunctions for X, are the solution of a free
particle with eigenvalues E,. However, if we can firid a solution

¥c(r) that satisfies Schrédinger’s equation:
Xy = B¥y ’ | (11-4)

equation (II-2) after substituting ¥y for the free particle solution,

explike-r], would yield:
¥(r,0) = _[ (k) exp[-ik-ro] ¥y (r) d°k (11-5)

From equation (II-3) we would then obtain:

¥rt) = [ 41 expl-ik-ro] ¥i(r) expl- $Eyt] d°k
¥(r,t) = [ o(k) expl-ik-ro-iot] ¥, (r) ¢k  (I1I-6)
where #Ho = E, = %—1

The problem then reduces to finding an appropriate wave
function ¥,(r) that satisfies equation (1I-4).

Solving (1I-4) for ¥,(r) after substituting (II-1) yields:



Ca |
- 5V + V(DN = Bud

V¥ + 2R = V() 2y,

33
(413 ) = UEY - (11-7)
where k? = %L:‘ E

and u(r) = 2 v(r)

Equation (II-7) is solved by solving the homogenous equation:

(V2 + k? )y, =0 . (I1-8)

and then finding the particular solution. The solution to (II1-8) is

just the wave function for a free particle:

Yi,ng = (20)7% expliker] - ar9)

To find the particular solution, let us consider the family of

N\

functions defined by:

(v? + k2 ) G(r,r") =.-41r6(r-r‘)

where G(r,r’) is known as Green'’s function.
By inspection, the solution to the inhomogenous equation (I1I-7)

is:
Vi(r) = =1/4n [ U(r*) G(rr") % (r") d*c*  (II-10)

This can verified by substituting (II-10) into equation (II-7).

(V’ + k2 )"’k = U(r)'h



U(r)¥y = -1/4n [ (92 + k? ) U(r*) x

G(r-r*) ¥ (r°) dr-
U = [ 6(rr) U(r*) ¥ (r*) dor
U(r)¥y = U(E)¥,

QED
We must now find an appropriate Green’s function. G(r,r’) can

be defined in terms of the Fourier transform of g(k‘).
G(rrv) = | g(k) explike+(rr*)] &k (1I-11)

Multiplying the left and right side of (II-11) by (v* + k2?) and

using the definition of Green’g function yields:
-;4n6(r—r') = Ig(kf) v? exp[ik’*(r-r°)] d3k- +
K [ g(k) explike+(rr)] k- (I1-12)
Substituting the Dirac delta‘ function:

s(r) = (1/2m)° [ explik--r] d°k-

into (II-12) and letting r° = 0 (for convenience) yields:

—4n(1/27)3 f exp[ik’-r] d°k* =
[ ek) [k—ke2] explik--r) ok

| Thus

gk) = grp [k'? - k3]

10



and

G(r) = -2-7172-[ (k-2 - k2]™? exp[ik"r]vd"’kf,‘..

Integrating over the angles yields:

The above integral has singularities at k* = tk. By choosing an
appropriate contour and using the residue theorem we can solve for

Green’s fﬁnétion: '

e ikr

G(r) = -

For r- # 0 we have a more generalized result:

expf{ikir-r-|]
Ir-r-i

G(r,r°) = (11-13)

Substituting (II-13) into (II-10) yields the particular

solution:

| ‘|
Vept = -1/an [ u(re) SRUKEET] o oy o

The sum of the homogeneous solution (II-9) and the particular

solution is the general solution to equation (II-10):

11



¥ = (2m)% exp[ik-r] -

var [ ey SEUEEEN ) g

If we assume that we observe the scattering far from the target

(ie. the Fraunhofer condition, namely r- << pr ) the following

approximation can be made.

kir-r‘l = kr - krer- + 1.(55_2_:;'1’ + oo

-
kir-rl ~ kr - kr-r’

Let k° = kr

then kir-r°! ~ kr — k**r-

Substituting ihto the general solution yields the

asymptotic solution:

Y ~ (2;,)-’5 exp[ik'r] -
1/4n f U(r) SKEL%EEl x

' exp[-ik - r-1] ¥, (r°) d3r’

¥ ~ (27)7% exp[ik-r] -

. exp[ikr] .

4nr

[ ur) expl-ikeor] w(re) aocr
Yo~ @m7 [epl-iker] + SRUkL ¢ 0 ]

12

well-known



where

%
fu(k’) = - L%El I exp[-ik - r°] U(r‘)¥,(r’) d°r-
(11-14)

Substituting (II-14) into equation (II-6) yields:
.Q(r.t) = f ¢(k) exp[-ik'ro-iot] x
[(2—11,); expliker] + SRlikrle .y ],

d’k (I1-15)

Since « = "—-vk’
2p

[ko + (k‘— ka)]

4
2p

. ‘k - k.2 -
= 3, [Zkovk ko* + (k’ k,)’]’

~

If we assume (k - k. )2 — 0 (ie. the wave packet does not
spread appreciably when it is displaced by the macroscopic distance

r,), we obtain from the above expansion of «:

)
g ~. E [2kok — ko?]

then -i[k'r, — wt]

—ikery - i z’; [2kg k — ko]t

= —iker, - i(%k,'kt) + iiﬁk.’t |

—ikerg — ivat + iawgt

13



where v,

i
s [f

2
and 0, Vo

Ok

Equation (II-15) can now bé rewritten:
¥(r,t) = I ¢(k) exp[-ik:(rqatvet) + iwgt] x

[Ti’lf—)x exp[ik'r] + 2(2[%(31 fi(k’) ] X

d*k

¥(r,t) = I [ ¢(k) exp[—iit-(r.+v.t) + {ogt] x

Ti;lfjxexp[ik-r] ] a3k +

I [ ¢(k) exp[~ik:(ro+vet) + iwgt] x
e 2R ey ] ek

With the help of equation (II-6) for r — r -~ v t we
obtain:

¥(r,t) = y(r - v.t.O) exp[iwgt] +

(2i5* / [ ¢(k) explivgt] x

exp[i(kr—k+ (rg+vgt)] % f.‘(k')] d*k (11-16)
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Since we assumed ¢(k) differs from zero only for k * ko then:

kr =k - kr
~k.

|24

ol

and kr - ke(rg + vgt) ~ k - l‘:.r - k-(r,’+ v,t)‘

~k ~(i.r - g + Vgt)

Substituting kr from above in (II-16) and comparing the result to

equation (II-2) yields:
Y(r,t) = ¥(r-vot,0) expliw,t] +

Z“‘P i'(ri,.-V.t.O) exp[iogt] (11-17)

Equation (II-17) applies itself to an easy physical interpretation
of the scattering problem. The first term, aside from a phase factor
(expliwyt]) is just the initial wave packet displaced without change in
shape; the second term is a ;‘adially expanding replica of the initial
wave packet as seen by the scatterer, reduced in amplitude by a
factor f,(k°)/r . f,(k’) is kpown as the scattering amplitude.

Equation V(II-14) can be rewritten in terms of V(r‘):

% . ,
L (k) = - -Q’—‘%—E I exp[-ik’+r-] V(r’) ¥,(r’) d°r’
. .
where V(r’) = o U(r)

‘This not an explicit expression for fu(k°) since ¥, is in the
integrand. The first-order Born approximation replaces ¥,(r-) with a

plane wave:

15



¥(r) ~ (2m)~% exp[ik-r’] (11-18)

to yield:

(k) ~ ;—ﬂ%, I exp[-ik-*r-) V(r’) exp[ik:r<] d°r-
(11-19) (

In the first Born apprbximation the scattering amplitude is
proportional to the matrix element of the scattering potential between
an incoming and én outg§ing‘ plane wavea; Scattering can thus be
looked upon as a perturbation of the incident particle by some
potential disf.ributioh. This approximation is valid for weak potentials
and high incident energies.

Equation (II-19) can be rewritten to yield:
(k) ~ - g, | V(r*) expl-i(k*=k)+r°] d*r’

let 2nq = —(k* - k)

then

fu(@ ~ - g, [ V(r) explzmiqre] arc  (11-20)

Equation (II-20) is a general solution to sc&ttering of a ﬁarticle
wave by a potehtial. It is valid for neutrons, électrons, and x-rays.
For x-rays we can substitute for the reduced mass u (equation

II-21) to yield (II-22).

= b _
p“x["”c
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(11-21)

®
eI~

f() ~ - o= [ V(r*) expl2niqor] @' (11-22)

Since the scattering potential is proportional to the electron

density distribution, -p(r’), for x-ray scattering we obtain:

F@ = [ p(r) expl2niqere] dor

where F(q) is called the structure factor or structure amplitude and

is equal to f.((q). Substituting r for r° for simplicity yields:

F(qs - I p(r) exp[2miq-r] d°r (11-23)

Equation (II-23) states that the structure factor is proportional
to the qurief transform of the electron density distribution.
Inversely the Fourier transform of the structure factor Iis

proport.ionél to the electron density distribution (II-24).

p(r) - I F(q) exp[-2miq-r] d%q (I1-24)

From an experimental point of view, it is the differential cross
section (which represents the number of scattering particles in a
given area de¢ per solid angle df) which is most interesting. The
differential cross section is ﬁroportional to what is measured in a

scattering experiment, and is given by:

deo

a? = |fk(k’)|z ‘ (11‘25)
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The ratio of the observed intensity I(q) to the total incident
beam ihiensity I1,(q) (ie. y¥¥) is equal to the differential cross
sectioh; therefore, the observed intensity is proportional to the

structure factor multiplied by its complex conjugate.

I(a) = F(q) + F¥(q) (11-26)

Substituting equation (II-25) with the understanding that I(q)
represents a relative intens:ity (thus eliminating the proportional

symbol) yields:

I(q) | Ip(r') exp[2miq-rc] d°r° «x

fp(r);exp(—zwiq'r] d°r

If we choose r* = r + u and integrate over d%u, he above

expression becomes:

I(@) = Ip(r+u) exp[2niq: (r+u)]d%u x

P

Ip(r) exp[-2nriq r]}d®r

Rearranging yields:

I’exp[—Zniq-u] [ I p(r)p(Hu)d’r: ] x
d3u (11-27)

H

If we let:

| P(u)

[ pr)p(riuyase

18



= p(u)ko(-u) | (I11-28)

where P(u) is called the Pa'tterson‘function.k The " % " in equation
(II-28) denotes the convoluf.ioh opefator. The Patterson function is
thué the at.it.ocorrelation of the electron density function.

Substituting P(u) into (II-27) and letting u — r (for

consistency) yilelds:

I(q) = , I P(r) exp[2miq:r] d°r (I1-29)

Equation (II-29) states that the intensity function is proportional
to the Fourier transform of the Patterson function. . Inversely, the
Fourier transform of the intensity function is proportional to the

Patterson function {(equation 30).

¢ P(r) =t I I(q) exp[-2miq'r] d°q (11-30)

-

The pfojection of a thrée dimension electron dénaity distribuiion
onto a th—diﬁnensional electron density distribution is vgiven by
equation (II-31). ) The electron density distribution is said to be

projected onto the y-z plane. '
plyiz) = [ p(r) ax (11-31)

Substituting equation (II-25) into (II-31) yields:

‘_P(Yo‘z) =‘J. [ I F(Q)exP[_z"i(Qxx+qu+sz) d’q] dx .

- Rearranging the integrand
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p(v,2) = I F(q)exp[42ﬂi(q9y+q12)] "
[ Iexp[-ZNiQXXJ dx ] dq,dq,dq,

and using the definition of the delta function

6(ax) Iexp[—ZﬂiquJ dx

we obtain:

I [ I F(q)exp[-2mi(q,y+q,2)]8(q,) dqx] x
dq,dq,

r(y,z)

Evaluating the integral over x yields equation (II-32).

p(y,z) = I F(O,qyfq;)exp[-ZHi(quy+qu)] dq,dq,
' (I1-32)

Thus, the Fourier transform of the structure ‘factor in the Qy-9z
plane is just the projectibn of the electron density distribution onto
the y-z plane. From (II-32) we can directly write the inverse

Fourier transform.

F(0,q9,,92) = f p(y,z)exp[2ni(q,y+q,2)] dydz
(11-33)

The Fourier ’tra'nsform of thé‘ electron density distribution projected
onto the y-z phne is the structure factor in the Ax-qy plane,

The above procedure is applied a second time to calculate the
F(0,0,q,). The two dimensional electron density distribution is

projected onto the z axie by integrating along the y axis. The
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resulting one dimensional electron density distribution is called the

electron density profile p(z).
p2) = [ o(v,2) ay | (11-34)

Substituting equation (II-32) yields:

plz) = I [ f F(O;qy.qz)exp[-Zwi(qu+q;z) x
dqudqz] dy

Rearranging the equation and substituting for the delta function.

p(z). = I F(O.qu,é;)exp[—zﬁiquI x

[ fexpt-2miay) ay] da,dq,

= I F(0,qy,q,)exp[-2miq,z] &(q,) dq,da,

Integrating over y ylelds:

p(z) = [ F(0,0,q,)exp[-2miq,z]dq, (11-35)

Thus, the electron density profile ia the Fourier tfansform of the

structure factor along qgz. Consequently, the inverse Fourier

transform ylelds:

F(0,0,q9;) = I p(z)exp[2miq,z]dz (I1-36)
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F(0,0,q,) is commonly also referred as F(0,0,2) or F(0,0,q+). For
simx;licity let us replace F(0,0,q,) with F(q,) with thé undefstandihg
that F(q,) is ‘not analogous to p(z) (in as much as p(z) is a
projectioh of a three-dimensional distribution onto the4 z-axis), but
merely represents the structure factor along the q.-axis.

Rewrfting equations (II-?S), (II-36) and extending the above
formalism to equations (II-29), (II-30), (II-26), (II-28) result in the
basic equations of one-dimenéional scattering theory (II-37), (II-38),

(1I-39), (1I-40), (1I-41), (I1-42).

F(q,)- = IP(Z) exp[2miq,z] dz (11-37)
r(z) = I F(q2) exp[?zﬂiqzz] dq, (11-38)
Ia;) = [ P(2) expl2niq,z] dz (11-39)
P(z) = I I(q,) exp[-2miq,z] dq, (11-40)
I(a) = F(a:) F¥a,) (11-41)
P(z) = p(2) ¥ p(-2) (I1-42)
Since
2rq ® k - k° " (11—43)

and the magnitude of the incoming (incident) wave vector is the same
as that of the outgoing '(scattered) wave vector (le. elastic

scattering):
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.k = k-

we can derive an expression for the magnitude of q Whére 20 is the

zingle between the incident and scattered waves.

2nq = 2ksin® (11-44)
Given:
_,k . %
= 2n
- A

then Iq! (in units of reciprocal length) is given by:

q = 2218 (11-45)
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Part III. Diffraction from Infinite Systems
Scattering from an electron density distribution {(in the case of
x-rays) which is composed of a repeating subunit (or unit cell) is
known as diffraction. Diffraction maxima result from the constructive
interference of parﬁcle wavés scattered from the individual
’

scattering centers. For a Bravais lattice with lattice vectors given
by:

R = D8, + Na8.+ nya, (1I1-46)
where a,, a,, a; are the primitive vectors of the Bravais lattice, and

ny, n;, ns are integers, the condition for constructive interference

requires:
(k - k°) *R =2m : : (IIf47)

where m is an integer. iThia condition can be written in a more

conventional form:

exp[i(k - k°) - R] =1

The above expression ia the \}on Laue formulation of diffraction by a
érystal.

The reciprocal lattice vector is defined as:
- Q =  kyby + kzba + ksb, (11-48)

and by,ba,bs ﬁre the primitive vectors of the reciprocal Bravaié
lattice and k,,k,;,ks are integers. The primitive vectorsv of the

reciprocal lattice are defined in terms of the primitive vectors
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ay,83,83 as follows:

82 X 8.

bl‘ = ‘

a; * (A, x a,) (11-49)
b, = = 23 (;z“: =3 o " (I11-50)
by = ~ o (;z": =5 (1I-51)
In addition: “
a; by = &, ; (11-52)

where é;; is the Kronecker delta:

63 =0 -izj

S5 =1 i=j

Diffraction can be easily visualized by a geometric construction

known as Ewald’s sphere of reflection (see figure 1). Let us define
the origin in reciprocal spac; to be the point o0 and the reciprocal
coordinate axes to be defined by the unit vectors Ex,au,az. Construct
a sphere of radius 1/\ whose surface intersects the reciproqal origin
and whose center is point c. This is \Ewald’s sphere. Let T3
represents the incident wave given by k/2n. ' Our reciproc_:al lattice
has coordinate axes defined by unit vectors &,,&u,&z ; its origin must
coincide with point o. k/27 (the acattered vector) is represented by
the vector T® where s must be a point on the surface of the Ewald’s
sphere if the scattering is elastic, q therefore is represented by the
vector B3,

If q = Q then the cbndition for constructive interference
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(equation II-47) is fulfilled since (with II-43, 11-48, 1I-52):

(k-k°) R 2rnQ - R

- 2n(nyk,a,°by + nyk,a, b,
+ nyksas by)

2n(n ky, + nak, + nyk,)
= 2mm

m must be an ihteger since h,,n,,n, and k;,k,,k, are integers. In
other words, constructive interference from the lattice planes (in real
space) perpendicular to vthe reciprocal lattice vector Q requires the
surface of Ewald’s sphere to intersect the reciprocal lattice point
defined by the reciprocal latf.ice vector Q. These léftice piahes are
ihdexed by k,,k, ,k; as is the reflection pro‘duced by thev COl'.lBtl“ué‘tiVQ
interference.

Generally the reci‘procaly laj.tice points do not intersect the
su_rface of Ewald’s sphere ,‘for any q, and the condition for
cénstructive interference is not met. .For monochroma}tic light
sources there are three options to overcome this problem. One can
rotate Ewald’s sphere (ie. rotate the light source), rotate the
reciprocal lattice (ie. rotate the crystal), or rotate both t_,’he light
source and the crystal ‘In bractice, the second option is the most
~ practical.

‘Co'nsider the following eiectron density distribution for a one

dimensional crystal of periodicity d in the z direction:
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+o B ) . L
rlay) = Z6(z—ld) - (11-53)
Using equation (II-37) to yield ‘(see appendix I):

F(q;) = 2:}(qz— é ) (11-54)

From the above expression, F(q,) # 0 if and only if qz=¢/d.

If we use equat,ion (II-45), we have F(q,) # 0 if and only if:

B (3]

Thus wé have a reciprocal lattice of periodicity i/d. The above

expression can be rearranged to give Bragg’s law in its usual form:

2dsin@g =- £\ (11-55)

In terms of E&ald’s sphere of reflection (figure 1) we need only
consider the 8x~8; plane if we choose the incident beam in the s,
direétidn. T3 thus lies along the s, axis. We define 't;.he angle
betweyen‘ 3,‘ and &,‘ to be w. By rotating the crystal around the qy
axis we are able to intersect the reciprocal lattice points (located at
4/d) with Ewald’s sphere at ppint s. This is8 a function of both <ocs
and o. docs by definition is equal to 20 (equation 11-43). Since we
are rotating only about the q, axis, the angle between §z énd &z is
also @w. Simple geometfy leads us to conclude that «=6; @ and 20 are
said to be coupled (ie. they are not independent variable.s). This

forms the basis of the so called 6 - 26 scan. For «=0 the only
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reciprocal lattice point to intersect the surface of Ewald’s sphere is
the origin (l;O); thus 26=0-°. The reciprocal lattice will intersec; the
surface of Ewald’s sphere at the origin and at q=4/d if we rotate
the crystal )around the qy axis until w=wy; this corresponds to 4ocs =
20;.

We can insieéd ﬁse von Laue’s formulation for diffraction from an
infinite crystal to solve the problem of the one dimensiongl crystal
aligned along the z axis. We. start by constructing a simple three
dimensionéi crysﬁl and‘ consider the reciprocal lattice vectors for
k,=k,=0 én’d ks=t. Thus we choose to observe only the (004¢)
reflections. - Let us beginf by defining our Bravais lattice vector

(equation II-46):

/R . = nga; + naay + nsas
where a, = x
a = ¥
as = =z
and n, = d
thus
R = n,x+ npy + dz

Equations (II-48) through (II-51) let us define our reciprocal

lattice vector.

qdz

fufe

Q =

For constructive interference to occur (ie. q = Q) we have from

equations (II-43) and (II-47):
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2r R - Q = 2mm (m=integer)

Substituting for Q and R, we conclude that ¢ must be an integer.

With the help of equations (II-43) and (II-45) wé dgéin obtain

Bragg’s law:
2sinBy _ ¢
: A T d

The reflection observed for:
o : n
wg = O = sin™? [Ec_l
corresponding to
204 = 2sin™t | 2%
' l2d
arises from the constructive interference from the family of real
space planes perpendicular to Q. Thus, constructive interference

between the (00#) lattice planes, where the distance between the

planes is d/4, gives rise to the (00¢) reflection.
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Figure 1

;I‘he intersection of Ewald’s sphere of reflection with the 3,,-3, is
shown. A one-dimensional reciprocal lattice along the &z is rotated
by an angle « with reépeét to thé 3; axis, causing the 1=10 reciprocal
lattice poiht to intersect the surface of the Ewald sphere. The von
Laue conditions for constructive interference are thus satisfied for

1=10. Refer to the text for a complete discussion.
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Figure 1

EWALD’S SPHERE OF REFLECTION
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Part IV. Diffraction from Finite Systems
The meridional intensity function for a multilayer composed of N
repeated unit cells containing a bilayer with a unit cell translation

vector along the z direction of magnitude d is given by the following

equation:
CI(q) = IFue(a)12:1L,(q,)12 % W(q,) (11-56)
where
‘ +o
]
ILa(q)12 = Z"[ q, - 3] x IB(q,)!12 (11-57)
4=—o
and
l';uc(qz) = unit cell profile structure factor
ILa{(qz)1? = the reciprocal lattice or interferance function for
the multilayer profile
B(a,) = Fourier transform of the multilayer profile box
function
W(q,) = incident beam—shape function

The Fourier transform of equations (II-56) and (II-567) (using
equation 1I-38) yields the Qmultilayer profile Patterson function
(equation II-58) (i.e. the multilayer profile autocorrelation ‘function)
and the multilayer profile lattice autocorrelation function respectively

(equation II-59).
Pml(z) = [[pue(z) *‘puc(—z)] X Tnz(z) ] + w(z)

(11-58)

and
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I.2(2) = )é(z-nd) - B2(2) (11-59)

n=—e

where

Puc(z) = avefage unit ceil electron density profil’ev
b(z) =‘ multilayer profile box function

w(z) = Féurier transform of the beam—shape function’ -

and 1 ’(z) and b’(z) represent the autocorrelation of 1,(z) and
b(z) respectively.
For our mululayer composed of N repeated unit cells with its unit

cell translation vector along»the z direction of magnitude d:

0 for Izt > d4/2 -

Puc(z)

and

b(z) 1 for -Nd/2 < z < Nd/2
- 0 otherwise

Substituting équation (I1-42) into (II-568) yields:

..u(z) - [ Puole) ¥ T2 ) - ww (11-60)

#

Frbm the above definition of b(z) we can calculate lB(qz)l’ to

obtain:

"+Nd/z
IB(q )2 = [ J exp[2miq,z] dz ]a
-Nd/2
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: sin nNdq, 12
(Nd)? [ wNda, ]

(Nd)? sinc?(mNdq,)

The multihjer i'eciproéal lattice function IL,(q,)12 (lequation‘
II-57) is therefore just the superposition'of sinc?(nNdq,) placed at
multiples of the reciprocal lattice vector 1/d. ILo(@)!?  has
principal rﬁaxima at q, = ¢/d. Between adjacent principal indxima
IL,,(q;)l’ has N-1 local minima located at multilblés of 1/Nd, and N-2
local (éuxiliary or ‘secondary)l maxima located approximately _half v;ay
between the local minima. :

'As the number of bilaffjers increases vto hrgé N, the Fourier
transform of the multilayer profile box function [B(q;)] abp‘t‘:oache‘s é
Dirac delta function. " The reciprocal lattice or interferéﬁce function
in turn approaches an infinite series of delta functions spaced at 1/d
along the ‘q,-;xis." The ’inte.nsity function (equation II-56) is then
éimply the modulus sduared of the wunit cell structux"e' fagtor
"sampled" at“\llﬁd alonquz, convoluted with the beam-shape function.
This is simply the Bragg diffraction limit.

For reasonably finite N the intensity function is composed of
diffraction maxima centered near the Bragg limit; the diffraction
maxima may be shifted since ‘the unit cell structure factor modulus
squared is sampled by a sup?rpostion of sinc?(nNdq,) (appendix II).
The intensity function may also contain distinct secondary maxima
depending on N and W(q,). The diffraction maxima broaden as N

decreases due to sinc?(nNdq,) as well.
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As the number of bilayers decreases to N = 1, there is a
corresponding broadening and shifting of the diffraction maxima, at
which point I{(q,) is no longer sampled [IL,(Qz)!1? — constant] and
t.he observed mtenmty represents the modulus squared of the unit
cell or bﬂayer structure factor convoluted with the beam—shape
function.

From the 'equation (II-60) it can be seen that Pmi(z) is
bseu&operiodic in d, and de@ajs to zero at Izl = Nd. This is not
surprising since the multilaygr autocorrelation fungtion fox_' a finite
multilayer must of course also be finite. The finite size or extent of
the ml.;ltilayer is mathematically incorporated into the above :formalism
through b(z). The Fourier tr;nsform of b?(z) gives rise to»t.vhe sinc?
in the multilayer interference_ function which broadens the iorincipal
maxima and is responsible for‘ the appearance of secondary maxima in
the intensity function. Sami)ling of the unit cell profile structure

factor modulus squared by the sinc? also shifts the diffraction

maxima from the Bragg limit positions (appendix II).
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CHAPTER THREE: SAMPLE PREPARATION AND X-RAY METHODS
Part I. Multilayer Preparation -

Multilayers samples were prepared by depositing successive
monolayers of ' various carboxylic acids using the Langmuir-Blodgett
technique . [1-4] "onto a ﬂgt glass - substrate which was made
hydrophobic by covalently binding an octadecyltrichlorosilane (OTS)
monolayer to its surface [3~1]. = The arachidic and myristic acids
(Aldrich) had been zone refined with 50 zone passes at a rate of 1
cm/hr and the purity ( >99.9§5%) of the center fraction confirmed by
DSC meaéurements (Dupont 990). Triple distilled water was used in
all stages of the preparation, including distillation over KMnO, to
remove organic contaminants.

The Lauda (Messgeréte-Wgrk, FRG) Langmuir system use‘r('i‘ for the
deposition process consists of a trough having dimensions of 700 mm
x 150 mm x 6 mm (l,w,d), a movable barrier perpendicular to the
long-axis of the trough, a stationary barrier parallel to the movable
barrier, a film balance, and electronics to drive the movable barrier,
measure the surface pressure; and to monitor the temperature of the
system. The stationary barrier separates the reference surface from
the surface on which the ;_llonolayer of interest is spread (film
sgrface). The monolayer is contained within the area definéd by the
two long axes of the trough and the stationary and movable barriers,
with the maximum surface area of the film surface being ~ 560 cm3.
The film balance measures the differential pressure on the stationary

barrier. - This differential pressure is the result of the net force
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exerted on the stationary barrier by the reference and film surfaces.
As a monolayer is compressed by the movable bar.rier, the differential
pressure measured by the film ' balance increases. A feedback
mechanism adjusts the position of the movable barrier to maintain a
constant surface pressure duxfing the deposition process.

Prior to deposition, the t:.rough is clean with chloroform. After
twenty minutes (ample time for all the chloroform to evaporate) the
trough is filled with triple distilled water. The water surface
between the barriers is first aspirated to remove any surface
impurities, and then "compreésed"; surface impurities result in a
non-zero differential surface pressure measured between the
reference surface and the film surface. Impurities resulting in
pressures of < 1.0 dyne/cm for a film surface 'of ~15' cm? are
acceptable.

The carboxylic acids used in this study Are solubilised in
chloroform [lmg/ml]. A monolayer (2.025 x 10!’ molecules) is spread
upon the clean (see above) water surface between the stationary and
movable barriers, and stabilfzed for three minutes to allow for the
chloroform to evaporate. Routinely a pressure versus surface area
isotherm of the carboxylic acid is measured to ascertain the purity of
the carboxylic acid. ' The shape and collapse pressure of the isotherm
are very reliable indicators rajé to the quality of the film. .Aft.er the
monolayer film collapses, the Pwater surface is cleaned by aspiration
and a second film is spread. After the film is stabilized and

compressed to a given constant pressure, it is allowed to equilibrate
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for twenty minutes.

Figure .2 ~ shows the isotherms  for arachidic acid
[cHg~{CH, ) e~COOH] (bottom) and 10,12 pentacosadiynoic - acid
[cHs~(CH;),~CBC~CHC~(CH,)g-COOH]  (tOp). These isotherms are
characteristic of the two compounds, with 10,12 pentacosadiynoic acid
[3-2] exhibiting a broad sigmoidal-like isotherm with a collapse
pressure of 57 dyne/cm and t;he ar;chidic acid exhibiting a sharper
curve with a collapse pressure of 61 dyne/cm.

The multilayers used in the first part of this study consist of a
homologous series of arachidic acid multilayers. The arachidic acid
monolayer was kept at a constant surface pressure of 20 dyne/cm
'and a temperature of 17.5°C during the deposition; the subéhase was
a 1mM CdCl; solution of pH < ‘6.0. The substrate was dippeqv through
the monolayer at a rate of 3.0 mm/min. |

Since the OTS covered substrate is hydrophobic (due  to : the
covalently attached alkane chéins) , 8 monolayer of arachidiq acid is
deposited onto the substrate surface as the substrate is lowered
through the: arachidic acid monolayer into the sub-phase. As the
specimen (its surfaceA now hydrophilic from the fatty acid. carboxyl
groups) is raised from the sub-pfnase through the arachidic acid
monolayer, a second‘ monolayér of fatty acid is deposited onto the
substraté, leaving a hydropinobic surface. This process may be
repeated several times to crgate a variable number N of arachidic
acid - bilayers. = The multilayex" specimens in this study consisted of

one, two, three and five arachidic acid bilayers.
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Two sets. of multilayers \;'ere used in the second study. They
were 1) finite sequences of arachidic acid (A) and myristic acid
[cH3=(CH2),2~C00H] (M) monolayers and 2) finite sequences of arachidic
acid and 10,12 pentacosadiynoic acid (D) monolayers. The carboxylic
acid monolayers were deposited at a temperature of 17.5°C at a
constant surface pressure of 15 dyne/cm for the myristic acid and 20
dyne/cm for the arachidic acid and‘ the 10,12 pentacosadiynoic acid;
the subphase was a 1 mM CdCl, solution of pH < 6.0.

The first set of multilayers consist of two arachldlc acid
monolayers deposited onto the glass-OTS subsatrate followed by the
deposgition of either a) two arachldlc acid monolayers to yield two
arachidic acid bilayers (AAAA), b) one arachidic acid ;nonolayer
followed by a myristic acid monolayer to yield three arachidic acid
monolayers and one myristi.c" acid monolayer (AAAM), or c) two
myristic acid monolayers to yield an arachidic acid bilayex; followed
by a myristic acid bilayer (AAMM).

The second set consists of a DDDA multilayer. The insert (upper
right) in figure 2 shows parti;l isotherms for 10,12 pentac;sadiynoic
_acid (left) and arachidic acid (right) for this deposition. After three
monolayers of 10,12 pentacosadiynoic acid were deposited onto the
glass-OTS substrate, the film surface was aspirated and cleaned,
while the multilayer (glass-dfl"s subtrate plus three monolayers of
10,12 pentacosadiynoic acid)‘ were below the film surf-ace. A
monolayer of arachidic acid was then spread onto the water surface

and equilibi‘ated. As the multilayer was raised from beneath the
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surface "the final arachidic acid monolayer was deposited onto the
multilayer.

Following deposition the 10,12 pentacosadiynoic acid monolayers
in the DDDA multilayer were polymerized with uv light to form
diacetylene polymer (the polygne polymer chains being perpendicular
to the monomer hydrocarbon chains) [3-2, 3-3].

‘After data was collected on the DDDA multilayer it was washed
for three minutes in 10 mM NaOH to remove the surface arachidic acid

monolayer. The resulting DDD multilayer was then further studied.
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Figure 2

Isotherms for arachidic acid [CHs=(CH;);s-COON] (top) and 10,12
pentacosadiynoic acid [CHy~(CHa)y ~CBC-CBC~(CH,)a~C00H] (bottom) are
shown. Thev pres“sure whefe 'eaczzh film collapsed in indicated by the
diagonal arrows at the »topr of each isotherm. The insert shows
partial isotherms of 10,12 pentacoéadiynoic acid (left) and ‘arachidic

acid (right) obtained during the deposition of the DDDA multilayer.
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Part II. X-Ray Diffraction Methods

“Meridional x-ray diffraction was observed as a function of a,
[lqz! ® (28in@)/A] (II-45) corresponding to elastic momentum transfers
parallel to the z-axis perpendicular to the substrate plane. The
incident x-ray beam defines an angle omega (v) with the substrate
plane (x-y).

The multilayers were positioned on the « axis of a two-axis
diffractometer with a low impefdance,yposition-sensitive linear detector
(PSD) [3-4, 3-5] mounted on ihe Zé axis. The linear detector was
aligned along the q, direction. An Elliott GX-6 rotating anode x-ray
generator was used to produce CuK x-rays at a target loading of ~
2.5 KW/mm3. = Nickel filters were used to select the CukK, 1ine (A=1.54
A) which was 'line focused parallel to the multilayer pl_ane with
Frank’s optics [3-6, 3-7]. = X-ray beam width and the PSD system
resolution result in a 4q, resolution of ~ .003A~!, © The full beam
line height (3 mm) was accepted by the PSD over the entire q, range
for the multilayer specimensa inveatigated due to their smgll mosaic
spread (see below).

Specimens were kept at room temperature (23-25°C) and at a
relative humidity of < 0.1% iq a sealed canister. Helium péths with
thin aluminum foil windows were used to reduce air scattering along
the incident and scattered beam paths.

Oﬁega scans (Aw = .02°) consisting of two minute exposures per
omega value were done on each specimen over an omega range from ~

.5 to 6.5 degrees. - Each full scan took approximately 10 hours and
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was controlled by a Digital Equipment Corporation PDP 11/24 computer.
The sum .of these exposures form a composite pattern which
represents the meridional intensity function 1(0,0,q,). As the value
of omega is decreased below ~ 0.8*, specular scattering due to the
glass-OTS surface predominates and begins to saturate the detector.
Scattering in this region of momentum transfer space arises only
from the substrate and the interference between arachidic acid
bilayers and the substrate. Due to this intense specular scattering
from the substrate, the int.ensjty functions were truncated for q, <
~ 0.01A"!), Thus the electron density profiles derived represent
relative and not absolute electron densities. -

A plot of the integrated intensity of a diffraction maximum at e
~ 8/d, where ¢ is an integer and d is the average periodicity in
Angstroms of the multilayer projected onto the z-axis, versus omega
gives a "rocking curve" for diffraction maximum ¢ whose FWHM is a
measure of the mosaic spread of the multilayer. Rocking c;urves for
$=1,2, 3 for N=5 and ¢ = 2, 3 for N=1 are shown in figure 3,
where N refers to the number of arachidic acid bilayers in the
multilayer. The rocking cur\.r-e for the first maximum for N=1 could
not be - measured as accu;ately since the specular ' scattering
contributes considerable intensity in the region of momentum transfer
space q, ~ 1/d for this multilayer. |

Each rocking curve is a t;omposite of a strong, narrow feature at
w=@y, for .diffraction maxima -" centered on a weak, broa;i ‘feature

extending over 0°<ws28,. The measured mosaic spread for the narrow
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feature in each rocking curve is ~0.13° and is ~1.50° for the broad
feature. The narrow features in the rocking curves are most likely
due to the well-oriented doniains of the multilayers and the broad
features are probably a result of misoriented components.  The
relative contribution of oriented versus misoriented domains in the
multilayers remain fairly constant for N=1 to 5. The measured mosaic
spread of the specular scattermg from a OTS—glass substrate alone is
~0.08° since the beam is focused along q, at the face of the detector.
Hence, beam convergence at the specimen contributes to the measured
mosaic spread of the multilayers.

As mentioned above, spgcular scattering due to the QTS-glass
substrate predominates the meridioml intensity function at q, < ~
0.02A~*, It is possible to fit: the intensity function derived from an
OTS-glass sample with two exponentials over the range of q, utilized
in these studies. A quickly decaying exponential can be fit to the
very low angle OTS-glass speéular scattering, while a slowly' decaying
exponential fuhction can be fit to the higher angle parjt of the
intensity function to correct for substrate background scattering
(figure -4). Similar exmnentﬁls were used to correct the meridional
intensity functions of the one, two, three and five bilayer multilayer
specimens. - The first observ:able diffraction maxima of the intensity
function for the one . bilayer specimen appears as a shoulder at
qQ,~0.02A~! on the more intense specular scattering at smaller dge
This shoulder .can be resolved by subtracting the quickly[ decaying

exponential of the specular scattering from the intensity function of
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the one bilayer sample, Thev intensity functions for the two, three
and five bilayer samples exhibit a much better resolved first order
diffraction maximum. This occurs since the contribution to the
intensity function from the multilayer increases quadratically with the
number of bilayers, while - the contribution from the specular
scattering stays neafly the same; This background scattering
correction causes unavoidabie errors in determining the relative
magnitude and shape of the first diffraction maximum especially for
the one bilayer specimen. Data from one bilayer samples collect;ed
with a SIT two-dimensional detector [3-8, 3-9] using sypchrotron
radiation aided in the background scattering correction for the one
bilayer data due to the very different two-dimensional shapes of the
diffraction maxima observed from the specimen and the specular
scattering from the substrate.

A Lorentz correction of q, was applied to the intensity function
to correct for the oscillation éf the multilayer in the w-scan [2-3].
Since the specimens have a thickness ranging between ~ 50A and
300A, no absorption correctiori is required for the » range used. The
qz Lorentz correction fixes the origin in momentum transfer space,
errors in which will change the relative magnitudes of the diffraction
maxima in the corrected intensity function, I,(q,). For the two,
three and five bilayer data sets, a plot of the diffraction order
number versus the center of mass of the meridional diffraction
maximum in channels gives a reasvonable first estimate of the origin

as the x-intercept, while a good approximation of the average
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periodicity of the multilayer profile can be deduced from the slope.
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Figure 3A and 3B

The rocking curves for the five bilayer multilayer are shown in
figure 3A with the solid line the rocking curve for =1 (attenuated
by a factor ‘of 10), the dotted line the rocking curve for $=2, and the
dashed linejthe rocking curve for £=3. The rocking curves for the
one bilayer | multilayer are shown in figure 3B with the dotted line
the rockinglcur\"e for =2 and the dashed line the rocking curve for

4=3.
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Figure 3A
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INTEGRATED INTENSITY

Figurek3B
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Figure 4

The solid line shows the OTS-scattering observed as a function
or relative w, fitted with two exponential functions (dotted line), For
@ < ~ 0.2° scattering from the OTS-glass substrate exceeds 104 cps.
The detectqr is count rate limited and begins saturate at a count

rate above ~ 1.5 x 10* cps.
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CHAPTER FOUR: RESULTS
Part I. Arachidic Acid Multilayers

Figure 6 shows the corrected meridional intensity functions for
the one, two, three and five bilayer arachidic acid specimens. Note
that as the number of bilayers decreases the diffraction maxima
broaden, until continuous diffraction is observed for N = ‘1. . This
broadening of the diffraction maxima are a direct result of B(q,)
(equation II-57) and consequently of b(z) (equation II-5§).‘ Also
observe that as N decreases, ‘diffraction maxima two and three, and
diffraction maxima four and five, shift together. (Appendix II)

The Patterson or multilayer autocorrelation functions for the one,
two, three, and five bilayer ;pecimens are shown in figure 6. The
Patteréon function must also be sensitive to the total size ‘or extent
of the multilayer along the z-axis and to a first approxin@tion are
pseudoperiodic and decay nearly linearly to zero at z = *Nd. This
property of P,,(z) was used iteratively to refine the origin of I (q,).
Oscillations- in the Patterson functions for z 2 *Nd are a result of
errors in determining the maéﬁitude and shape of the first maximum
in the corrected intensity fuﬁctions and the truncation of the data
for q,< 0.01A"* due to the intense specular scattering from the
substrate in that region of reqiprocal space.

As can be seen in the aforementioned figures the intensity and
Patterson functions are very sensitive to the number N of bilayers in

a given multilayer thin film for sufficiently small N relative to W(a.).
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Figure 5

The Lorentz qz-corrected, meridional intensity functions for one, two,
three, and five bilayer arachidic acid multilayers (from top to bottom)
are shown by the solid line. The first maxima of the corrected
intensity fu;'lctions have been scaled to unity. The dotted lines (for
N = 1, '2,i 3) represent | intensity functions calculated from the
multilayer élécttdri dénsity profiles derived by the ‘bo.x‘ ‘re(finement

technique.
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Figure 3
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Figure 6

The multilayer profile Patterson functions for one, two, three, and
five bilayer arachidic acid multilayers (from top to bottom) are shown
by the sdiid lines. The dotted lines (for N = 1, 2, 3) represent the
multilayer profile Patterson functions calculated from the multilayer

electron density profiles obtained by the box refinement procedure.
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Part II. Arachidic Acid, Myristic Acid, and 10,12 Pentacosdiynoic
Acid Mixed Multilayers

Figure 7 shows the corrected intenaity functions for the AAAA,
AAAM, and AAMM mnultilayer films. All the corrected intensity
functions in figure 7 are indicative of asymmetric multilayer profiles
of finite size or extent. The non-zero minima between diffraction
maxima indicate that the profiles are asymmetric (see discussion in
appendix V) while the broad shape of the maxima results from their
finite extent. The meridional x-ray diffraction from multilayers
composed of periodic sequences of monolayers should contain the
most pronounced constructive and destructive interference effects.
Such interference effects should be diminished in the diffraction from
multilayers composed of non-periodic sequences of monolayers. The
AAAA multilayer to first app;oximation is periodic composed of two
arachidic acid bilayers; diffraction from the multilayer corisequently
contains stronger interference effects than the AAAM aﬁnd AAMM
multilayers. @ The AAAM mulf.ilayer corrected intensity function  is
similar to the AAAA multilayer corrected intensity function except for
the somewhat lesser relative magnitudes of the diffraction n;axima at
higher q,. The corrected infensity function for the AAMM ;nultilayer
differs considerably from the corrected intensity functions of the
AAAM and AAAA multilayers wvith diffraction maxima of lessef relative
magnitudes at higher q, and leas-defined diffraction minima.

Autocorrelation functions for the AAAA, AAAM, and AAMM

multilayers are shown in figure 8. These typical multilayer profile
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autocorrelation functions decay monotonically to essentially zero for z
> Zmax Which defines the extent of the multilayer profiles. z,,, was
found to be 96A, 108A, and 116A for the AAMM, AAAM, and AAAA
multilayers . réspectively. The multilayer autocorrelation functions
contain small amplitude low-frequency oscillations = around: the
zero~baseline for z > zZ,,, dlue to errors in the corrected intensity
functions for q, s ~0.02A!, ‘Thee errors are a consequence of the
background scattering correc;ion.

The corrected intensity functions for the DDDA and DDD
multilayer thin films are shown in figure 9. Since the DDDA
multilayer to first approximation is composed of two bilayers, the
corrected intensity function exhibits some of the features -of a N=2
diffraction pattern. One observes only scattering } (ie. no
interference) from the DDD multﬂayer since it is not composed of
repeating unit cells. Note the absence of distinct zero-minima in the
corrected intensity function fqr the DDD multilayer.

The multilayer autocorrelation functions for the DDDA and the
DDD multilayers are shown in figure 10. The autocorrelation function
calculated for the DDDA xhultilayer has pronounced positive
correlations for 2 ~ zy,x (*110A) while the autocorrelation function
calculated for the DDD multilayer has only negative correlations for z

~ Zmax (90A).
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Figure 7

The background and Lorentz-q, corrected intensity functions for the
AAMM (top), AAAM (middle), and AAAA (bottom) multilayers are shown.
Due to the relatively low signal to noise ratio of the AAMM and AAAM
intensity fu:nctions ~when compared to the AAAA intensity function,

the AAMM and AAAM intensity functions were smoothed.
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Figure 8

The Patterson functions for the AAMM (top), AAAM (middle), and AAAA
(bottom) multilayers. Note the shift to larger absolute z of the
positive correlation at Izl ~ 110A as the multilayer increases in

overall size> (top to bottom).
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Figure 8
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Figure 9

The corrected intensity functions for the DDDA multilayer (top) and
the DDD multilayer (bottom) are shown. The scattering from the
DDDA multilayer has some of the characteristics of the diffraction
observed from a two:\ bilayer multilayer for q, < .075A~!., Note in
particular the zero or nearly zero minima between the maxima for .
< ,075A-%, Scattéfing from thé DDD multilayer is continuous over the

full range df q, ‘measured.

i
¥

66



RELATIVE INTENSITY

Figure S

2.0

,/“\J//~\\.,f~‘-~”“‘-—-~> ——

1.5

1.0
|

e 0.000 OI. 023 Ol. 050 Ol. 073 J. 100 Ol. 123 01. 150
RECIPROCAL ANGSTROMS

INTENSITY FUNCTIGONS

DDDA (topd versus DDD Cbottomd

6?7



Figure 10

The Patterson functions for the DDDA (upper) and the DDD (lower)
multilayers are compared. Note the disappearance of the positive

correlation at 1zl ~ 110A in the DDD Patterson function.
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CHAPTER FIVE: ANALYSIS
Part I. Arachidic Acid Multiiayers :

‘It is possible to uniquely reconstruct the unit cell Patterson
[P,c(z)] provided that the Patterson function for the multilayer
profile is bounded (appendix III) [2-3, 5-1, 5-2]. If one assumes Puc
to be centrosymmetric around an origin [i.e. p,5(z) = p,c(~-2)] the
unit cell Patterson [P,,(z)] in turn can be deconvoluted uniquely' to
give the electron density profile [p,;(2z)] for the unit cell (or the
average bilayer in the multilayer) by a recursive deconvolution
method . (appendix 1IV) ([1-20, 2-3, 65-2]. Since the recursive
deconvolution propagates errors, the final electron density .profile is
obtained by phasing (appendix V) the Lorentz~corrected intensity
function [I,(q,)] and selecting the best phase combination which is
most consistent with the electron density profile for the unit cell
derived by the recursive decc_mvolution method.

Figure 11 shows the unit cell Patterson function for the two,
three and five bilayer multilgyers reconstructed from the multilayer
Patterson function using the method of linear equations (appendix
III). The linear equations were applied from 0 < z < d,

Figure 12 shows the eleéf.ron density profiles for the average
bilayer for the two, three, and five bilayer multilayers derived by
the wunit cell  Patterson recursive deconvolution outlined above.
Errors in these profiles propagate from right to left; hence the
asymmetry of the functions.

Figure 13 shows the electron density profiles for the average
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bilayer for the two, three and five bilayer multilayers derived by the
correctly phased Fourier synthesis (appendix V). All three rather
typical electron density profiles exhibit a peak region of relatively
high electron density for 0.0 < Izl s 4.5A containing the -COOH polar
headgroups, plateau reg‘iong of intermediate relative electron density
near the mean for 4.5A < Izl < 12,0A containing the hydrocarbon
chain [-(CH,;),s~] groups, And trough regions of relatively low
electron density for 21.0A < izl < 29.,5A containing the terminal
methyl groups (-CHs). For these bilayers, the multilayer periodicity
is the methyl group separation across the bilayer profile. 7 Note the
close similarity in detail of the profiles derived by recursive
deconvolution and those derived by the correctly phased Fourier
synthesis.

As N decreases, there iss a corresponding decrease in the
multilayer periodicity of the average bilayer profiles as evidenced by
the decrease in the methyl "group separation distance across the
bilayer profile. For N = 5, 3, 2, the periodicities are 55.9A, 54.4A and
52.9A respectively. In ‘addition to &a decrease in multilayer
periodicity, a broadening of'_ the methyl trough regions _into the
neighboring hydrocarbon cha;in plateau regions and a subsequent
decrease in the depth of the methyl trough regions are observed as
the number of bilayers decreases. These changes in the hydrocarbon
core region of the average bilayer profile with decreasing N are
similar to those accompanying "kink" formation (time-average or

ensemble average) in all té&ms hydrocarbon chains [56~3]. For
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example, figure 14 shows the electron density profiles for a
dibalmitoyl phosphatidylcholine (DPPC) bilayer at 35°C and 49°C, the
former being below the phase transition temperature for chain
melting of 41°C, the latter above.  Note that within the hydrocarbon
core regions of the profiles, the melted DPPC profile (dotted line)
exhibits  many of the features (due to the time-~average "kink"
formation in the fatty-acid chains) of the N = 2 electron density
profile of arachidic acid while the frozen DPPC profile displays the
features (due to the all trans configuration of the fatty-acid chains)
of the N = § electron density profile of arachidic acid. In particular,
note the similarly decreased average hydrocarbon chain length and
broadened methyl trough features in both the melted DPPC and
arachidic acid N = 2 electron density profiles.

Assuming that the electron density profile for a bilayer ‘Btructure
is centrosymmetric and repeated N times in the multilayer profile
becomes less valid as the number of bilayers in the multilayer thin
film decreases. The fact that the background scattering corrected
intensity function [I,(q;)] for N = 2 and 3 (figure 6) is substantially
non~zero between some adjacént diffraction maxima strongly suggests
that the corresponding multilayer electron density profile may be
asymmetric, inasmuch as the non-zero minima would disallow the
phase of the structure factb-t" to change at that value of q, (see
appendix V). A model for the multilayer electron density profile for
N=2 can be constructed by extending the electron density profile for

the average bilayer (figure 13) to two bilayers (dotted line, figure
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15). This centrosymmetric model for the multilayer profile yields the
intensity function shown by the dotted line in figure 16. This figure
shows the derived intensity function after convolution with the
incident beam shape function, W(q,). The intensity function shows
auxiliary maxima between major diffraction orders; convolution with
W(q,) supress the secondary maxima and introduces a “ non-zero
"baseline” to the intensity éunction. Note, all the minima in the
calculated intensity function for this centrosymmetric model are zero
with respect to this baseline.

The direct Patterson function deconvolution method is limited in
that it determines only the électmn density profile of thq average
unit cell or bilayer in the mqlt.ilayer. It cannot accommodate bilayer
structures where the monolayer profile structures differ from one
another; in particular, it cannot distinguish between the first
monolayer on the alkylated‘ substrate as compared to ﬂ the last
monolayer at the air interfacé. In general, it is impossible to phase
asymmetric structures of infiﬁite extent (N > 10, dependent on W(q,))
unless some special technique (e.g. isomorphous replacement) is
employed. However, for finite aystems (i.e. where the one-dimensional
Fourier transform of the corrected intensity function [I,(q,)] gives a
bounded multilayer Patterson function the box-refinement procedure
(appendix VI) can be used to determine the multilayer electron
density profile P, ,(z) [1-22].

- This technique assumes a given phase for each point in q,

derived from the Fourier transform of some arbitrary "trial" function.
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These ' phases are combined with. the  modulus of the multilayer
structure factor IFy1(q;)! and Fourier transformed to give an initial
electron density profile 2, (z). This electron density profile is in
turn set to zero outside a box b(z) whose width is at least that of
the multilayer profile. This truncated electron density profile
becomes the new trial function and the process is .repeated
iteratively until the refinement converges. (As noted earlier, the
intensity function, and thus» IFmi(qa,)! are sensitive to the finite
extent of the sample. The broadening and shifting of the intensity
maxima from the Bragg limit provide this information). The width of
the box b(z) can be determined from the multilayer Patterson
function; P,;(z) must be zero for 1z! larger than the maximum extent
of Pyi(z) due to b(z). It is the finite extent of the multilayers in g
that provide the strong congtraint needed for the box refinement
technique to coverage to a solution for the multilayer profile 2, (z).
The refinement continues until it has found a phase combination that
will produce a multilayer electron density profile which is zero
outside the . box. - " Unfortunately there is no guarantee that the
eolution derived from the box refinement is unique; in fact, there are
likely to be several "local" solutions that satisfy the box constraint
[{1-23]. The final solution may ultimately depend to some éxtent on
the initial trial function. The trial function used in this analysis was
the sum of a cosine and sine Wave with a wavelength on the order of
twice the total extent of the multilayer profile as derived from the

multilayer Patterson function. Various other trial functions were also
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tried (i.e. ramp functions of various sizes, pulse function of different
widths) ‘which refine to qualitatively similar multilayer profile
structures.

The one, two and three bilayer multilayer systems were
investigated with the box refinement technique. The three corrected
intensity functions I,(q,) were refined to multilayer electron density
profiles which exhibited feat\;rés common to each multilayex; electron
density profile, as well as exhibited features common to each
monolayer within the multilayer electron density profiles. Figure 17
shows the resulting niultilgyer ‘elect.ron density profiles (i.e.
continuous profiles) for N = ;, 2, 3 after twenty iterations from the
box refinement technique. The figure also shows the trial function
used in each refinement as well as the "box" used in applying the
boundary constraint.

The continuous electron dénsity pmf%les for the N = 3 multilayer
shows well-defined methyl troughs at z = 0A, 54A, 109A; relatively
flat hydrocarbon chain regions for -24A < z <-5A, 2A < gz < 16A, 30A
<z < 37A, 57TA < g < 68A, 85A < z < 104A; carboxyl peaks at z = -30A,
23A, T8A; and a disordered, p99rly defined methyl trough at_ z = TOA.
The profile for N = 2 shows well-defined methyl troughs ét. 2z = 0A
and 53A; relatively flat hydrocarbon chains regions for -24A < gz <
-4A, 4A < 2z < 20A, 28A < z < 49A; carboxyl groups at z = -29A and
27A; and a disordered methyl trough at z = §3A. Finally, the profile
for N = 1 shows a well—definéd methyl trough at z = 0A; a relatively

flat hydrocarbon chain region for -5A < z < -26A; a carboxyl group
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at z = -31A; and a disordered methyl trough‘at z = -57A. 1In general,
a multilayer profile consisting of N arachidic acid bilayers exhibit N
equally-spaced well-defined methyl troughs, N equally~-spaced
well-defined carboxyl peaks and one ill-defined and broad methyl
trough at one end. The broadening of thia trough causes the
hydrocarbon chain region adjacent to the trough to become non-flat.

The mean carboxyl-methyl trough distance is 27A.
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Figure 11

The unit cell Patterson functions for the five (— =—— —), the three

O ), and the tivo ( ) bilayer arachidic acid multilayers
reconstruéted from the respective multilayer Patterson functions
(figure 6) Qre shown. The three unit cell Patterson functions are

typical for fatty acid multilayers with the sharp negative correlation

at z = ¢ d/2, and the sharp positive correlation at z = & d.
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Figure 12

The electron density profiles for the average bilayer for the five (—

-— =), the three (------), and the two ( ) bilayer arachidic
acid multilayers derived by unit cell Patterson recursive
deconvolution method. The profiles have been normalized so that the

relative electron densities of the polar head groups are the same.

The recursive errors propagate from right to left in the figure.
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Figure 12
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Figure 13

The electron densitvy profiles for the average bilayer for the five (—
— —), the three (------), and the two (————) bilayer arachidic
acid multﬂayers derived by a correctly phased Fourier synthesis.
The profileis have been normalized so that the relative electron

densities ’ofl the polar headgroups are the same.
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Figure 14

The unit cell electron density profile for a dipalmityl phosphatidyl
choline (DPPC) bilayer at 35°C and 49°C. The former is below the

phase transition temperature for chain melting, the latter above.

Courtesy of J.K. Blasie from J. Cain, G. Santillan, and J.K. Blasie,
Proceedings of 1972 ICN-UCLA Symposium on Molecular Biology. In
Membrane Research, editor C.F. Fox, Academic Press, New York.
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Figure 15

Two model multilayer electron density profiles for the two bilayer
multilayer are shown. The dotted line represents a symmetric model
based on the repetition of the derived electron density profile for
the averaée bilayer ffom the Patterson fuhction deconvolution
procedure (ﬂgure 13); thé aolfd line is an asymmetric model based on

the box refinement multilayer profile (figures 17 and 20)
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Figure 16

Meridional intensity functioné (after convolution with the incident
beam~-shape function) derived from the model multilayer electron
density profiles for the two bilayer multilayer shown in figure 15.
The dotted ’line répresents I(q,) derived from the symmetric model.
Note the zeto-lev?i minima (with respect to a non-zero baseline, see
text) betweén diﬂ;action maxima. The solid line represents I(q,)
derived 'froérn theﬁr stmmetric model. The minima between diffraction
maxima two and ihfee, and four and five are clearly non-zero. The

first diffraction maxima in each function has been normalized to one,

*
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Figure 17

Box refinement trial functions (— — —), box boundary constraint
functions (====—- ), and derived multilayer electron density profiles

(

shown. These multilayers provide a homologous series for the box

) for N = 1, 2, 3 (top to bottom) bilayer multilayers are

refinement procedure. Note that’ each profile exhibits features
common to  each multilayer@ electron density profile, as well as
exhibiting features common to each monolayer within the multilayer

electron density profile,
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Figure 17
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Part II. Arachidic Acid, Myristic Acid, and 10,12 Pentacosadiynoic
Aqid Mixed Multilayers

An additional constraint to the box-refinement technique which is
applicable - when one wishes to determine the multilayer electron
dehsity profiles of several closely related multilayer thin films was
developed for the analysis of the mixed multilayers. Box refinement
itself requires that the electron density profile of the multilayer
being refined be of finite extent. .The additional criterium that we
have established for our enhanced refinement '(or "corefinement")
requires that the multilayer thin films in question form a homologous
series; namely, we assume that the profile structures for these
multilayers are the same over a specified region. Thus the AAAA,
AAAM, and AAMM multilayers are assumed to form a homologous series
with the first two monolayers in each of the multilayers being an
identical arachidic acid bilaye;'. .. The corefinement technique then
adds the additional constraint to the box refinement procedure
demanding that the two or more electron density profiles being
simultaneously refined (ie. corefined) refine to profiles with the same
electron density over the assumed appropriate region in real space.
This is accomplished by numerically averaging the resultant electron
density profiles over this corefined region of real space after each
iteration.  Corefinement may ithen be allowed to relax its ‘additional
constraint after a specified number of iterations.

Figure 18A shows the multilayer electron density profile for the

AAAA multilayer corefined with the AAAM multilayer, figure 18B the
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multilayer electron density profile for the AAAA multilayer corefined
with the AAMM multilayer, and figure 18C the multilayer electron
density of the AAMM . multilayer corefined with the AAAM multilayer.
In each case the electron density profiles were corefined over the
region 3l1A < =z < 150A; this region encompasses the first two
arachidic acid monolayers. Relatively sharp, electron deficient
troughs representing well-ordered .terminal methyl groups are found
at z = 84A and z = 32A, anf.i an electron dense peak representing
carboxyl headgroups is evident at z = 57A in each multilayer electron
density profile. The last monolayer in each multilayer profile has a
broad, electron deficient trqug'h - representing disordered terminal
methyl groups at z ~ -24A for the AAAA multilayer, z ~ ~20A for the
AAAM multilayer,and z ~ -<11A for the AAMM multilayer. The carboxyl
head group peak region betwpen the third and fourth monQIayers is
at z = 10A for the AAMM multilayer, and at z = 2A for the AAAM and
AAAA multilayers.

Figure 19 shows the derived multilayer electron density profiles
for the DDDA multilayer and the DDD multilayer. The two profiles
(thin solid lines) were corefined using the same initial trial (dotted
lines) and box functions (dashed lines), and allowed to iterate eleven
times. The region in real space where the two profiles were
constrained to have the aame— electron densities are shown by the
heavy solid lines. Both multilayer electron density profiles have
sharp troughs representing w?ll—ordered terminal methyl groups at z

= 85A and z = 30A, and a carboxyl headgroup peak at z = 57A. Two
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features in figure 5 should be noted. First, the carboxyl headgroup
peak at z ~ OA shows a significant decrease in electron density
comp#ring‘ the DDD multilayer electron denéity profile with the DDDA
multilayer electron density profile. Second, the entire region -30A <
z S OA in the DDDA multilayexf electron density profile, corresponding
to the broad trough of disordered terminal methyl groups: and
adjacent hydrocarbon chain region of the arachidic acid monolayer,
has a relative electron density well below zero level. For z < -30A
the profile for the DDDA multilayer simply oscillates about zero
electron density level. ' For the DDD multilayer, the electron density

profile simply oscillates about‘the gero level for z < -BA.
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Figures 18A, 18B, and 18C

The electroﬁ density profiles derived by the wvariant of box
refinement are shown. These profiles were corefined for five
iterations and allowed to relax for an additional iteration. The
refinements were corefined in real space for z > 35A. Figure 18A
compares the electron density profiles derived by corefining the
AAAA (solidlline) and the AAAM (dotted line) multilayers. Figure 18B
compares the electron density profiles derived by corefining the
AAAA (solid flz'ne) and jthe AAMM (dot_ted line) multilayers. Figure 18C
compareé t;xe electfoh density profiléa derived by corefining the
AAAM (solid line) and the AAMM (dotted line) multilayers. The initial
trial functidn and the "box" used to truncate the profiles after each

iteration are in each figure.
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Figure 18A
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Figure 18B
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Figure 18C
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Figure 19

The derived eiectron density profiles for the DDDA (upper) and DDD
(lower) multilayers are shown. The profiles were corefined for ten
iterations and allowed to relax for one additional iteration. The
heavy line ‘repreaents to corefined region in the refinement. The
trial function (dotted line) - and the "box" (dashed line) used in

truncating the profiles after each iteration are also shown.
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CHAPTER SIX: DISCUSSION
Part I. Arachidic Acid Multilayers: Box Refinement

" The dotted-lines in figures 5 and 6 represent the corrected
intensity and Patterson functions respectively for the one, two and
three arachidic acid bilayer multilayers calculated from the multilayer
profiles derived by the box refinement technique. The calculated
corrected intensity functions and the calculated multilayer Patterson
functions all agree extremely well with the original experimentai
functions. . The calculated intensity function reproduces the shape,
the relative intensity, and thé position of the diffraction maxima; the
fine features of the multilayer Patterson function are also
reproduced. The continuous multilayer electron density profiles all
show an anomoly at z = -9A, ‘47A,, 104A for the N = 1, 2, 3 multilayer
sample respectively. - This anomoly has the same characte;istics in
each of the derived profiles; it is a positive spike following the first
well-defined methyl trough at one end of the multilayer profile. The
derived multilayer electron density profiles must conform to a
reasonable physical-chemical interpretation. Aside from the above
mentioned anomoly, they all do.

To study the anomoly, step-function model electron density
profiles equivalent to - the continuous multilayer profiles were
constructed (figure 20). The anomoly is shown as a dashed line in
each model. Each step represents ~ 3A in z. The anomoly was
attenuated to between 12 - 25X of its original magnitude in the model

profiles, from which model intensity functions and model multilayer

101



Patterson functions were calculated and compared to the original
corrected intensity functions I,(q,) and multilayer Patterson
functions P,;(2).

Figure 21 shows the intensity functions calculated from the
continuous multilayer electron density profile, the step-function model
profiles, and the original Lorentz corrected intensity function I,(q,)
for the N=2 multilayer. Note; the éxcellent agreement between the
intensity function derived from the continuous multilayer electron
density profile and ' the experimental intensity function. The
step-function models also givg good agreement with the experimental
intensity ' function, with some qualifications. By constructing
step-function model profiles o? finite spatial resolution, the magnitude
of the diffraction maxima for q, > .075A"! were perturbed; their
shape and position remained the same. Differences between the
derived model intensity funct.i'on and the corrected intensity function
I,(q;) for N = 2 occur mainlyr at q, ~ .02A~! and reflect a difference
in the magnitude of the first diffraction maximum. Other fqatures of
the corrected intensity  function including the diffraction maxima
shapes, positions and magnitgdes are preserved. As previously
mentioned, unavoidable errors in determining the magnitude of the
tirst order diffraction maxima occur due to the background scattering
correction applied . to the: uncorrected intensity function. Error in
the relative magnitude of the first diffraction maxima contributes to
errors in the multilayer electron density profiles derived by box

refinement. Box refinement cannot compensate for errors in the
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corrected intensity function, rather it will just refine to them. ' The
origin (with respect to the intensity function) of a particular feature
in the ' continuous multilayer ' electron density profile can be
investigated by perturbing the feature and calculating corresponding
intensity functions.

The multilayer Patterson function calculated from the multilayer
electron density profile deri\fed by box refinement (figure 22) and
the multilayer Patterson function P,(z) calculated from the corrected
intensity function 1I,(q,) agree extremely well, as do the
step-function model derived multilayer Patterson functions. The
step-function model derived Patterson functions deviate from P,;(z)
for z > 1.5d (where d is the "average" periodicity of the multilayer
profile). The vectors contributing to the Patterson function for Izl
> 1.5d represent correlations between the first and the last
monolayer; these correlations correspond primarily to momentum
transfer vectors q, < .013A<!, This region of momentum transfer
space corresponds to the first diffraction maxima; the magnitude of
which is most prone to error in the analysis. The small ringing of
the multilayer Patterson function at Izl > 2d is also partially a result
of this error and the truncation of the data for q, < 0.01A-!. Since
the step-function models are ‘of limited spatial resolution the feature
at z = 262A in P, (z) has become a shoulder on the multilayer
Patterson function derived from the step-function models.

Hence, it has been shown that errors in I,(q,) for q, < .02A"!

are essentially responsible for the anomolies in the box refinement
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derived multilayer electron density profiles. However, these errors
do not deter the box refinement technique from determining correctly

the general features of the multilayer electron density profiles.
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Figure 20

The step-function models derived from the continuous multilayer
electron density profiles shown in figure 17. The anomoly is shown

by the dotted line.
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Figure 21

Calculated Lorentz-q, corrected intensity functions for the two
bilayer multilayer versus the corrected experimental intensity

function, I,(q,;). The solid line represents the corrected intensity

function Io(rqz); the dotted line ( -) represents the calculated
intensity ;fu%nction‘ from the continuous multilayer electron density
profile (ﬁg;.are 1’7) derived by box refinement; the dashed lines
represent fcélculat;ed intensity functions from the step-function models

(figure 20) iwithout attenuation (— — —) and with attenuation of the

anomoly (-— -—-)’
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Figure 21
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Figure 22

Calculated lﬁultilayer profile Patterson functions for the two bilayer
multilayer versus the multilayer Patterson function derived by
Fourier transforming the Lorentz q, corrected intensity function.
The solid line represents the multilbyer Patterson function derived
from the c;rrected experimental intensity function; the dotted line
(===—-) rel;resents the multﬂayer Paiterson function calculated from
the contihuéus multilayer electron dehsity profile (figure 17) derived
by the béx refinement p'rocedur‘e; the dashed lines represent
multilayer Pat.terson func;tid'ns_ qalculat.ed from the step—tunction
models (figﬁré 20) w:ithout attfénuation of the anomoly (— — -—) and

with attenuation of the anomol}; (= —).
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Figure 22
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Part II. Arachidic Acid Multilayers: Model Calculations

It is possible . to investigate the derived multilayer electron
density profiles further by constructing physical-chemically
reasonable, - yet mathematically simple multilayer electron density
profiles (using only analy_tical functions) and calculating the
meridional intensity and mulf.ilayer Patterson functions from these
models. While the intensity functions derived from the step-function
model profiles described above yield excellent agreement with the
experimental intensities,’ not all their features represent true
physical-chemical features in vthe multilayer electron density profiles.
Three types of errors can be seen in these models. The first is a
high frequency oscillation in the electron density profile as a result
of. only using a finite number of diffraction maximg in the
calculations. For example, the step-function model for N = 2 ghows
about a 20X oscillation in the magnitude of the electron density
profile in the hydrocarbon chain region. This is not physically
interpretable, and is probably due to this type of error. The second
is a very low frequency error resulting from errors in truncating
I,(a;) for q, < 0.02A~', The third results from not deconvoluting
the beam width function, W(q,), from the intensity function. This
error causes the electron density profile to be modulated by a
Gaussian-like function whose full width at half maximum is
proportional to the inverse of the FWHM of W(q,). In a model, it is
reasonable to replace the higﬁ frequency oscillations with t; constant

electron density value and then recalculate the intensity and compare
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it to the experimental intensity. Other features can also be replaced;
the methyl troughs can be fitted with Gaussian functions ' for
instance. '

The continuous - electron density profiles derived by the box
refinement method yield intensity functions which match - the
experimental intensity very well (figures 5 and 21). These calculated
intensities are zero for q, < .01A=! and q, > .14A~!, While data was
not collected in these regions of momentum transfer space, the
intensity function is not truly zero in those regions.

Before constructing a physical-chemical model for the multilayer
profile based on the step-function model electron density profile
derived from the box refinement, it is necessary to investigate some
of the features of the correcfed intensity function, I,(q,). The N=2
data set was chosen for modeling since it was the most accurate ivith
respect to the previously mentioned errors. The firat diffraction
maxima was reasonably reaolved from the specular scattering and the
beam-shape function was éonsiderably more narrow than the
diffract.ion' maxima. Consider the corrected intensity function for N =
2 in figure 21 (solid line). The corrected intensity function has
non-zero minima at q, = .048A~! and q, = .085A-!, between
diffraction maxima two and three, and maxima four and five
respectively. These non-zero minima can arise from asymmetry in the
multilayer electron density profilee The centrosymmetric multilayer
profile model discussed earlier (dotted line, figure 15) did not

reproduce the intensity function very well (dotted line, figure 16).
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In addition, maxima two and three, and four and five are shifted
closer together, and are not spaced exactly 1/d apart. Maxima four
and six have shoulders at q, = .071A"! and .107A~! respectively.
The shoulder may very well arise from convoluting the beam width
function with the modulus squared of the multilayer profile structure
factor. This beam width convolution is responsible for the auxiliary
maxima appearing as shoulderé on the principal maxima in IF,(q,)!2.

The solid line in figure 15 shows an electron density profile
model which has some of the features of the centrosymmetric two
bilayer model (dotted line, figure 15), but is simpler and asymmetric.
The relative magnitudes of the carboxyl peaks (z = * 27.5A) compared
to the methyl troughs at z = OA and z = 66A have been maintained.
The hydrocarbon chain regions between the peaks and trqﬁghs are
now flat. . The methyl trough at z = -56A was broadened and shifted
one Angstrom toward the center of the multilayer profile. The
hydrocarbon chain region fof -42A < z < 32A also has an average
electron density lower than the other hydrocarbon chain regions by
about 7.5%. (This is required on physical grounds, namely an
increased area/chain in the plane of the bilayer of the hydrocarbon
chain region is reduired it ’the methyl trough at z = -56A is to
become broad, shallow and shifted toward the neighboring carboxyl
peak). The calculated inténsity, I{(q,), and its anti-symmetric
component (see appendix VII), I,(q,) are shown in Figure 23. Note
the non-zero minima at q; = .046A"! is entirely due to the

anti-symmetric component of the intensity function, while I,(q,)
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contributes about 50% to the non-zero minima at q, = .82A~!. Also
note the auxiliary maxima at q, = .061A-! and .102A~! as well as
non-zero calculated intensity at z < .01A"* and z > .130A~). The
relative intensities and shapes of the diffraction maxima seem to be
in reasonable agreement with the corrected intensity function I{(q,)
(figures § and 21) except for the relative magnitude of the first
maxima. As previously mentioned, errors in the magnitude of the
first diffraction maxima occur due to errors in background acattering
correction. The odd maxima decay with increasing q, slower than do
the even maxima in both the calculated and corrected intensities, with
the fourth maximum being about the same magnitude as the second.
The seventh maximum is sliéhtly more intense than the sixth; the
second is about 50% the magnitude of the third; and the fourth
maximum is about 50X of the fifth. The sixth and seventh maxima are
about the same magnitude. | The non-zero minima have also been
reproduced. A

The solid-line in figure 16 shows the calculated intenait& function
éonvoluted with the experimental incident beam-shape function. Note
that the auxilary maxima have flattened and caused the broadening of
adjacent maxima. This is especially apparent at q, = .033A-!, .076A!
and .112A~!. Convoluting the calculated intensity function with the
experimental beaim-shape fur;ction makes it non-zero everywhere.
However, the calculated intensity function’s minima at q, = .055A}
and .092A-! are above this new base-line, and reproduce the

corrected intensity function [I,(q,)] fairly accurately (figures 5 and
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21).

The results frqm the box-refinement method for N = 1, 2, and 3
multilayers and the model calculations for N = 2 indicate that only
one monolayer at one edge of the multilayer is disordered. For the N
=1, 2, and 3 multilayers, this one disordered monolayer has a broad
shallow methyl trough and a non-flat hydrocarbon chain region
characteristic of disordered chains whose average end-end chain
length is less than that for all trans chains. This first series of
experiments cannot conclusively determine whether the first
monolayer which interfaces the glass-OTS surface, or the last
monolayer which interfaces air, ia the disordered monolayer. This
result is not surprising when one considera that the OTS
hydrocarbon chain is very similar (on a macromolecular level) to that
of arachidic acid. Deposition of the first arachidic acid monolayer
onto the glass-OTS surface should not be very different (with
respect to inter-molecular forces between monolayers) than depositing
the third monolayer onto the second, or the fifth onto the fourth, et
;:etera. The last monolayer 1 not constrained by the terminal methyl
groups of a juxtaposed monoléyer. The chain terminal methyl groups
of the last monolayer interface with air; consequently these chains
appear to have more degrees of freedom than the chain‘ terminal

methyl groups of the internal monolayers in the multilayer.
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Figure 23

The calculated intensity function I(q,) (solid line) for the two bilayer
multilayer and its anti-symmetric contribution Ip(q,) (dotted line).
These functions were calculated from the two bilayer asymmetric
model (figdre 15, solid line) and were not convoluted with the

incident beﬁm shape function.:
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Part III. Arachidic Acid, Myristic Acid,: and 10,12 Pentacosadiynoic -
‘ 4cid Mixed Multilayers

The . decreasing values . of 2z,,, for the multilayer profile
autocorrelation functions for the AAAA, AAAM, and AAMM multilayers
are consistent with the expected changes in the extent of the
multilayer profiles. - However, difficulty in determining z.,,, with
certainty due to errors in I(q,) for z < ~,02A~! limits its usefulness
in the determination of the precise extent of the multilayef profiles
(figure 8). Periodic multilayers, where the unit cell translation
vector projected onto the z-axis has magnitude d, have
autocorrelation functions wﬁich contain local maxima at integer
multiples of d. In figure 8 the autocorrelation function of the AAAA
multilayer shows such a local maximum at Izl = 54A dominated by the
entirely positive correlations' between the first monolayer and the
third monolayer and between“ the second monolayer and the fourth
monolayer; in addition a local.minimum occurs at Izl = 27A dominated
by the negative correlations between the electron deficient terminal
methyl groups (-cHs) of the arachidic acid monolayers and the
electron dense carboxyl headgroups (-coox) of adjacent monolayers.
The autocorrelation function of the AAMM multilayer has a local
maximum at 1z! * 48A with distinct shoulders at Izl = 54A and Izl =
38A; and local minima at Izl ® 27A and lzl * 19A. Note the absence
of such features at Izl o 19A, Izl = 38A, and 1zl = 48A in the
autocorrelation function for the AAAA multilayer. In addition note the

appearance of a positive shoulder at Izl = 48A and a distinct
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negative feature at 1zl = 19A in the autocorrelation function for the
AAAM nultilayer. The derived electron density profiles for the AAAA,
AAAM, and AAMM multilayers (figures 18A, 18B, 18C) yield an average
myristic acid carboxyl-methyl distance per monolayer of 22 ¢ 1A and
an average arachidic acid carboxyl-methyl distance per monolayer of
27 ¢ 1A. The features noted above in the autocorrelation functions
of the AAAA, AAAM, and AAMM multilayer profiles clearly demonstrate
the sensitivity of the multilayer profile autocorrelation function in
detecting changes in composition of the monolayers in the multilayer
thin film.

The hydrocarbon chains of the macromolecules in one monolayer
at the edge of each multilayer profile are significantly disordered as
evidenced by a relatively broad methyl trough feature consiétently at
one end of the multilayer elethfon density profile. From the electron
density = profiles, the calculated difference in the average
carboxyl-methyl end group distance between the arachidic acid and
the myristic acid monolayers #s noted above is consistentlyv ~ BA for
the AAAA, AAAM, and AAMM multilayers. Hence, by varying the
carboxyl-methyl -end group distance for the last one or two
monolayers in the deposition sequence by substituting myristic acid
for arachidic acid in the AAAA/AAAM/AAMM experiments, one observed
the  appropriate shifting of t.ﬁe broad methyl trough feature at one
end of the electron density profile (AAAA versus AAAM), or the
appropriate shifting of both the broad methyl trough feature and the

adjacent carboxyl headgroup region (AAAA versus AAMM, AAAM
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versus AAMM) in the multilayer electron density profiles (figures 18A,
18B, 18C). The changes in the multilayer electron density profile of
the DDDA multilayer (figure 19) upon the removal of the final
arachidic acid monolayer to form the DDD multilayer is clearly
evident. The electron density profile for the latter shows the
absence of the broad methyl trough at z = -25A, as well as the
decrease by factor of two of the carboxyl head group peak feature
between the third and fourth monolayer at z * 0A when the fourth
monolayer is removed. The multilayer profile autocorrelation function
for the DDDA and DDD multilayers are consistent with the x;emoval of
the last arachidic acid monolayer. The pronounced positive
correlations for z ~ z,., (*110A) for the DDDA multilayer are between
the electron deficient terminal methyl group regions of the first (D)
and last (A) monolayers deposited. The only negative correlations for
Z ~ Zyex (~90A) for the DDD multilayer are between the electron
dense carboxyl headgroup region of the last or third monolayer (D)
gnd the electron deficient terminal methyl group region of the first
monolayer (D) at the OTS-glasg substrate surface.

Since we know the sequence in which the different
macromolecular monolayers vjere deposited during the fabrication of
the multilayers, the two sets Lof experiments constituting the second
part of this work unambiguously demonstrate that the surface
monolayer at the multilayer-air interface is disordered. Conversely,
the monolayer at the OTS-glass substrate surface, as well as all

interior monolayers in the multilayer are well-ordered.
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This result is not surprising when one considers that the OTS
hydrocarbon chain is very similar (on a macromolecular level) to that
of arachidic acid. Deposition - of the first monolayer onto the
glass-OTS surface should not be very different (with respect to
inter-molecular forces between monolayers) than depositing the third
monolayer onto the second, or the fifth onto the fourth, et cetera.
The last monolayer is not constrained by the terminal methyl groups
of a juxtaposed monolayer. The chain terminal methyl groups of the
last monolayer interface with gir; consequently these chains appear to
have more degrees of freedoxﬂ than the chain terminal methyl groups

of the internal monolayers in the multilayer.
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CHAPTER SEVEN: CONCLUSION

The box refinement technique is a very powerful method for
solving the phase problem in structures which are of finite extent.
Unfortunately, box refinement alone generally cannot provide a
unigque phase solution which satisfies the box refinement constraint of
zero electron density contrast outside the box for asymmetric
structures [1-22, 1-23]. - Usually some additional criteria must also be
used., Applying the box refinement techniques to series of
homologous multilayers allows one to confidently establish the correct
electron density profile.

The N = 1, 2, 3 arachidic acid multilayers provide a homologous
series for the box refinement technique. That three vastly different
corrected intensity functions 1I,(q,;) refined to quantitatively
analogous multilayer electron density profiles is strong evidénce that
the refinement did indeed converge to the correct solution in each
case., Furthermore, a mathematically simple and physical-chemically
reasonable model has been constructed for the arachidic acid N = 2
case which further clarifies the box refinement result. Additional
evidence supporting the validity of the box refinement solutions
comes from the fact that the results are consistent with the average
bilayer electron density profiles derived from the deconvolution of
the multilayer Patterson function Pg(z). The Patterson function
deconvolution technique employing the Fourier aynthesis gives
bilayer profile structures which represent the average structure of

the bilayer ensemble. As the number of bilayers decreases, the
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average bilayer electron density profile becomes more sensitive to
perturbations in any given bilayer. It is therefore consistent that
the average bilayer electron density profile for the arachidic acid N
= 2, 3 and 5 represents a more well-ordered system as N increases, if
the number of perturbed bilayers (or monolayers) in the multilayer
remains constant.

The Patterson deconvolution technique can lead to an erroneous
conclusion concerning the multilayer electron density profiles of the
arachidic . acid - multilayers; namely, that as the number of bilayers
decrease, the multilayer as ; whole disorders. The box refinement
procedure demonstrated that only the last monolayer was in fact
disordered. = This shows that the assumption used in the Patterson
function deconvolution technique (the existence of a repeated unit
cell or bilayer) was incorrect‘. The Patterson function deconvolution
was limited in that it could ooly produce the electron density profile
of the average unit cell.

From the arachidic acid multilayer study alone it is impoasible to
conclusively determine whether the first fatty acid monolayer
(juxtaposed with the glass-OTS substrate) or the last surface
monolayer (interfaced with air) in the monolayer deposition sequence
was responsible for the broad methyl trough feature at one edge of
the multilayer electron densif.y profiles. It simply demonstrated that
on a macromolecular  scale, one monolayer at one .edge of the
multilayer profile was consistently disordered; all other monolayers in

the multilayers containing one, two, three and five bilayers were
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well-ordered. By systematically varying the chain length of the fatty
acid molecules in the different monolayers of the multilayer, the
second study was able to prove that the last or surface monolayer in
the deposition sequence was indeed the disordefed monolayer. In
addition, when the last deposited monolayer was chemically removed
(DDDA versus DDD) , the multilayer electron density profile no longer
exhibited the broad methyl trough feature at one end. = Since the
multilayer films were non-periodic, standard structural methods which
rely on the repetition of an average structural unit could not be
employed. The corefinement technique is effectively the real space
analog of holographic interferometry described previously [7-1]. It
utilizes the reasonable - physical-chemical constraint that the
multilayer structures in the homologous series remain invariant over
a specified region in real space; it does not however make any a
priori assumptions as to the nature of the invariant portion of the
electron density profiles.

The arachidic acid  multilayer - study coupled with the mixed
monolayer study necessarily leads to the conclusion that the surface
monolayer of an amphiphilic molecule at he multilayer-air interface in
Langmuir-Blodgett multilayer thin films can be ordered by the
deposition of another bilayer (or monolayer). This overlayer-induced
ordering of the underlying monolayer is not only interesting in
statistical mechanical terms concerning relevant physical interactions
between the different ponola;'ers in the multilayer, but it must also

be considered in the fabrication of stable Langmuir-Blodgett

124



multilayer films where intramolecular/intermolecular ordering within a
monolayer is critical for device applications [7-2]. -

The '\ Ldnéniuir-Blodgett techniqué is: ar vers; ‘\poﬁex"fuIA tool in
great’.ing’ A pdlfilayer 'systemsA composed of a ‘finite number of
tyn.onolaye_rs‘,i eéchb o.i" a defined éhémidal compositioﬁ. X-ray diffracf.ior;
can nowv b’e used‘ to probe the structure of such multilayer systems,
even to the level of one bilayer or individual monolayer. The box
refinement and corefinement techniques (provided one ‘, uses a
homologous series of multilayers) can yield excellent résults in
determining the multilayer electron density profiles for each of the
series in the absence of the stringent requirement that the multilayer
be composed of a finite number of repeated symmetric units, e.g.
symmetric bilayers, bilayer pairs, et celera.

The auxiliary maxima observed in the meridional diffraction data
can be well resolved by improving Aq, resolution. This ‘ requires
improved detector spatial resolution and x-ray optics, or requires an
increase in specimen to detecﬂor distance with focusing x-ray optics.
The latter generally necessitates either greater x-ray flux or
extended total exposure time to maintain the statistical accuracy of
the data. Improving both the statistical accuracy of the data and
the Aq, resolution of the e#perimental system is essential in the
structural study of multila&er thin films by x-ray diffraction
techniques since the methods of data analysis employed depend

critically on these parameters.
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CHAPTER EIGHT: THE STUDY OF THIN MULTILAYER FIIMS — A DISCUSSION OF
A BIOPHSYICAL APPLICATION

McConnell has utilized lipid monolayers attached to planar glass
surfaces by the Langmuir-Blodgett technique to study the specific
binding and triggering of cellular components of the immune system.
His work has been motivated by a desire to use well-defined planar
model membranes as surfaces with controlled rhysical and chemical
properties which  serve as a target for specific cell surface
recognition studies.

Specifically, McConnell studied the binding of guinea pig
peritoneal macrophages to supported planar lipid monolayers. He
fabricated planar lipid monolayers supported on alkylated glass
containing : one mole per cent of a lipid hapten (dipalmitoyl
prhospholipid nitroxide hapten I) [1-16]). A hapten is a small molecule
which is only immunologically active in the presence of an existing
specific antibody; it is unable to trigger antibody synthesis in situ
[(8-1]. The monolayers were either "fluid" in the layer plane when
DMPC (dimyristoyl phospatidylcholine) was used in their preparation,
or "solid" when DPPC (dipalmitoyl phospatidylcholine) was employed.
The binding affinity of the macrophage to the hapten is increased by
‘three to four orders of magnitude when a specific anti-hapten
immunoglobulin of the class IgG is bound to the lipid hapten. The
IgG antigen specific antibody mediates or triggers the response of
the macrophage to the antigen (hapten) by binding to surface

receptors on the macrophage.
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The structural nature of the interaction between the monolayer
membrane and the macrophage membrane is basic to the study of the
mechanisms of membrane-membrane interactions in the immune system,
Understanding  the changes in the macrophage membrane structure
when IgG is bound both to the lipid hapten and to the surface
receptors of the macrophage is important for elucidating the
mechanism by which immunoglobulins trigger intracellular components
during an immune response. Both of these biological problems,
namely ' the mechaniam of membrane-membrane interactions and the
mechanism of the response of membranes to extracellular _mediation,
are therefore strongly structural in nature.

McConnell found that the cellular response of the guinea pig
peritoneal macrophages to the supported lipid monolayers to be both
qualitatively and quantitatively similar to the response of mgcrophage
binding to lipid hapten containing vesicles [1-16]. He concluded that
supported planar monolayer ;were indeed a good model system for
studying the binding and triggering of the cellular components of
the immune system.

The use of supported plémr multilayers or monolayers _are also
ideal for structural studies of the membrane-membrane interaction
between the macrophage and monolayer membranes since they can be
utilized to orient the macrophage membrane for x-ray scattering
measurements. The work in this thesis demonstrated that meridional
(out of plane) scattering from as few as two molecular monolayers can

be collected and analyzed to provide the electron density profile of
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each monolayer provided sufficient statistics can be obtained over a
range of q, € (aq,), which determines the spatial resolution in the
derived profile. For biological samples, this could easily be
accomplished by using the increased flux of a synchrotron x-ray
source. The additional flux would allow measurements of equatorial
(in plane) scattering, whiqh would provide information about
correlations in the planes parallel to the monolayer surface [8-2].
This would facilitate measurements of the chain tilt of the lipida with
respect to the monolayer surface normal and membrane fluidity.

Meridional x-ray scattering data from supported planar lipid
multilayers or monolayers with a single layer of bound macrophage
membrane could be phased by refinement techniques provided there
was a reference structure avéilable. This reference structure would
simply be a supported planar lipid multilayer without bound
macrophage. The reference structure and the macrophage bound
lipid multilayer would be a homologous B8eries. Hence the profile
structure of the multilayer ‘and the multilayer with the attached
macrophage membrane could be accurately determined as a function
of changes in either the lipid hapten monolayer (on the multilayer
surface) and/or the macrophage membrane upon forming the
monolayer-membrane “complex".

Thus, thin multilayer films attached to planar surfaces can not
only be used to study membrane-membrane interactions and the
triggering of cellular components of the immune system [1-16], they

can also be used as a powerful tool in the structural study of the
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membranes in the membrane-membrane interaction and the triggering
mechanism since they can greatly facilitate both the collection and

phasing of the x-ray scattering' data.
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APPENDIX I: FOURIER TRANSFORM OF AN INFINITE PERIODIC ARRAY OF
. DELTA FUNCTIONS :

An infinite array of delta functions of periodicity d can be

expréséed as follows:

p(z) = ) 6(z- 1) (AI-1)

It’s Fourier transfot'm is'giv'en by:

F(q,) = I Z«S(z ~2d) ekp[2ﬂizqz] dz (AI-2)
Evaluating the inteéral yields:

+e

: Zexp[Z'ni 8dq,]

' F(Qz)

.+.

) expl2nidq,]* ‘ (AI-3)

Equation (AI-—3) can be expanded in terms of two similar sums:

+eo +e
F(a) = ) expl2ridg, ]t + ) expl2midq )™t - 1

[+] 1]

+o +e
= ) expl2midg,]* + ) expl-2ridg,]* -1

] (/]
(AI-4)

Utilizing the power series of equation (aAlI-5):

1_E'e=1+e+€’+€’+€‘+--~ (A1-5)

for ¢ = expl2mida,] and ¢ = exp[-2nidq,] yields:
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1 1
1 - exp[27idq,] 1= exp[-2nidq,

l;(qz) " 1
(AI-6)

Evaluating (AI-6) yields F(q,):

F(q,) = 0 . for exp[*2nmidq,] = 1

—_ ® for exp[%2nidq,] = 1

The singularities are periodic and occur when:

<

2ndq,

= 2ns (l=integer)
4
q; = 'a

Thus, F(q,) tends to infinity at integer multiple of 1/d. We can

therefore utilize the delta in expressing F(q,).

+»
F(q,) = %Zﬁq,-t/d) . (AI-7)

The factor 1/d is to provide the proper normalization. Generally
since we deal with only relative quantities, the 1/d is dropped for

convenience.

QED
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APPENDIX II: SHIFTING OF DIFFRACTION MAXIMA FOR MULTILAYERS OF
FINITE EXTENT

Taking the derivative of equation (1I-56), assuming W(q,) = é(a,)
yields -

dI

~ dL, | dF
- 2o - Ln[Fuo + Sk 4 SFua . p ] (AII-1)

dq, dq,

H

For I(q,) to be a maximum requires

. dL, . dF e "
Fuo * Go" * Gq'° "L =0 (AII-2)

Evaluating (AII-2) for q, = ¢/d yields:

g—EUO

g " In =0 N (AII-3)

since dL,/dq, = 0 for q, = #4/d if L, to be a maximum at q, = ¢/d
(II-57).

Therefore if dF,./dq, = 0 (ie. F,, is a maximum) at q, = ¢/d the
diffraction maxima will not be shifted from the Bragg limi*. position
and will occur at the q, = l/d. If dF,c/dq, < 0 for q, = t/d the
diffraction maximum will be shifted to higher q,; conversely, if
dF,c/dq, >0 ;t Q; = ¢/d the diffraction maximum will be shifted to

lower q,.
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APPENDIX III: RECONSTRUCTION OF THE UNIT CELL PATTERSON BY THE
METHOD OF LINEAR EQUATIONS
If one assumes a profile structure to be composed of a repeating
subunit (ie. umt cell) it is posmble to reconstruct the unit cell
Patterson functlon from the multilayer Pat.terson function. Equatlon

(II-58) (assuming w(z) = 1) can be written to yield:

Pm1(2) = [pyc(2) x 1(2)] % [Pyo(-2) x 1(-2)]
= [Puc(2) % Puc(-2)] x [1(2) % 1(-2)]
= Pyo(z) x 12(2) (AIII-1)
For Pu,(z) =0 for Izl > d
+o
‘and T2(z) = ) 6(z-nd) + [b(2) x b(-2)]

'

with b(z)=1  -Nd/2 <€ z S Nd/2
b(z)=0 otherwise

N =  number of unit cells

It 0 < p <d and W, = P, (kd) where k is an integer such

that 0 < k < +N then:
Pui(kd+B) = W P, (B) + Wi4,P q(d-8) (AIII-2)

Equation (AIlI-2) simply states that the multilayer Patterson
function at any point is juét the weighted sum of the unit cell
Patterson function at z=f and 2z=d-f. The weighting factor arises
from the autocorrelation of the box function, b(z), and can be taken

as the magnitude of the local maxima of the multilayer Patterson
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function at z = kd.
For B » d - B equation (AIII-2) yields:

Pml(kd"'d'p) \='wkpuc(d—ﬂ) + wk+lPuc(d_d+p) ’ (AIII—3)
Solving (AIII-2) and (AIII-3) for P,,(d-f) and P, (B) yields:

Pucld-8) = wkp'l([k+1%g-§2wE+Yki'P'xgkd+£2 (AITI-4)

Wy Py (kd+f) = Wys Poy ([k+1]d=8) _

Puc(B) W Wies (AIII-5)

where Wy = P, ;(kd) and Wy 4, = P, ([k+1)d).

A special case is when k = N. Then Wy 4, = 0 and (AIlI-4) and

(AIII-5) reduce to:

Puo(d-p) = Emilllcllds) (AII1-6)
Puo(#) = Emi(kd:f) (AILI-7)

This proves that the unit cell Patterson function is just the
multilayer Patterson function over the interval Nd to [N+1]d divided
by W,. |

Equations (AIII-2) through (AIII-7) are valid for -N < k < 0 with
the provision that k+l goes to k-l1. This i8 of course is a
consequence of the fact that f’atterson functions are symmetric.

Theoretically it is possible to determine the unit cell Patterson

over any interval, however the best statistics are obtained over the
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first interval, namely k=0. Equations (AIII-6) and (AIII-7) show it is
possible to determine the unit cell Patterson by inspection alone;
unfortunately, the statistics for the interval® defined by k= tN are

poor.
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APPENDIX IV: DIRECT DECONVOLUTION METHOD

This method can be applied to deconvolute either the multilayer
electron density profile from the multilayer Patterson, or the unit cell
electron density profile from the unit cell Patterson. Therefore no
subscripts denoting unit cell or multilayer have been included.

Let us begin with the definition of the Patterson (or

autocorrelation) function (II-42):

P(z) = p(z) ¥ p(-2z) (AIV-1)

where p(z) = 0 1zl > d/2

and P(z) =0 Izl > d '

Note, P(z)=P(-z) must always be true. This is obvious from
equation (AIV-1).

By definition equation (AIV-1) yields:

+.

P(z) = j p(u) p(utz) du

Since p{z) and P(z) are finite:

+d

P(z) = Jp(u) p(u+z) du (AIV-2)
-d

Rewriting the integral as a sum yields
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+8
P(z) = Zp(nt\u) p(nau+z) su (AIV—3)‘

" p=—18 )

where $=d/28u
and Auz0

If we let z = -d + kAu
+8 ,
P(d + kau) = Zp(nl\u) p([ntk]au-d) Au (AIV-4)
; : n=—4

where k ranges from 0 to 2d/Au.
There are 2¢+1 terms in the above sum for each P; however

equation (AIV-4) can be reduced to include only non-tirivial terms.

+4
P(-d + kau) = Zp(nAu) p([n+k]du-d) &u  (AIV-5)
n=8-k

[ p(ndu) is zero for n > ¢; likewise, p([n+k]au-d) is zero for n <
‘-kn

For k = 0, (AIV-5) yields:

P(-d) = p(tau) p([t4u)-d)
since #=d/2Au

P(-d) = p(d/2) p(-d/2) (AIV-6)
Assuming p is symmetric, allows us to solve for p(*d/2):

p(*d/2) = ¢ Y P(d) (AIV-7)
In general for k # 0, from equation (AIV-5) we have:
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4—-1

};(—d + kau) = Zp(nAu) p([n+k]Au-d) au +
n=4—
“ p(au) p([1+k]su-d) bu  (AIV-8)

and solving for k=1, with £=d/2au yields:

P(—d+au) = p(~d/2+Au) p(d/2) au +
p(d/2-8u) p(-d/2) au
p(rd/2tau) = HrSEAM (AIV-9)

For k % 0,1 equation (AIV-5) yields:

-1 .

P(-d + kiu) = Zp(nAu) p([n+k] Au-d)
n=4—k+1

p(4au) p([4+k]Au-d)

-3

u +

-]

u +

p([t-k]su) p(2au-d)

>

u

since t=d/28u

-1 ‘
P(d + kau) = z:}(nﬂu) p([n+k]au-d)
n=8—k+1
p(d/2) p(-d/2+kau)

>

u +

[ -3

u +

[

p(d/2-kau) p(~d/2) Au
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-1

P(—d + kau) = Zp(nAu) p([n+k]au-d) Au +
, n=8—k+1

2p(2d/2) p(*d/22kAu) Au

p(¥d/2tkAu) = [ P(-d+kau) -

-1
Zp(mu) p([ntk]su-d) au

n=8-k+12

(Iv-10)
2p(2d/2)Au

Given a finite Patterson function (and consequently a finite
electron density profile) it is possible to directly deconvolute the
Patterson function, asshming the eleétron density profile is symmetric
(see equation (AIV-7) above). However, this method is a recursive
technique (equations (AIV-9) and (AIV-10)) and propagates errors
rapidly. Generally, the direct deconvolution method is not used to
deconvoluté the multilayer Patterson function since there is to much
t‘mcertaint‘y in the multilayér Patterson function at z ~ td; there is

no theoretical reason why it could not be done however,
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APPENDIX V: FOURIER SYNTHESIS OF THE ELECTRON DENSITY PROFILE

Rewriting equation (II-38) for a multilayer yields:

4o

Pmi(2) = I Fmi1(q;) exp[2miq,z] dq, (aV-1)

where

IFm1(az)1? 8 IF ()12 + I1L,(q;)12 * W(q,)

From equation (II-56) we have simply that

I(q,) = 'FMI(Qz)"
or

'le(Qz)! = v I(q,) (aV-2)
Addtionally

Fm!(Qz) = anl(Qz)' exP[i.(Qz)]

where ¢(q.) is the phase function.

If we assume p,(z) to be centrosymmetric

Pmi(2) = pmi(-2)
then ¢(q,) can have values of only 0 or . Thus equation (1), after
substituting (AV-2) and (AV-3)‘ becomes:

4o

Pmi(z) = 2 J t V'1(q,) cos(2nq,z) dq, (av-4)

For Fn1(q,) to be a continuous function, ¢(q,) can only change from

0—7 or from ™0 when F,)(q,) = 0; otherwise Fy (q;) would be a
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multivalued function. Thus the number of possible phase
combinations is 2! where ¢ is the number of observed diffraction
maxima. - Since half of the solutions differ by a shift in the z-origin
by d/2 (d = unit cell translation vector projected onto the z-axis) ,
the effective number of solutions is 2¢-1,

The 'Fourier synthesis outlined above does not solve for ¢(q,)
bi.\t is only a prescriptiqn for possible phase coxﬁbinations.
Generally, the number of pos:sible phase combination is infiﬁite; it is
only because we assume py,(z) to be centrosymmetric that we are

able to limit the number of possible phase combinations to 2%.

143



APPENDIX VI: BOX REFINEMENT TECHNIQUE

The box refinement technique is an iterative procedure for
calculating the phase solution for finite systems. The background
and Lorentz-q, corrected intensity function for a multilayer of finite
size or extent exhibits a broadening and shifting of diffraction
maxima from the Bragg (ie. infinite extent) limit. Auxiliary maxima
may also be observed; the m?xmber and position of which depend on
the number of monolayers in the multilayer as well‘ as the
experimental system Aq, resolution. These features in the» intensity
function, I(q,), which are Iattributed to the finite size of the
multilayer contain the informafion which the box refinement technique
needs to converge to a phase:aolution. The modulus of the structure
factor, IF(q,)!, is given by the square root of the corrected

intensity function:
IF(g,)! = Icor(az) (AVI-1)

One chooses a trial multilayer electron density function, po(z),
and calculates its Fourier transform (equation AVI-2), After some
simple algebra (equations AVI-3 and aAVI-4) we are left with the
expressions for the cosine and sine of the trial phase (equations
AVI-5 and aVI-6, respectively). The subscript n refers to the
iteration index; it is zero for ¢,(q,) calculated from the trial electron
density profile.

Fo(q;) = _[P,.(z) exp[2niq,z] dz (AVI-2)
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and

with

trransformbf the structure factor (AVI-T7). “ IF(q,)! is known (aVI-1);

[ Pa(2) cosl2na,z] dz +

iI r,,(z) sin{2nrq,z] dz

IF,(q;) lexp[ie,(q;)]

[ I Pn(2) cos[2mq,z] dz ]:+

lFl‘!(qz)|z =
o 2
' [ I Pn(z) sin[2mq,z] dz ] (AVI-3)
J‘kn(z) sin [anzz] dz
'n(qz) = tan™? (AVI‘4)
I'pn(z) cos [2mq,z] dz
, ; Ip,,(z) cos [2nq,z] dz ,
cos(e,(q,)] = (AVI-5)
‘F(qZ)'
Ip,.(z) sin [2nq,z] dz
sin{e,(q,)] = (AVI-6)
IF(q;)! ;

The multilayer elecf,ron density profile is just the inverse Fourier

we substitute ¢,(q,) for o(q,)_ and calculate p,,;,(z) (AVI-S). ‘

emi(x) = [ F(a,) expl-zniqz]l a8 (aVI-T).

IF(a;) ! exp[ie(a,)]
unknown phases

where F(q,)
and .(Qz)

{1 ]
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pars(z) = [ Fa(a) expl-2miq,z] ds (AVI-8)

IF(q,)! exp[ie,(q;)]
phases derived from p,(z)

where F,',(q?)
and  ¢,(q;)

After some algebra, (AVI-8) yields (AVI-9):

Pa+1(2) = I IF(q.)! cos[¢,(q,)] cos 2nq,z ds +
iI 1F(q,)! sin[e,(q,)] cos 2nq,z ds +
I IF(q,)! sin[ey(q;)] sin 2nq,z ds +

iI IF(q,)! cos{e,(a,)] sin 2nq,z ds

Po+1(2) = I IF(q,)! cos[é,(a;)] cos 2mnq,z ds +

I IF(q;)! sinf[e,(q,)] sin 2nq,z ds

Pn+1(2) Psiz) + PalZ) (AVI-9)

f IF(g;)! cos[#q(q;)] cos 2nq,z ds

I IF(q,)! sin([e,(q;)] sin 2nq,z ds

where PSSQ
Pal#]

and cos[¢,(q,)], 8in[¢,(q,)] are given by (AVI-5) and (AVI-6).

Note, psn+1(z) is the cosine or symmetric Fourier transform of
Fa(az); Pan+1(z) is8 the sine or antisymmetric Fourier transform
of Fpl(a,). We now apply the box constraint to p,4+,(z) (AVI-10). We
demand that p,41(z) be zero outside some box, #(z). The width of
this box must at least be the size or extent of the multilayer. This
minimum box width is determined from the multilayer Patterson

function and is given by z = Z where Pmi(2Z) » 0.

146



Prei(2) = pp+r(z) * B(2) ‘ (AVI-10)

where p£(z) = 1 for B, <z < 8,
B(z) = 0 otherwise

Pt..(z) is substituted for p,(z) in equation (AVI-2) and the

process is iterated until:

kn+x(z) Palz) (AVI-11)

or
P""’_’_. (z)

Pn+1 (Z) : : - (AVI°12)

Equation (AVI-11) states that the refinement is complete when two
subsequent iterations give the same p(2); equation (aVI-12)
emphasizes that this will occur when p,4,(z) iterates to be zero for z

< Pfy and z > B,,
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APPENDIX VII: SYMMETRIC AND ANTISYMMETRIC CONTRIBUTIONS OF THE
ELECTRON DENSITY PROFILE TO THE INTENSITY FUNCTION

The eleétron density ‘profile can always be split into its

symmetric component, pg(z), and its antisymmetric component, p,(z):

p(z) = ps(z) + pa(2) (vir-1)
where ps(z) = pg(-2)
and  pa(2) = -pa(-2)

The Fourier transform of of (vir-l1) yields the structure factor

(vir-2) froni which thé intensﬁy ﬁ.mction (vii-3) can be calculated:

f(q,) = [ ps(z) + pa(2) ] exp[2miq,z] dz
= | pg(2) cos2nq,z dz + i pA(z) sinZqu? dz
‘ | | | ' | (vii-2)
TR T : [ e 2
1(q,) = I [ ps(z) cos2nq,zdz ] + [ pa(z) sin2nq,zdz ]
I(a,) = Is(qz) + In(a) | (vir-3)

The squére of the cosrine" transform of the electron density
profile is calied the sfm;ﬁetric iniénsity functic;n; I’s(q,), while the
squar; of the sine transform of the electron density profile is called
the :.an:t—sj)mmetric fintensity fuhction In(qa,)e The intensity function,

I(q,) is just the sum of the symmetric and antisymmetric fuhction.
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INDEX

antibody—-antigen complex
arachidic acid

asymptotic solution
autocorrelation function (see Patterson function)
auxiliary maxima

Born approximation
Bragg limit
Bragg’s law
Bravais lattice

collapse pressure
constructive interference
convolution operator
Coulombic potential

deconvolution

delta function, Dirac

delta function, Fourier transform of infinite array
delta function, Kronecker

diacetylene

diacetylene polymer

differential cross section

‘diffraction maxima, shifting and broadening

diffraction, finite system
diffraction, infinite systems
diffraction, non-zero minima

dimyristoyl phospatidylcholine
dipalmitoyl phaspatidylcholine
direct methods, deconvolution

direct methods, linear equations

electron density distribution
electron density distribution, projection

electron density profile

electron density profile, average unit cell
electron density profile, multilayer
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Ewald’s sphere of reflection

film balance
Fourier synthesis

Fourier transform
Frank’s optics
Fraunhofer condition

Green’s function
Hamiltonian operator
hapten

holographic interferometry
homologous series

immune system
immunoglobulin

incident beam-shape function
intensity function

intensity function, calculated

intensity function, symmetric and anti—symmetric

components
interference function
interference function
isothern

Langmuir-Blodgett
Langmuir-Blodgett, film preparation
Lorentz correction

macrophage, guinea pig peritoneal
menmbrane, transmembrane potential
rembrane-membrane interaction

model, asymmetric

model, centrosymmetric

model, multilayer electron density profile
model, physcial-chemical

model, step—function electron density
momentum distribution

mosaic spread

multilayer profile, asymmetrlc

multilayer, profile box function
multilayers, oriented fatty acid
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myristic acid

nickel filters

octadecyltrichlorosilane (OTS)
omega scan
overlayer—induced ordering

Patterson function

Patterson function, calculated
Patterson function, unit cell

10,12 pentacosadiynoic acid

position sensative detector (PSD)
powder patter

primitive vectors

proteins

quantum mechanics

reciprocal lattice function (see interference function)
refinement, box

refinement, corefinement
resolution
rocking curve

scattering, air
scattering, background

scattering, equations one dimensional scattering theory
scattering, general theory

Schrodinger equation

secondary maxima (see auxilliary maxima)
silicon-intensified target (SIT) detector

specular scattering

structure amplitude

structure factor

synchrotron x-radiation source
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theta-two theta scan

ultra-violet radiation

unit cell profile structure factor

unit cell, average electron density profile

von lLaue formulation
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