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ABSTRACT

In recent years there has been considerable interest in media which
display significant non-linear optical properties; the
telecommunications industry may exploit chir films of such materials for
signal processing applications. The Langmuir-Blodgett (LB) technique
provides a means of depositing organic layers of a precisely defined
thickness. Moreover, by alternating layers of different materials,
supermolecular arrays may be fabricated in which there 1is no
centrosymmetry, and therefore the second-order non-linearity of the

constituent molecules may be exploited.

An investigaticn of the properties of water-surface monolayers of a
number of novel materials with potentially large non~-linearities 1is
described. Several of these compounds are shown to form high quality
homogeneous or heterogeneous LB films. The optical and electrical
properties of the layers are characterized by optical absorption
spectroscopy, surface plasmon resonance, and measurements  of
capacitance, whilst their structure is examined by electron diffraction.
Monolayers of a nitrostilbene dye are shown to exhibit z=n exceptionally
high degree of crystalline order. Data are also given for theoretical
calculations of non-linear coefficients and for the telative efficiency

of second harmonic generation from bulk samples of various materials.

Studies of second harmonic generation from monolayer and alternate
multilayer films are reported. Optical non-linearity in an alternating
donor-acceptor: inverted donor-acceptor dye system is demonstrated for
the first time; the results are analysed in terms of second harmonic
surface susceptibilities, and the wvalue of the second-order
hyperpolarizability determined for the first bilayer is found to be much
superior to that expected by the simple addition of the
hyperpolarizébilities of the separate layers. Meonolayers containing a
mixture.of hemicyanine and cadmium arachidate are found to give rise to
second harmonic generation whiéh is enhanced relative to that obtained
from a pﬁfe monoiayer of the dye. Corresponding changes in the
absorption éﬁeétra of the layers can be ohserved. These findings may
have impbrtapﬁﬁ implications for improving the efficlencies of any

non-linear optical device which utilises 1B films.
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CHAPTER 1

INTRODUCTTIOR

Noqflinear optical phenomena, In which electromagnetic fields
'interact»'toA produce new waves with a different phase,  frequency,
amplitude, or other propagation characteristics, may form tﬁe basis ;éh
high bandwidth »6ptiéa1: switching and processing. devices for
telecommdnic;fiéns systems(l). Intense interest is being focussed onté
the mediazﬁhich dis;iay fhese effects particularly strongly; not only
aré théir ﬁbn—linear optical properties important, but other
characferistiés; such - as stabiiity, ease of ©preparation, and
éombatibility 'ZWitb - microelectronic  processing  techniques, will
ultiﬁafély define the extéﬁt of'their application in useful devices.

t Aygrééﬁ éeal of the work on neﬁinbh—iiﬁéér-maéérials has centred on
bﬁlk matériéls couplgd to high-power lasers. However, iIn erﬁer to méke
the transition from the mere observation of non—lineér effects to their
_actuaI utilization in relatively low-power semiconductor lasér—driven
Syétems, fully optimized structures must be developed, such as those

employing waveguiding in thin films or fibres( ’,  One particularly

elegant technique, pioneered by Langmuir and Blodgett(3), enables
amphiphilic organic molécules to be assembled into layers of a very
precisely defined symmetry and thickness. Moreover, by alternately
depositing monomolecular layers of two different materials,
supermolecular arrays may | be fabricated possessing the
'non—centrosymmetrid crystal structure requisite for a medium to exhibit
second-order optical non-linearity. Imn this thesis the production and
subsequent characterization of Langmuir-5locdgett (LBj films of some

novel materials, whose molecular structures were engineered to give

large non-linear effects, 1is described.




AA general introducfion to non-linear effects, their origins,
classificétioh; and applications, is given in chapter 2. Furthermore, a
comﬁarispn' of Amatérialé' which exhibit significant second-order
Anon—lipegfipies is preseﬁted, together with -some guidelines for the
synth;sié 6% highly efficieﬁt organic materials. LB film technology~is
rgviewed'in’chapter'B; this includes a descriétioﬁ of “the materials,
experimental methods, basic characterization techniques, and équipment
aéébciéted:with the process. A discussion of the possible applications
of the'aebo;ited films, particularly in.non-linear optical devices, is
alsé éivén. 'Other experimental techniques, such as those employed in
the study of the optical, dielectric, structural, or nonnlinea; optical
properties of the layers, are detailed in chapter 4.

Most of the experimental results appear in chapters 5-8. The first
of theée deals with the screening of new materials for LB film formation
and the optimization of deposition conditions, whilst the next 1is
concerned with the initial characperization.of these films and the bulk
materials from which they were derived. Details of the structural
characteristics of monolayer and multilayer arrays of various materials,
as revealed by electron diffraction studies, are given 1In chapter 7.
Data obtained from the investigation of second harmonic generation from
different acentric LB film structures are compared and discussed in
chapter 8. Finally, the closing chapter contains a summary of the

conclusions of this thesis, and some suggestions for further work.

A}



CHAPTER 2

NON-LINEAR OPTICAL EFFECTS

2.0 Introduction

This chapter is concerned with a general discussion of non-linear
optical effects and materials. Following a brief introduction, in which
the roots of non-linear behaviour in electromagnetic theory are
'examingd, together with the technological progress which has made such
effects significant, the physical origins of non-linearity are
discussed. .The various non-linear .optical phenomena are then classified
according to the order of the polarization field associated with them.
A comparison of the organic and inorganic materials in current use is
given . in section 2.2, whilst section 2.3 details the moleqular_ and
atructural features required for an organic material té display.highly-
non—linear»vbehaviour, ‘and how they can be obtained in practice.
Finally,»sectian 2.4 dealé with the applications of non-liﬁéar optlcal

phenomena. -

2.1 Origin and Classification of Non-Linear Optical Effects

2.1.0 Background
gAdvaﬁces in non-linear optics have relied heavily on the

(4)

developﬁéﬁt of.Q;sﬁoiled lasers .__Sgchjlésers nave cutputs consisting
ldf a"ééfieéZOf intense coherent pulées;.typically 30-100 ns long, . In
which fhe pbwer(density is a few MW cm_z. For a power density of 1 MW
cm_z;:the beak electric field strength in a pulsé is El = 30 kv cﬁ-l, a -
figure which is still very small when compared to typical atomic field
strengths: Ea ~ 3 x 105 kv cm—l. However, under i1deal conditions the
charaéteristic length for significant sécond harmonic generation (SHé)

(4)

or'parametric amplification is L~ Ea/E1 where ) n 10_4 cm is the



wavelength of the light. Thus L ~ lem for a power density of 1 MW cm_z,
and since much higher power densities thanvthis_can be achieved either
by focussing the pulse with a lens system or by amplifying it with a
laser aﬁplifier it is now possible to achieve significant non-linear
optical effects in samples of suitable materials with dimensions smaller

than a centimetre.

2.1.1 Physical Origins

Maxwell's equations ére a set of perfectly linear equagions which,
when taken‘wifﬁ a. set of "constitufive" relations, form the basis of
electromégnetip theory. The constitutivg relafions connect thé moment
of the charge and current disfributions in the medium to the electric
and magnetic fields in ordef to describe the response sf the medium to
an eléqt;omagﬁétié 'wave,"and they are not linear(l). However, in
convenﬁi&ﬁal optiéé thelrélations areilipeérized and, for example, the
Superpbéitiﬁh'princiﬁle can be applied. In lin;ar optics, waves do not
1nteraét_ ?ﬁd change their fréduencies. Alternativgly, when _thg
cdnspituti?e relations are retained in their full form, tﬂe origins of -

'nonfliﬁear.optical processes become apparent. A rigorous theoretical
treatment - will nct be given here; instead a more simplistic approach
will ﬁe taken which yields the same imp&rtant equations for describing
the effects.

The propagation of electromagnetic radiatiorn througﬁ linear media
produces a polarization, P, which is proportional to the electric field,
E, that induces it (figure 2.la). However, this linear polarization is

(2)

really only the first term in the power series given in equation 2.1:

P-P = eox(l)E + eox(z) EE+ edx(B) EEE+ «.... (2.1)



Optical

Polarization

>

(a) Linear dielectric

Optical

Polarization

A

>
Optical Electric Field

-

(b) Nonlinear dielectric

Optical Electric Field

Figure 2.1 Relation between induced polarization and the electric
field causing it. .




where P0 is the polarization with =zerb applied field, €y is the

X(l) is the linear susceptibility, and x(n)

permittivity of free space,
is the nth order susceptibility tensor of the medium. The higher order
terms in this equation.vare only significant in materials with large
non-linear susceptibilities and at high optical filelds. Figure 2.1b
illustrates the relationship between the polarization and the optical
field in a non-linear medium. The oscillations in the polarization of
linear and non-linear dielectrics as a result of an applied sinusoidal
electric field.are i1llustrated in figure 2,2.

The opfical polarization of dielectric crystals is due mostly to
the outer, loosely bound valence electrons that ave displaced by the
optical field(B). This displacement is governed by the restoring force
acting on the electrons, which In turm is determined by their potential
energy. Using a one-dimensional analogne, the potential emergy (V) eof
an electron in a dielectric crystal may be written as a power series in
terﬁs of displacement (x) of the electron from its equilibrium position,
and it is the higher order terms in this series which give rise to the
non-linear susceptibilities. Terms in V(x) which contain even powers of
x give rise to the odd-order susceptibilities (such as iinear and cubic)
whilst those containing odd powers of x give rise to the even-order
susceptibilities (suchk as quadratic). In symmetric crygtals. the
potential energy of an electron must reflect the crystal symmetry i.e..
V(x) = V(-x), therefore V(x) con;ains only even powers of x and the
crystal has.zefo even—ordér susceptibilities. -This is not the case in
noncenffoSymmetric ~crystals where V(#) # V (-x) oand the even-order
suScepﬁibilities are finite.

In sections 2.1.2 - 2.1.4 a variety of effects arising from each

term in equation 2.1 are introduced in turn. For the moment)the vector
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character of the electric field and the polarization, and the tensor
character and frequency dependence of the susceptibilities, will be
ignored; Most of the more useful and practically realisable effects
involve the quadratic polarization (section 2.1.3) and therefore the

bulk of later discussions are restricted to this term.

P _ o (D

2.1.2 Linear Polarization : o

The linear polarization 1is responsible for refréction and
attenuation. When the applied optical field is a wave with a frequency
w, the linear polarization also has frequency «, radiating into the
medium and modifying the way in which the wave propagates.

The electric flux density, D, is given by

(1)

D=€¢E+ P =€ € E
o) or

where er is the dielectric constant, It therefore follows that

€. = 1+ x(l). Now, the refractive index, n, is given by

¥ }

where v, c¢ are the velocities of light in the medium and in vacuum,
respectively; if a relative permeability (ur) of unity is assumed  then

o 1 -
( ))i

and the propagation constant, k,
(1

w/c. In practice ¥ is a complex quantity and the

the refractive index will be (1+4¥
s (1xH?
component of:P(l) in quadrature with the fieid resuits in losses and
hence aﬁ;énﬁation;i'”

| When the’ Optical field contains several waves at different

frequencies - they propagate independertly of oue another in the linear

regime.



2;1.3' Quadratic Polarization : P

(2) (2)

" The effec;é_arising from the quadratic polarization are basically

all mixiﬁé,phenomena, inﬁblving the generation of sum and difference

freqdénciesl but they take a variety of different forms.

(1)

(ii)

.when-the épplied optical field contains bnly,one frequency,

such as in figure 2.2b, a Fourier analysis of the non-linear

polarization wave shows that 1t contains an average (d.c.)

‘term and a term oscillating at twice the applied frequency

(see figure 2.3). This can readily be seen for a light wave

of the form E = Eo sinwt, giving a quadratic polarization of

the form

(2) (2)

P =g X EO2 sinwt
which can be rewritten as

(2)
P(z) = €K Eg {1 - cos 2wt)

The d.c. polarization produces a d.c. electric field in the
medium (optical rectification), and the polarization at twice
the applied frequency radiates 1into the medium (second

harmonic generation). ' ‘

When the optical field contains two frequencies a new range of

effects occur.



(a)

(b)-

The simplest case is where one of the frequencies is zero

(monochromatic wave propagated through the medium in the

(2)

presence of a d.c. electric field). P then contains a

term which is proportional to the product of the d.c. and

optical fields, leading to an extra term in the total

polarization which 1is linear in the optical field and
whose magnitude is proportional to the d.c. field. The
effect of this extra term on the optical wave {s-

(1)

equivalent to changing ¥ by an amount proportional to

the d.c. fileld. The refractive index at the optical
frequency 1is thus dependent on the d.c. field; this 1is

~the linear electrooptic or Pockels effect.

If a small optical signal (frequency ms) is propagated

‘.through the medium in the presence of a powerful "pump"

_épticéi field (at a higher frequency wp) tire phenomenon

of-baramétfic amplification occurs... The pump and signal
beat tbgether‘to produce an "idler field" proportional to
the product of the'pump and signai fields and having the
difference frequency wg = oo~ ms. A fu?ther béating

P

action then takes place between the idler and pump to

" produce a term in the polarization (at the differenge.

frequency ub -y

product of the signal field and the pump intensity.

= ws) which is proportional to the

Thus, as a result of this double beating acfion, there 1s

an extra term In the total polarization which is linear

in the signal field and whose effect on the latter is
(1)

equivalent to changing ¥ by an amount proportional to

the pump intensity. Hence the propagation constant at

Ao



" the signal frequency depends on the pump intensity. This

effect is called parametric interaction because the pump
field may be regarded as modulating the parameter x(l)
at the pump frequency. The phenomenon is ﬁaximised when
the linear propagation constants kS, ki and kp at the
frequencies wes Wy and mp, respectively, satisfy the

"phase-matching" condition given in equation (2.2).

k +k, =k (2.2)

The concept of phase-matching arises in connection with a range of

optical mixing phenomena, and a more detailed discussion is given in

section 2.3.3 with second harmonic generation being taken as an example.

2.1.4 Cubic Polarization: P

3 = ¢ O g
o]

A

For a monochromatic wave of the form E = Eo sinwt we have

(3

Thus the cubic
related mixing

in refractive

= € x(3) E 3 sin3mt
o o}

(3)

€0 X 3 .
= = E0 (3 sinwt - sin 3wt)
polarization gives rise to third harmonic generation and
phenomena. An example of such a phenomenon is the change

index which occurs when a monochromatic wave propagates

through the medium in the presence of a d.c. field. This change is

proportional to the square of the d.c. field and is the quadratic
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electrooptic or Kerr effect frequently used in the electronic shutter in
Q-spoiled lasers.

'_As‘ well ‘as the low frequency, essentially classical, mixing
P

phenomeﬁa; also giveé-rise-td some qqan;al effects which arise for
' 'égrtain fre§uency combinations when a‘sméll éignal wave of frequencyimS
propégates.through the medium in the presence of a strong pump wave at
frequepcf mé. If W and mp are selected such thét mp + Q; = qt,'wﬁere

Qt is-somg transition frequency of the medium, then the transition can
také place through the simultaneous absorption of a pump and a signal
pho;oﬂ.- Thié process of two—photoﬁ absorption produces signél
attenuation even though the signal frequency itself is notrequal to a
transition frequency o% the medium, wunlike one-~photon absorption
processes which arise from x(l) and which disappear when 0 # W .
Converseiy, if ws and wp are chosen such that mp - ws = 0, then the
transition can take place by the simultaneous absorption of a pump
photon and emission of a signal photon, resulting in signal
amplification. 1In this stimulated Raman effect the signal field
stimulates the emiésion of signal photons, unlike the incoherent Raman
effect where the transitions are spontaneous. The two-photon effects

(3)

both arise from the term in P which is proportional to the product of

the signal field and the pump intensity. The effect of this term on the
1)

(
signal wave 1is equivalent to changing x '~ by an amount proportional to

the pump intensity, the propagation constant at the signal frequency

being similarly modified.

2.2 A Comparison of Available Materials

Most of the non-linear optical materials in current use are

inorganic solids, such as 1lithium niobate and potassium dihydrogen
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phosphate (KDP). Their use has primarily stemmed from earlier work on
the plezoelectric, ferroelectric, and'semiconductor transport properties
of inorganic dielectric insulators and semiconductors. However, much
interest has recently been directed toc organic molecular and polymeric

(5)

solids due to their exceptionally large second-order susceptibilities
and the potentially wide range of crystal structures which they could
adopt (see section 2.3.4). A comparison of non-linear optical figures
of merit for organic and inorganic solids is given in figure 2.4. The
quantities compared are Miller's delta (§) for second harmonic
generationland the polarization optic coefficient (f) for the linear

(6)

electrooptic effect. Miller's delta is defined by equation 2.3:

_ (1) (1) (1)
dise ™ €6 %41 X35 X ik (2.3)

(1)

where terms such as Xqy are the linear susceptibility components, and

the second harmonic coefficient, dijk’ is defined through equation 2.4,

(2)

20" = (-20: .
Xijk (2w; w, w) 2 dijk (=20; W, ®) (2.4)
The general notation used when describing x(z) coefficients for
particular non-linear optical effects can be summarized as follows(7):

ofE (2) ) .
if the cgefficient is written as Xijk ( Wa3 Wy wl), then 1, j, k ;efer
to the principal axes of the medium and indicate the tensorial.

(2),

characteristics of ¥ ; the frequency arguments refer to the production

of a field of frequency w, from input frequencies w, and‘wz; the minus

3

sign 1is includéd‘by_convention to indicate that momentum is conserved

3 + k ‘+_El = 0 where the wave vectors point in ihe direction of

propagation of the wave. The polarization optic coefficient is defined

i.e. k

by equation 2.5 :
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Figure 2.4 Comparative quantities for selected tensor components of

second harmonic generation (8) and the linear
electro-optic effect (f). (After reference 5)
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r

ijk ~ %o (e -1 fi5x (2'5)'
where €k .is the dielectric constant, and the 1linear electrooptic

coefficient, r is defined by equation 2.6 :

15k’

(2) 2

—_) = 2 -3
X4 1k (~w; w, 0) Ai nys” My5 Tigk (~w; w, 0) (2.6)

where nyy is the refractive index. Although dispersion and the possible
contribution of atomic and molecular distortions to the electro-optic
x(z) tensor means that in principle it 1s not equal to the second
harmonic generation X(Z) tensor, in practice the predominance of
electronic contributions in organic materials causes them to be nearly
the same.

Organic materials have been found to have the highly desirable
property of high optical damage thresholds at the high optical power

(8)

densities employed in non-linear optical devices .

Section 2.3 will deal exclusively with the optimizagion of the
molecular and crystal structures of org;nic materials, in view of their
exceptional advantages over the conventional inorganics for non-linear
optical applications. Particular emphasis will be given to second-order

non-linear effects, especially second harmonic generation, for which the

crystal structure requirements are particularly demanding.

2.3 Optimization of Organic Materials

2.3.1 General
The molecules within a molecular crystal are located at

geometrically equivalent sites and the intermolecular forces between




them are Qery'weak (one or two orders of magnitude smaller) compared to
the  intramolecular covalent bonds which bind the atoms within each
molecule. This scaling of forces allows each molecule within the
crystal, to a first approximation, to be treated as an individual centre
of non-interacting polarization. The molecular dipole can then be
described by equation (2.7), aﬁd clear correspondence can be seen
between terms in this equation and terms in equation (2.1) describing
the bulk. polarization of the crystal. |

=y -y = B, Foee - .
Ap o ug aE1+BE1E +YEl}:.1_1+ (2.7)

1
( ”g and u, are the ground and excited state dipole wmoments,
respectiveiy; El is the local field, a is the linear polarizability, and
B, Y are molecular hyperpolarizabilities ).>
Taking the example of the second harmonic generation coefficient,
dIJK’ one can make use of the fact that non-linear processes are
basically intramolecular in nature in -order to relate corresponding

terms in the macroscopic and microscopic dipoles expansions via

(9-11)

tensorial summations such as that given in equation 2.8:
a. . =N 2y (2.8)
1JK I "J K LI :

where N is the number of molecules per vunit veclume (packing density

factor); the Lorentz local field correction appropriate for crystal axis

L at frequaucy v is f; = [(n;)2 + 2]; and the crystalline non-linearity
3
per molecule, bIJK’ can be related to the secoend-order molecular

hyperpolarizability, Bijk’ by equation 2.9:
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1 n(g) ‘
_ (s) ~(s) ,(s) -
b1k T () %.; g 11 ¢35 %R Bijx (2.9)

where IJK (ijk) are axis denominations of the crystalline (molecular)

reference frames; n(g) 1is the number of equivalent positions in the unit

(s)

L1 coefficients

cell for the crystal point symmetry group g; and the C
~ ~ N
are the scalar products L. 1(s) of unit vectors along the crystal axis L

~
and molecular axis l(s). The tensor bIJ is a useful quantity, being

K
independent of the actual number of molecules within the unit cell,
which could be a (sub) multiple of n(g).

The combined influences of molecular and crystalline structure on
the enhancement of the macroscopic optical non-linearity are evidenced
by equation 2;9. The molecules should be designéd te contain specific
features Vhich will maximize Bijk’ but the projection féctors of
equation 2.9 imply that the molecules must also be arranged in .a

crystalline structure which can promote the optimum responses of the

individual molecuies on a ﬁacroscopic level.

2;3.2 ‘Opfimization of molecular structure

Thisisection is devoted to the molecular éngineering required to
optimize -8 fér a molecule and neglecfs any additional constraints
arisiﬁg from.cfystal stfucture considerations.

.The'dipolefmoment of a molecule is defined by equation 2.10 :
H=el (2.10)

where e 1s the magnitude of the charge separated by ‘the vectorial
distanée 1. Equation 2.7 shows that a large value of Ap is desirable

for non-linear effects, and since molecules with 1large ground state
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dipole moments tend to have correspondingly large excited state dipole
moments, thé'treatment of ground state dipoles is usually sufficient.

Iﬁ aliphatic systems the dipole moments are usually small and the B
values correspondingly low. However, large dipole moments can result
from the partial charge transfer between donmor and acceptor groups
terminating a conjugated chain, and molecules possessing these features
exhibit very large optical non-linearities. The major polarisable
medium in these materials is the w-electron system, and the origin of
the nén—linear behaviour 1lies 1in the excited n-electron states,
particularly those possessing large charge correlations(é).

It is often convenient to split the contributions to the molecular
(hyper)polarizabilities into those made by the length, L, of the
conjugated system, and those arising from the sqbstituent perturbations
on it. It is well known that o = L2, and theory predicts(lz)'that B =
L3 and 'Y_ « LS. More qualitative relationships between conjugation
length and é havg'been fouhd; for example, the B values for substituted
stilbeﬁesiare-cpnsistently an order of magnitude larger than those for
comparabiy'sugstitufea beﬁzene analogues. It 1is interesting to note
that conjugated'systems can be either one dimensional (as in the case of
polyeﬁes) pr‘two dimensional (as formed by benzene-type hexagonal rings)
ﬂut .not ‘ﬁhrée _dimensional, since the conjugation arises from the
elecfréﬁsijn p-orbitals which are not participating in sp hybridization
"tb fo;m~the;ske1eton of the‘saturatéa:ﬁbﬁds and so-cannot be present 1if
all 6f~.the- four electrons are viﬁvolved in four different bonding
directioné,‘ The optical properties of two dimensioﬁal conjugéte&
: systemé will be very different across the plane compared to parallel to

Tﬁefe héﬁe been several models proposaed to explain the enhanced

optical non-linearities of polarized conjugated molecules., In one such
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model Oﬁdéf %nd Cﬁémla felate the B of a molecule to an equivalent
electric.> fieid due to the substituents which biases the
hyperpélariéaﬁilities(13). The dominance of the m-electron contribution
to B. can:.bel-i;lpst;ated by considering a serles of monosubstituted
a;oﬁﬁtié,‘maledules; sﬁch ési those given in figure 2.5, which clearly
qemqngtratég the relationghip bef&ééﬁ'*a tcompohenc of B and the
w—eleCtrbnv:dipole moment. When both donor apd acceptor groups are
present Simultaﬁeousiy and are spaced .by a copjugéted‘ éystem; _their
effects are superadditive due to the phenomenon of charge transfer which
ih&blves tﬁe entire disubstituted molecule. The contribution of this
effgct'to.tﬁe'optical non-linearity can be qdantified(la), and figure
2.6>démonstrates its origins. Quantum mechanical modzls ifor 8 have been
deécribed By various autﬁors(ll).

In order for a material to be of practical use for second harmonic
generation it must be closely matched to the laser it is to double; the
absorption edge should be near thé wavelength of the second harmoﬁic but
must not include it(lz). Now, as the length of conjugation is increased
there is a gradual bathochromic shift in theAabscrption edge (from 200nm
in ethylene to a maximum in the range of 600-700 nm for an infinite
series of double bonds), and the addition of donor and acceptor
substituents produces a further dramatic bathochromic shift as a result
of stabilization dﬁe to the mixing of nonbonded and charge-~transfer
states(lé). Thus there has to be a trade-nff between transparency and

efficiency when selecting the appropriate donor and acceptor groups and

conjugated systems for a material destined to be used as a frequency

\

doubler.

In order to select the best combinations of donors and acceptors

one must consider the relative strengths of the range of available
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groups. An approximate measure of donor strength 1s given by the first
ionization potential of a simple, nonconjugated molecule containing the
relevant group, since this represents the ease with which it releases

electrons, Any atom possessing lone pair electrons in a high energy

orbital, such as oxygen, nitrogen and sulphur, can act as an electron

doﬁor;bprovided that this lone pair is available for efficient overlap
with the ﬁ;QIECCrOﬁ syetém of the chromophore. Table 2.1 gives the
ionizafiee ‘petentia}s of the most frequently encountered neutral
greupiﬁge:ceﬁtainieg-these atoms(16). From this table it -can be seen
that electron: donating ability depends' not oniy on the hetefoatom
conce?ned, Bef‘also on the nature of the substituents attached to it
(for example eiectren withdrawing groups will decrezse the overall
strengtﬁfdf fhe donor) . iﬁeerting a negative charge to the atom, as in

-0 ,_fsf) ghd -NR , for example by depretonation, can greatly enhance

the donor strength of a particular group.

The effectiveness of acceptor groups tends to be more variable than .

-is the case with donor - groups, and the nature of the rest of the

chromophore can have an important influence. Simple acceptor groups.

con;afn-at leest two multiple bonded atoms, and the terminal atoms of
such groupings are always more electronegative than carbon. The Hammett
para ¢g— constant for a éroup gives an indication of accepter etrength,
and values of this quantity for some typical acceptors are given in

table 2.2(16).

2.3.3 Crystal structure considerations

In section 2.1.1 it was pointed out that only noncentrosymmetric
crystals have finite second-order- susceptibilities; tbis is because the
B tensors of the constituent molecules are orientationally averaged to

media

zero in randonakor centrosymmetric crystals. Even noncentrosymmetric



TABLE 2.1

Relative effectiveness and JIonization potentials of some typical
electron donor groups (taken from reference 16).

Donor grou X Tonization Potential Relative

group, of CH3X (eV) Effectiveness

-0Ac 11.0 : Least effective

-0R 10.8

-NHAc 10.2

-0Me 10.0

-SH 9.4

—NH2 . 9.0

—SMe 8.7 i

-NHM 8.2
e

--NMe2 7.9 Most effective




TABLE 2.2

Relative effectiveness and Hammett para og-constants of some
electron acceptor groups (taken from reference 16).

typical

Acceptor Group g-para Relative Effectiveness
—CO{ 0.0 Least effective
-NO 0.12 ‘
-CHO 0.36

—CONH2 0.36
-V—C02Me 0.39
-COZH 0.41
-S0Me 0.49
~COMe 0.50
.—CN 0.66
—SOCF3 0.69
—SOZMe 0.72
-—NO2 0.78
-—SOZCF3 0.93 Most Effective
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crystals wusually . do not take full advantage of the intrinsic
non-linéarities of their constituent molecules, due to non-ideal packing
arrangements, The molecular parameters which determine crystal
structure are very subtle and mutually interactive, which makes them
extremely difficult to separate. Thus 1t is very difficult to predict
the crystal structure solely from the moleculgr. structure, and
apparently very slight changes to a molecufe.}c;n::result in drastic
changes_invthe bulk packing and consequently in huge différences in’
non—linear>effiqiencies.

The ~cry3ta1 structure of orgaric materials ié 1nfiuénced by a
variety §f fac£br$, such as molecular shape (close-packing principle),
Van dervaaal's' forces, hydrogen bonding (if present) andv mulfipolar
interactions,; . These quces ére all associated with much smaller
enérgies,'ﬁhan__those invélved in intramolecular bonding. Dipolar
interactioﬁ‘engréigs‘ére proportibnal to the square of the ground state
dipole mbmén; ‘and ére deﬁeﬁdént on thgacrysfal space group. The dipole
énergy Hé6ht}iEution ﬁo the total intermolecular binaing energy in a
crysta1>vafies slowly with structﬁral parameteréiand; invggneral, will
nof bring étructures out of a position of miniﬁuﬁ energy-resulting>from

n

Van  der Waal's interaction in a close-packed situation However,

molecules designed to have large B tensors are atypical in that thgy‘
often have very large ground state dipole moments so thac dipolar
interactions tend to favour centrosymmetric crystal structures in which
the dipoles are opposed or at least brought out of net alignment. One
possible way of overcoming this undesirable influence 1is by the
incorporation of hydrogen bonding groups inte the molecules. The
energies associated with hydrogen bonding are cowparable with those of
the dipolar forces, so that the presence of such bonding could help to

bring about a favourable molecular orientation.
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One way of guaranteeing a finite x(2> is to use pure enantiomers,
which must crystallize noncentrosymmetrically. However, in practice
great differences in efficiency are found- between related optically
active compound;, and such complications - as racemization, optical purity
and resolution, which occur in the synthesis of such materials, must be
dealt with.

Apart from the enantiomeric ones, only 10 of the 32 classes of
crystallographic point group whick organic materials can adopt are
suitable for such phenomena as second harmonic generation, and most
compounds adopt centrosymmetric point groups(lz). In addition, the
choice of molecular orientations 1s further limited by the fact that
most of the materials which do adopt useful cryste&l point groups belong
to eitﬁer of only two space groups. This prcduces a severe statistical
constraint on the number of single crystal organic materials likely to
have a useful x(z). Another fact to consider is that for a crystal to
be of use in non-linear optics it must be capable of being grown to a
high degree of perfection.

Further complications arise when single crystals are used for
optical mixing, since it is necessary to phase match the interactiﬁé'
waves. For example, a _prerequisite for efficient second harmonic
generation ié-that k(2m) = 2k(w), or equivalentiy n(zm) = ﬁ(d). If this
conditidﬁ_is:n;t.met; then the second—harmonic_power generated at some
plane, say Zly having propagated to some other plane (Zz), is-not in
phase with phé second—harmonié wave generzted at 22, and interference
will resuit.  qu normally dispersive materials n increases with @ and
S0 n‘29> #ﬁn(w?:' Hoﬁeveré.in crystals which are naturally birefringent
the refféétiVe indices in the ordinary aqd;extractdinary directions are

not equal ‘at a given w, so that by a technique known as "angle
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phase-matching" the fundamental and second harmonic can be propagated in

o) _ @

such directions that now n . Quasi;phase~matching techniques

can be used with materials which are isotropic or which are inadequately
birefringent; however, in practice these tend to be difficult to
(18)

implement and offer only low conversion efficiences .

2.3.4 Implementation of the principles for the optimization of

non-linear response

A few examples of organic non-linear optical materials which have
been produced following the consideration of the criteria detailed in
gections 2.3.2 and 2.3.3 will now be described. Many of these
principles can be extended to thin films of organic materials, and their
fabrication into wavéguiding structures can help to overcome such
problems as phase matching (see Chapter 3).

Table 2.3 summarizes most of the organic non-linear materials which
have appeared in the literacure(lz’lg). The relative efficiencies refer
to second hérmonic generation (SHG) experiments performed on powdered
samples using the Kurtz technique (see sections 4.6 and 6.4); the values
~are only semiquantitative because powder efficiemncy is a function of
particle size distribution, amongst other factors. Where vaalues are
available, they are also given 1in the table. Urea has been chosen as a
reference because it has non-linear properties which are comparable to
the best inorganic materials(zo); the difficulty in growing large high
quality crystals is {its only drawback.

Compounds 2-6 have received extensive treatmant in the past. They»
all possess donor and acceptor groups linked by a conjugated system, and
consequently have quite 1éfge values of B; this is particularly

noticeabie in 6, in which the conjugation length 1is greatest. Howgver,

6, like ﬁara—nitroaniline (3), crystallizes with a centrosymmetric.




Organic non-linear materials in the literature.

TABLE 2.3,

factors apply to crystallographically optimal materials,
reference 12, apart from # 8, which was taken from reference 19 and

Bracketed efficiency

(After

normalised).
' =50
Ref. No. Structure B(10 5 Eff (x urea)
33 )
o)
I
1 urea C 0.17 1.0 [x2.5]
H N/ \NH
2 2
CH,
O_N
2 2" [ 2 13[x4]
x. _N
~0
3-methyl-4-nitropyridine-l-oxide (POM)
3 02N NH2 13 0.0
p-nitroaniline (p-NA)
O,N Ha
4 16 22[x 3.5]
NH,
2-methyl-4-nitroaniline (MNA)
5 N/&HC/OCH 82 10 [x6.7)
0 (MAP)
methyl 2-(2' ,4'—dinitrophenyl)aminopropanoate
/ NMe,
6 () N 170 0.0
2

4-dimethylamino-4'-nitrostilbene




TABLE 2.3 (Continued)

8 (107°
Ref. No. Structure n’77?) Eff (x urea)
7 Me—N DJ@ 370 0.0
E-1-(4'-phenoxy)-2-(4'~-N-methylpyridinium)
ethene (merocyanine)
| 0
Me F4 83
8 MeSO V250
E-1-(4' —dimethylammophenyl) -2- cO~ A13
(4'-N-methylpyridinium) ethene 2
(styrylpyridinium cyanine)
N 0O NO,
il
9 /C\ 8.8
N
N,N'-bis(4'-nitrophenyl)urea (DNPU)
N\©\
10 q/\/NMez 7.5
]
2-dimethylamino vinyl-4-nitrophenyl ketone (DMA-NAP)
O_N NO
2 26H
g 3
11 F N/*liﬁ/OCH;; 21
- |
H
methyl-2-(2',4'-dinitro~-5"'-fluorophenyl)aminopropancate
12 \QNMe 80

2-methyl-4-nitro-me thylanil ine (MNMA)




TABLE 2.3 (Continued)

Ref. No. Structure Eff (x urea)
NO2
?
13 115
N/c ~CH
H 3
NMe2
2-N,N-dimethylamino-5-nitroacetanilide (DAN)
NO2
0.
(”)
14 N~ " CH 80.
H 3
-
2-N-pyrrolidino-5-nitroacetanilide (PAN)
O N / \ N
2 \=N
15 =) 160
OH
2-N-prolinol-5-nitropyridine (PNP)
S N
16 ON\<‘ N 8
2 / CH
CH3
NP
N
17 ¥ 4
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structufe.-énd thus -does not display SﬁG. The addition of a simple
méthyl» gréu# to para-nitroaniline to form MNA(ZO) 4), :which ha; a
significant powder efficiency, is an example of how the introduction of
an extra substituent can alter the crystal structure. The asymmetrical
additibn of bulky substituents results in molecules which are leés
geometrically simple, and such changes can mean that the dibolar forces
which favour antiparallei alignment are overcome in order to satisfy the
general requirement for dense molecular packing. MAP(5) presents a
further example of this principle(zo’ZI), with the influence of
chirality also playing a part in the production of a noncentrosymmetric
crystal structure.

The large B value of the merocyanine (7) demonstrates how the
presence of charge can enhance the strengths of donors and acceptors,
but unfortunately it crystallizes centrosymmetrically. In the series of
cationic dyes (8), the importance of the counterlon 1s demonstrated.
For such materials, monopolar interactions should be dominant over the
deletefious dipolar effects in determining the alignment of the
B-enhanced cations. With this particular cation, medium-small, largely
pseudo-tetrahedral anions were found to fayour the preduction of an
acentric crystal structure(19). \

If a molecule could be produced in.which dipolar interactions are
eliminated, a noncentrosymmetric crystal structure is not guaranteed but
at least the structure should be made more sensitive to other
influénces, such as minor molecular substitutions, which are potentially
able to prevent centrosymmetry but which are normally overshadowed by
stronger electrostatic forces. This idea has been successfully employed

in 3-methyl-4-nitropyridine-l-oxide (POM) (2), which has a vanishing

ground . state dipole moment and crystallizes
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noncentrosymmetrically(e’20'22). There 1is an apparent contradiction in
the desire for zero dipole moment and conjugéted charge transfer, which
normélly leads to a highly polar structure making a significént resonant
coptribution to the ground state of the moiecule. AHowever; in POM this
is not aiproblem because the localized dipdie-moﬁenf of ;hé N-oxid
semi—pola; bond opposes and cancels out that of the nitrobenzéne, gi;ing
a negligible total dipdle moment. In a heterqcyclic molecule such as
this, thé N;ékidg,group may‘act as a donor or an acceptor depending oﬁ
the elecfroﬁi? nat&ré‘of fhe substituent para to it; in POM, the nitro
group 1is an acéeptor andlso promotes the donor nature of the N-oxide.
The méthyl 'gfoup does not interfere with the basic charge. transfer
proéess but  does help to dictate the crystal structure. The reduction
of thé grQuﬁd state aipélé:mbment is also favourable for the growth of
‘-;argg{nhighQQQality crystals from ééiﬁfibﬁ,jsincé distuptive ﬁolecular
aésociation; should be reduced. |

(12)

Twiégﬁ'and. Jain have described the assessment- of several
diffefént groups of materials using the powder technique, and compounds
9;17 repreéent the best from each class.

(1) 'Uréé derivatives_(e.g. 9). This was an attempt to combine the

| large non-linearity of nitroaniline molecules with the
non-centrosymmétric crystal structure of urea.

(i1) Polarized enomes (e.g. 10). These were related to
diethylaminomethylcoumarin, a "“material studiedA by other
workeré(23). Compounds which were identical except that a
nitrile group replaced the nitro group 2all showed =zero
activity. |

(1i1) Analogues of MAP (e.g. 11). Roth the amine donor and the

substituents on the aromatic ring were changed. A wide range

of activity was obhserved in the series, illustrating the



(1v)

(v).
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important effects that slight changes in molecular structure
can have on crystal structufe.

Analogues of MNA., Compound 12 was the only achif&l derivative
studied which showed any activity, and its efficiency was
approximately four times that of MNA itself. The origins of
this improvement could lie in its stronger donor or in its

different crystal space group. Hydrogen bonding between the

e

amide hydrogen and the nitro group of an adjacent molecule is

important’in determining this crystél structure.

Bifﬁnétional nitrdbenzenes.(e.g. 13,14); The efficiency of

DNPU (9)Aié.1imited by the fact that the urea group, required

to pfomote acentric crystallization via hydrogen bonding, is a
pdof donor. - Therefore in this series other nitroaniline

‘derivatives were studied in which a variety of different

".vhydrogen.bonding groups were placed at alternative locations

(vi)

"in the molecule, and a wide range of efficiencies were

observed.
Nitropyridines. Donor-acceptor substituted benzene
derivatives are only a small class in a whole range of

ﬁon—linear materials, and this section introduces the basis

for a whole new class of compounds which have several

ad?antages over the benzene derivatives, including cutoffs at
shorter wavelengths and easier synthesis. PNP (15) contains a
very strong donor and was founéd to be highly active, with
hydrogen bonding contributing to the production of a
favourable molecular alignment in the crystal. NPP, which is
the benzene analogue of PNP, 1s even more active, a property
which has been attributed to a stfucture which is optimal from

(11)

the standpoint of phase-matching requirements .
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(vii) Thiazoles (e.g. 16) and pyrimidines {e.g. 17). These were
selected for their favourable absorption edges and the
availability of precursors for synthesis. However, the

efficiencies observed so far have been relatively low.

This section has illustrated the great difficulties encountered in-

obtaining a noncentrosymmetric crystal containing highly non-linear
molecgles. Thglsubject of this thesis is a novel way ofAcircumventing
such prdblems; tﬁe*Langmuir—Blodgett (LB) technique can be used to form
thin films cdntaining the non-linear species arranged in such é manner
as’ to guarantee the absénce éf a centre of symmetry. Such films are
idegl forjapplications in integrated optics where single crystals may be

“inappropriate.

2.4 Applicétions of Non-Linear Optical Phenomena
The . iarge- range of non-linear optical phenomena described in
section 2.1 gives rise to a wealth of pctentiél applications. Each

application can be classified according to the particular process which

it exploits, as in the summary provided in table 2.4. There are twd

geﬁéral classes of process : passive and active, the former giving rise
to: most of the practical applications. In passive processes the
non-linear material is effectively acting 1like a cataiyst, and the
susceptibilities involved are predominéntly real. The imaginary terms
in the susceptibilities start to dominate as resonances are approached,
giving rise to the active processes such as Raman scattering and two
photon absorption(l).

The major interest in ﬁon-linear optics =ztems from the

telecommunications industry's need for high-tandwidth optical switching

and processing devices to service current information and data



TABLE 2.4

(1,7,20)

Passive Non-Linear Optical Phenomena and their uses
(w=0 refers to a d.c. electric field)

Susceptibility

x(1)

X(2)

X(2)
X(2)
X(2)

x(2)

X(3)

X(3)

X(3)

X(3)

X(3)

Process
Linear dispersion, refraction

Optical rectification (inverse
electro-optic effect)

wl - Wy + 0

Electro-optic (Pockels) effect
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. transmission needs. In addition, the neéd for new methods of tailoring
individual laser pulses to perform specific functions cr to be readily
detected iﬁ.complex experiments has become apparent- from the use of a
host of sophisticated laser tools.

Second harmonic generation already finds extensive use for doubling
the frequency of radiation (see figure 2.7) to take it from the

infra-red into the ultra-violet as well as for producing radiation of a

suitable wavelength for pumping dyes and for the analysis of short
pulses{ For example, there should be a variety of applications in such
fields as electrophotography, scanning, and optical storage for a device
based on a frequency doubled GaAs laser(lz). The frequency modulation
of a laser carrier ©beam, optical parametric oscillation and
amplification for solid state infra-red tunable coherent devices(ll)
represent some further applications in the field of integrated optics.
Highly efficient non-linear materials can provide such-funqtions on a
reduced scale and without a delaying electron-photon conversién process.
Two poséiblé forms that a parametric oscillator can take a;euillustratgd
in figure 2.6.;

One  oétical' éléhent. of ﬁarticular significance 1s the bistable
op&ical .device(za). This has an enormous range of optical signal
proceséing capabilities, and could. become a key component in future
higﬁ—speed dptipgl communications repeaters,-terminal equipment,  data
comﬁﬁﬁiéa;ion Sys;gmé, gndiSYstems for the direct optical processing of
-.Qispalﬁiméégé; Such a device can bé.sﬁitcﬁed‘between two or more states
of tfanémiésion of light by temporary changes in the level of 1iéht
input, and could find applications in memory 'eleﬁents,.-differential

_amplifiers, pulse shapers and limiters, optical triodes, and logic

elements etc. There are four attractive features of such a device : (1)
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Figure 2.7 Second harmonic conversion inside a laser resonator.
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Figure 2.8b Parametric up-conversion in which a signal at w, and a
strong laser beam at w% combine in a non-linear crystal

to generate a beam at the sum frequency, Wy = Wy + w,.
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an extremely large bandwidth (greater than 1513 Hz); (i1i) an ultra-short
(subpicosecond) switching time; (1i1) capability for parallel
proceséing; (iv) the ability to process light directly. Bistable
optical devices can be superior to electronic or Josephson switching
devices in terms of both bandwidth and switching time. Figure 2.9
illusfrates the form of a very simple bistable optical device.

In devices which employ waveguiding, several different types of
structuré can be envisaged , such as: a linear guide on a non-linear
substrate;va non-linear guide on a linear substrate; or a'non-line£¥'
guide on-a*nonflinear substrate. Stripe waveguides fabricgted by the
indiffuéion af'titanium into a lithium niobate-subsfrate ﬁave also been
produced. Howévef; an efficient non-linear optical device has yet to be
realiéed'using such structures, mainly due to the difficulty encountered
in'maihtaining-uniform guide dimensions cver the length of the waveguide
(in'order;to maintain phase matching), as well as to scattering losses
at the3guide—su£spré£e interface and to optical damage as a result of
the higﬁtépgiéal iﬁtepsiti&s‘employed(lg),"The use of organic materials

and iithogfaphic techniques holds great promise for overcoming such

problems. .
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CHAPTER 3
LB FILM TECHNOLOGY

3.0 Introduction

In this chapter all aspects of Langmuir-Blodgett f£films are
discussed, from the principles involved thrcugh to instrumentation and
applications. Section 3.1 deals with the basic concepts behind LB film
formation, including the formation of water-surface monolayers and their
subsequent transfer to solid substrates. An introduction to some of the
materials used in LB films, including classical materials such as fatty
acids, and some classes of novel chromophoric compounds encouptergd in
this projéét and in the literature, is given in section 3.2..  Two types.
of Langmuir trough are described; one for the production of multilayer
films in which.each monoléyer has the same composition, and'bne for the
production of supermolecular arrays-in which two different monolayer
compositioﬁs 4are employed and deposited in én alternating éequence
(ABABAB...).

A Properties of the Qater surface monolaver are discussed in section
3.5. Aspécts éf the deposi;ion and methods fcr the quality assessment
of LB.fiims afe-élso préSented. _Fipaliy,"summaries of the possible
applicétiong for LB films in non—liﬁeaf-optics and other fields are

given in seétions 3.8 and 3.9.

"3.1 Basic Concepts

In order for a material to be suitable for deposition onto a
substrate using the Langmuir-Blodgett technique it must .first be able to
form an insoluble monolayer at an air-water interface. For this reason,

most LB film materials consist of organic molecules with a hydrophilic




"head" group and a hydrophobic "tail". The material is first dissolved
in a volatilé,organic sdlvent and the solution dispersed over the water
surface{ the soivent<evaporates, leaving a layer of the material ome
moleculé Ehick:whiéh doésﬁft-Aiséolye in the water, due to the nature of
theutails; ;Solvatioﬁ effects favour é méiecﬁlar orientation within the
'monoléyér such ‘that- the polar head groups are in the water. The
molecules iﬁ such a layer are disorganized, but if the ia§er is-ép£ead
ip‘ an enclosed area which can subsequently be reduced, then as the
5urfacevareaAavailab1e to each molecule gets smaller, the arrangement:
becomeé more.érdered. If the monolayer‘ié compressed sufficiently, it
forms a quasi two-dimensional solid, although care has to be taken that
this process 1s not take; too far, otherwise the layer will buckle and
eventually collapse. If a solid subst;ate is now dipped vertically
through the air-water interface, a monolayer of the material 1is
transferred from the water surface onto the substrate,. Further
monolayers should then be deposited on each subsequent insertion or

withdrawal of the substrate from the subphase (water).

3.2 Materials

The materials used in LB film formation can be classified as being
either 'classical' or 'nmovel'. The classical materials are those such
as the long chain fatty acids which formed the basis of LB film
technology; the novel materials are taken to be those selected for study
because they contain certain combinations of chemical groups within the
molecules which are likely to impart specific properties t; the films
they form. In this discussion the novel materials have been further

subdivided into those reported by other workere in the field 'and three




categories of material which were either bought or custom synthesized at
Durham for their potentially large optical nonlinearities. A much wider
range of materials was studied than is reported in this thesis, since
subtle variations iﬁ the 1lengths of hydrocarbor chains or their
replacement with fluorocarbon chains were investigated. However, only
the mofe interesting results are discussed.

3.2.1 C(Classical materials.

Section 3.1 referred to the use of materials with hydrophilic head
groups and hydrophobic tails; perhaps the most commonly encountered
molecule of this variety i1s stearic acid, which possesses a 1long
hydrocarbon " chain (hydrophobic) terminated by a carboxyl group
(hydrophilic). For a homologous series of saturated‘ aliphatgél
carboxylié“acids, the solubility of the material is dependent on the
length. of thé:ﬁydrocarbon chain, approximately 20 carbon atoms being
required' fdrﬂAﬁegligible"solubility. It is hardly surprising that
soiubility problems are encountered in this field, in view of the very
large surface area to volﬁme ratio of a monomolecular film.

"~ The étability and solubility of water-surface monolayers, and the
quaiity::of the-_depésited films, are dependent on a wide range of
‘iﬁter-rglétgd vafiables;A éﬁch as ‘subphase -pH, ‘temperature, and the
‘éfeéeﬁég'oficéunterions. Fdr example, the solubility of stearic acid is
reduced by the presénce of divalent metal cations,-such:as Cdzf,-and
control of pH is important in determining the extent of salt formation.
Since such salt formation involves two stearic acid wmolecules for each
cadmium-ién.ffigure 3.1a), such a process improves the lateral cohesion.
of-thé layef(l) and gives rise to superior film qualify. -The typical

subphase conditions used for the deposition of cadmium stearate are a




! *.*
H—C—H H—C—H
H—C—H H—C—H
<: | :ZG (' I :ZG

C C

A . N
() - () (:(j * () - ()

(a)
Cadmium stearate, Cd (Cl7H35C02)2
CH,NHC,H,
N ’N; N
QoL
N N CHzNHC3H,
CH,NHC,H,
(c)

Asymmetric copper phthalocyanine

Figure 3.1

materials in the literature.

\ s
C
I
C—H
|
(H—C—H)
I 20
C
7 N\
0 OH
(b)

w-tricosenoic acid (w-TA),

CHZCH(CHZ)ZOCOOH

C(CH,),

Symmetric silicon phthalocyanine

Structural formulae of some classical and novel LB film




10—4 M cadmium chloride solution with pH = 5.6. A closely related
(2)

material to this 1s w-tricosenoic acid (w-TA), whese structural

formula is given in figure 3.1b. The unsaturated terminal carbon-carbon

bond rghders the material susceptible to polymerisation by such means as

an. electron beam, and the resulting cross-linking of bonds gives. rise to

a linear polymer. This feature had led to the proposed use of y-TA LB
(3)

films as electron beam resists . The material has other advantages;
in particular, well ordered films can be depbsited at high speeds if the
subphase doesn't contain divalent cations(4).

There have been a number of other materials investigated with

structures related to those of the simple fatty acids. These include a

(5)

range of polymerisable materials, the diabetyiénes , and some
biologicaily - ihportant~ materials such as chlorophy11(6),
phospholipids(j), and cholesterol(g).

3.2.2 .Novel materials from the llterature

" . The current trend in LB film technolegy i1s to custom synthesize
materials‘ incqr@orating chemical groups designed tc Impart specific
physicéi:érqpertieé to the films, _Innsugh materials the 'active' part
.df ‘thé”jmoieéule is usually the hydrophilic head group, and the
hydrocﬁrbon. tail is passive in that it merely serves to render the
mdlecule wéter—insoluble (except when it contains unsatura;ed bonas for -
polymerisation). 1In manf cases it is therefore desirable to reduce the
" length of the hydrocarbon chainto aminimum, since it effectively dilutgé
thé'uéeful electronic, optical, photoeléctrical etc. properties of the
heéd group. This is the origin of the interest in the anthracene
derivatives described in Chapter 5 for non-linear optical applications.

The parent anthracene derivative, 9-butyl-l0-anthiyipropionic acid, can




be made to form high quality multilayers providing the deposition
conditions, particularly subphase pH, are very carefully controlled(g).
Another range of materials which have been studied extensively at
Durham are the phthalocyanine dyes. These compounds‘ do not require
hydrocarbon chains for insolubility and have exceﬁtional thermal and
" chemical stabilities, as well as potentially useful electronic
structures. Stable LB films of metal free phthalocyanine and

(10)

tetra-tert-butyl substituted phthalocyanine have been prepared which

are of a reproducible quality, but which are not composed of single
monolayers. These films are polycrystalline, with no long range order;
however, monomolecular or bimolecular 1axers cf an  asymmetrically
substituted copper phthalocyanine (figure 3.lc) can be produ;ed and have
been built up iIinto multilayer asseﬁblies displaying interesting
gas-sensitive propefties(ll). A symmetrically substituted silicon

phthalocyaﬁine(lz)

(figure 3.1d) has shown improved water-surface
monolayer characteristics and deposition properties; work is still in
progress on ' this material and a series of closely related
phthalocyanines.

Many different substituted dyes have been deposited in LB films,
some as homogeneous layers, others as layers in which they are mixed
with an inert fatty acid in order to provide a matrix which can confer
desirable film-forming properties to the dye. The 1list of LB

(13)

film-forming chromophoric materials includes merocyanine R

(17,18)

1
hemicyanine(l4) squarylium(ls), anthraquinone( 6), stilbene and

2

320(18) dyes. In some cases the molecule contains more than one
hydrocarbon chain in order to bring aboutr a particular orientation of

the chromophore.




3}2ﬁ3.jN9ve1 materialé used in this pfbjéct

A‘wideirange of novel ﬁaterials were investigated in this project.

Most of them were designed according to the éuideiines_discussed in
'chaptet 2 for producing molecules with a high seccnd~order
hypErpolarizability (i.e. molecules containing donor and acceptor groups
separatédAbQ:a conjugated system), their water solubility being reduced
by fhé addifion of hydrocarbon chains, made as short as possible in
order to avoid diluting the non-linear behaviour. The validity of these
criteria was tested by studying a series of materials which were closely
related to the target molecules but which contained different donor and
acceptor combinations, e.g. two acceptors and no donor, one acceptor and
no donor; no strong acceptors or donors, etc. Such materials were also
of interest for the observation of the éffects of subtle molecular
changes on LB film properties.

The materials fall into three distinct categories: (1) commercially
available chromophores modified by the addition of a hydrophobic tail;
(11) anthracene derivatives based on 9-butyi-l0-anthrylpropionic
acid(g)' (111) dipolar chomophores, such as the merocyanine described by

’

Gaines(lg) These classes will be discussed in more detail in chapter

5.

3.3 The Conventional Langmuir Trough

There have been many modifications made to the original trough used

by Langmuir and Blodgett(zo), including variations with a single movable
(22)

barrier(ZI) or circular troughs with a radial compression barrier .

(23)

A further variety, employing a constant perimeter barrier , 1s in use

at Durham and is described below.
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3.3.1 Mechanical construction

A conventional. Langmuir trough of the type used at Durham 1{is
11lustrated schematically in figure 3.2 and a photograph 1is shown in
figure 3.3. The tank itself 1is made of glass  supported by a metal
framework, and can be raised or lowered In order to adjust the depth of
the water relative to the barriers or to facilitate 1its removal for
cleaning. The barrier employed to enclose an area of the water surface
is of the constant perimeter type and consists of a PTFE-coated glass
fibre belt, held taut by rollers. One pair of these rollers is attached
to a rigid cross-member, whereas the other two pairs are fixed to two
cross-members which can be pulled on grooved rollers along steel runners
by toothed rubber belts driven by a single motor. The limits of barrier
motion are defined by microswitches, and the imset in figure 3.2
illﬁstrates the corresponding extremes of surface area.

The deposition mechanism, or dipping head, consists of a micrometer
screw mounted above the water on a .movable crossbeam. The screw can be
driven by a nbtor at a constant, but variable, speed in a vertical
direction, and the substrates are held in a metal screw clamp affixed to
it. The surface pressure is monitored using a Wilhelmy plate consisting
of a 1 cm wide strip of filter paper; this is suspended ia the water by
a thread from a microbalance head above the trcugh. Changes in surface
pressure result in corresponding changes in the effective weight of the
plate, which is monitored by the microbalance. The complete structure
is housed iIn a glass-doored cabinet mounted upon a Newport XJ-A
pneumatic anti;vibration table. Solvent evaporation 1is aided by an
extractor fan located in the wall of the cabinet and leading to a fume

cupboard. "Where possible, the structure is made from PTFE, stéinlessi
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steel or anodised aluminium, for both ease of cleaning and reduction of
the risk of contamination.

3.3.2 Instrumentation

A photograph of the instrumentation associated with the trough is
shown in figure 3.4. The control box enables ;he user to dictate all of
the movements of the barrier and dipping head, and several of the trough
functions are automated. There are four possible modes of barrier
operation; forward, reverse, control, and auto. In forward and reverse
modes the barrier will compress or expand at a speed which can be
preselected; In the control mode, which is normally wused during
deposition, a differential feedback systew Is used o compress the
barrier until the film reaclies a preselect:d surface pressure. A
Beckman IM600 microbalance monitors the force acting upon tﬁe Wilhelmy
plate and an electrical signal representing the difference in pressure
from that preset on the microbalance is passed to the coutrol unit via a
feedback system with adjustable gain. The auto mode is used exclusively
for the deposition of Z-type LB films (see section 3.§). 1In this mode
the substrate is rapidiy lowered through the uncompressed mcuolayer; the
monolayer is then compressed and the film allowed to stabilise for a
' preset time of up to six minutes before depﬂsitioﬁ commences with the
withdrawal of the substrate at prior-selected speed. A yurther delay of
up to thirty minutes may be programmed in order to aliow the film to-
stabilise in air before the next dipping cvale is cormenced. The speed
and the upper: and .lower limits of the dippiny lead mo?eéent can be
preset,".és 1vcaﬁ' be the required number of dipping cycles.

High-resolution linear potentiometers attached to the barrier
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cross-members and the dipping head allow precise monitoring of film area
and substrate position.

Plots . of surface pressure (microbalance output) or. éubstra;g
positioh (for monitoring film deposition) against surface a?ea can be-
obtained oﬁvthe>Bryans 29000 X-Y chart recorder. Area and pressure may
also be: plotféd ‘against ‘time on a Bryans 312 two-channel Y-t charé
reéordér;' A-fye—Uﬁiéém Pﬁ9409 pH-meter 1is used to continuously monitor
the subphase pﬁ, the electrodes for this being mounted at one end 6f the
trough'alqng'ﬁith a mercury thermometer.

3.3.3- Reduction of contamination

A §ust—frée'gnviroﬁm§n; is essential . for the production of good
qualiyy-Lﬁ films, and- consequently éil.fhé.trQUghs ﬁre housed in a class
lOOOO-miéroelectronigs clean room.. The water used as a subphase, and in
any cleaning operations, undergoes reverse osmosis, doublé-deionisation;
,activéfed charcoal organic removal and 0.2um f£iltraticen befofe being
_déiivered £9 the troughs via high purity polypropylene tubing. High
puritj éuﬂphéée water is vital, since impure water can be a major source
of .ionic and organic contaminants, resulting in excessive monolayer
dissolutioﬁ and poor debosition. The ultrapure water produced has a
resistivity which is initially close to its theoretical maximum of 18
MQcm, but this value is likely to decrease with the time that the
subphase resides in the trough, since ions are likely to be leached out
of the glass. In addition, the measurement of resistivity gives no
measure of the quantity of unionized organic species present in the
water. All of the solvents and other chemicals used in the preparation
of spreading solutions, or as additives to the subphase, are of the

highest commercially available grade of purity.



A rigorous cleaning procedure is regularly undertaken in which the
glass ;rough is cleaned with chloroform, propan-2-ol, and water. The
belt and rollers are cleaned by rinsing in chloroform then refluxing for
several hours in propan-2-ol liquid and vapour in a Soxhlet reflux unit,.
On reassembly, the subphase and Wilhelmy plate are renewed, and the
trough instrumentation recalibrated. Before spreading the films, the
subphase surface 1is cleaned by sweeping it with a fine‘nozzled glass

pipe connected to a water driven pump.

3.4 The Alternate Layef Langmuir Trough

The_pro&@ction of alternate layers 1is important for applications
employing - .nbn—linéaf obtical, piezoelectrical, or pyroelectrical
effects, sincé such films will have the noncentrnsyUMgtric structures
requisite for these phenomena. The alternate layer trough uses a
fotéting : cyiiqder passing through two independencly compressed
monolaférs tozachievé the d§sired '"ABAB' sequence of layers in a rapid-
gnd 'gasy ufaéhion. . In oyder to-AéérfOrm— the ‘same function on a
convéntion;l trough_one would have to clean the subphase surface.and
spread a fresh monolayer prior to the depositionlof each individual
1ayer; a tedious and lengthy task.

3.4.1 Mechanical construction

The ﬁechénical construction of the- alternate layer trough is very
similar to that of the conventional trough described in section 3.3.1,
The barrier assembly 1§ modified so that separate reversible motors
drive the barrier elements and allow th2  independsnt controlled
cqmpression of two different monolayers., Schematic diagrams of the

system as a whole and of the barriev assembly are shewn in figures 3.5
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and 3.6_ resﬁectively. _ There 1s a separate Wilhelmy plafe and
microbalancé‘ for each "arm of the trough, s0 that the two different
méteriaIS»cantbé deposited at their optimum surface pressures, even 1if
thef éfe;widélyAdiffering; The  fixed central barrier 1is divided to
 accoqmodétg1a cylinder which can fﬁﬁété or OSCiilate about a cen;ral
éxis; aﬁd_to which the substrates can be clamped. When the cylinder is
rotated the substrate is immersed through a monolayef-’of the firét_
material and withdrawn through a monolayer of the second; ;ﬁen it is
6ééilla;ed -1t merely deposits the same material on insertion and
withd?aﬁai, :és a conventional trough would do. PTFE inserts extend
between the cylinder and the ends of the central barrier in order to
prevent 1éakage of monolﬁyers between the compartments. The oscillatory
or rotary motion is transmitted from a motor and gearbox through a
detachable coupling to a co—axigl spindle on the cylinder. The whole
assembly 1s mounted on a granite slab cushioned with air-filled
polyethyleﬁe bubbles.

3.4.2 Instrumentation

The control of the barrier movements 1s exactly the same as with
the conventional trough except that now there 1is a separate set of
controls for each compartment. The dipping speed and direction of
rotation can be selected by the operator, but the control unit doesn't
yet feature a counter for programming a set number of rotations.
However, it 1s envisaged that in the near future this omission will be
rectified, and a further modification may be made so that the speed of
rotation automatically increases during tﬂe pericd of time that the
substrate is not actually traversing an air-water interface. Surface

pressure can be plotted against surface area for either compartment




using a Bryans 29000 X-Y chart recorder, whilst two Bryans 27000 Y-t
chart recorders can be used to monitor the surface areas as a function
of time.

3.4.3 Cross-contamination

There are two possible sources of cross-contamination of the films,
arising from the transfer of material from one compartment to another by
either (i) the rotating cylinder or (ii) the substrate. This effect has

al(ls), using a highly absorbing

been 1investigated by Holcroft et
squarylium dye and w-tricosenoic acid. It was found that negligible
contamination arose from 20 revolutions of the cylinder. However, when

different monolayer combinations were used 1in which the pick up ratio

was poor, contamination was observed.

3.5 Properties of the Water-Surface Monolaver

The most fundamental requirement for a material to be of use in LB
film formation is that it should be practically insoluble in the water
subphase. However, the conventional concept cf bulk solubility 1s not
really meaningful in this context, and figures for such a quantity could
only give at best a rough estimate of whether or not a monolayer of the
material is likely to be stable at the air-water interface. The two
most valuable properties of the water-surface monolayér which can be
studied are its pressure-area relationship and the change in surface
area with time at constant pressure,

3.5.1 Pressure-area isotherms

If a material forms an 1insoluble monolayer at the air-water
interface, then as the surface area of the trough is reduced the surface

pressure will increase. By plotting the calibrated output from the




microbalance against that from the Dbarrier potentiometer, a
pressure-area (m-A) curve, or isotherm,can be obtained. The area axis
may be converted from trough surface area to surface area per molecule
if the number of molecules spread on the surface 1s known (this can be
deduced from the molecular weight of the material and tﬁe volume and
concen;ration of the spreading solution). A typical 1isotherm for
stearic acid 1is shown in figure 3.7. This isotherm represents the
'ideal' situation in which there are three distinct regions,
corresponding to two-dimensional "gas'", "liquid", and "solid" phases.
The steep, linear "solid" portion of the curve can be extrapolated down
to the area axis in order to determine the zero pressure limit of the
molecular area in the solid phase. This value may then be_cdmparéd;fg
those ob;ained from physical representations, such as >Ealing CPk
molecular_ﬁodels, or cémputer-generated simulations. Such- comparisons
can help.to‘iﬁdicate thé orientation of molecules in the film, aloﬁg
with thé 'ﬁbésible. ihterﬁolecular interactions. Indeed, Langmuir(za)

founa tﬁat filﬁs of long ghain_fatty acids gave the same cross-sectional

area pér molecule, irrespective of chain length. He concluded that the

films were .oﬁe:'molecule thick and that the molecules were oriented

neariy §ertica11y5on‘the‘ﬁéter'surface; the film thickness being the-
¢hain length.7 Few materials displéf;fﬁéh£h;ee’diétinct "phases'" shown

b& stéaricrécid, but the shapes'of.their'isotherms help to elucidate the

behaviouf of thé molécules as the film is compressed. ‘Many cbmpdunds_
'éxhibif."solid" regions,. but often only after a series of otﬁer phase
. chéhgesf fhe curvature of such isotherms, and changes in curvature upon

recompression, can be interpreted in terms of molecular rearrangement

and interaction.
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3.5.2 Decay in surface area with time

An ideal Langmuir film would display no decrease in gurface area
with time when held at ; constant surface pressure in its quasi-solid
phase. However, in practice all monolayer films show some decay in area
with time due to some or all of the following effects: (a) collapse
(buckling of the film); (b) rearrangement; (c) dissolution of material
into the subphase; (d) evaporation. Normally one can prevent a
monolayer from collapsing by keeping the surface pressure below that at
which the film becomes unstable; however, in some cases this pressure is
too low for efficient transfer to a substrete. The rate of dissolution
may depend on several factors, including temperature, pH, and the
concentration of various {ons 1in the subphase. With most of the
classical fatty acid materials this ©process <can be rendered
insignificant by partial salt formation, but dissolution can be quite
rapid, and thus a major problem, with many qf the more novel materials.

\

The optimum conditions for slowing film collapse must therefore be

(1) has studied Langmuif films which dissolve at an

found. Gaines
appreciable rate and has found that they show an initial rapid

" desorption, followed by a process obeying equation 3.1:
In(N) = -kt + C (3.1)

where N is the number of molecules remaining on the surface at time ¢,
and k, C are constants. The optimum conditions for reduced solubility
can be found by measuring the area of a collapsing film as a function of
time fér a range of different subphase parameters and noting which gives

the smallest value of k.
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3.5.3 Monolayer mobility

Although it 1s desirable that a monolayef>should be well—érdered'
‘and close-=packed, it is important that it should also remain mobile on
the wgtér'sﬁrface if it is to be deposited onto a substraté. If a filﬁ
is- too rigid, then as a substrate is drawn up through 1t, it will
frécture and deposition will take the form of the transfer of film
fragments, with large cracks and holes between them, .

The 'suction test' provides a simple check on wonolayer mobility;
the film is held at constant pressure, with the feedback to the barrier
drive at maximum gain, and a small amount of material removed using the
vacuum nozzle described in section 3.3.3. An adequately mobile film
should collapse immediately to ﬁaintain the preset surface pressure.
Very rigid monolayers can often be made more fluid by mixing the
material with a fatty acid or by using a slow-evaporating solvent. In
some cases rigidity sets in slowly with time and so the problem can be
circumvented by always depositing from a freshly spread monolayer,

although this can be rather tedious.

‘3.6 Experimental Techniques : .

Having established a material as a viable Langmﬁir film, the
formation of LB films by deposition onto substrates may be investigated.
The surface of the subphase is first cleaned by compressing the barriers
to minimum area, sweeping the surface with the vacuum nozzle, then
expanding back to maximum area. This process 1is repeatecd several times.
The deposition process then proceeds with monolayer spreading,

compression, and finally deposition itself.
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3.6.1 Monolayer spreading

The most commonly used solyent for the production of spreading
solutions was ARISTAR grade chloroform. fypically, concentrations of
approximately 1 gdm'-3 were used, the mass of material used in forming
the solution being accurately determinéd using an Oertling R52 balance.
The solution was dispensed a drop at a time onto the water surface from
a height of approximately 2 mm using an Agla microlitre syringe. A
micrometer drive on the plunger enabled the volume delivered (typically
0.1 ml) to be measured precisely in order to facilitate molecular area
calculations. In most cases the solution was deposited near the centre
of the trough to lessen the effect of any reéidual contamination, but in
the sitpations where very concentrated ‘or slow-spreading solutions had
to be used the drops were placed at regular intervals all over the water
surface. .Complete sodvent evaporation was ensured by running the
extractor fén for about five minutes after spreading,

3.6.2 Monolayer compression

Pressure~area isotherms were plotted as a matter of course for each
new spreading solution and from time to time for §1der golutions to
check that they still gave good quality water-surface monolayers. This
was done by compressing the film at a fixed rate in the forward mode.
Havinglestablished this, fresh monolayers were spread and compressed 1in
control mode to a pressure close to the centre of the solid phase, where
the film structure should change very little for relatively large
fluctuations in surface pressure. At this stage the decay 1n surface
area with time (section 3.5.2) was studied, or else the film was left

for a few minutes to stabilise before commencing deposition. . .
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3.6.3 LB Film deposition

Three possible modes of LB film deposition have been recognized(zs)

and are illustrated In figure 3.8. With most materials deposition is
Y-type, with pick up occurring on both insertion and withdrawal of the
substrate from the subphase. With fhis mode the first monolayer is
deposited on the first upstroke of a hydrophilic material (giving an odd
total number of layers) or on the first downstroke of a hydrophobic
material (giving an even total number of layers). Y-type deposition
produces a highly symmetrical packing arrangement unless different
materials are used for successive layers (as with the alternate layer
trough described in section 3.4). At high subphase pH, fatty acids will
sometimes deposit only on the downstroke, thus forming X-type films(l).
This mode of deposition is generally energetically unfavourabie.compared
to Y-type deposition and there 1is X-ray evidence for molecular
rearrangement during transferral to give films which are essentially
Y-type in nature. Z-type deposition, in which pick up occurs only on
the upstroke, has been observed in a lightly substituted anthracene

9 and in asymmetrically substituted copper

phthalocyanine(ll).

derivative

An important parameter used to characterize LB film deposition 1is
the deposition (or transfer) ratio. This is defined as the ratio of the
afea of film removed fro; the water surfsace to the area of the substrate.
mo?ed thropgh the air-water interface, and has a value of unity for
ideal depositioﬁ.

Tﬁe‘ succééS' of deposition and the quality of multilayer films
, depend‘éritiéally on the structure of the first monolayer, sihge any

faults in it might be propagated into subsequent layers. In addition,

the first.layer is uniqﬁe in that it is the only one directly bonded to
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the substrate. Thus, there will be a fundamental difference between the
forces involved in this process and those involved in bonding succeeding
layers fo each other. Particular care was therefore taken .when
depositing the first layer, dipping being commenced immediétely aft;;'
the final surface treatment of the substrate, at low Spegds (v 2 mm
min_l),~and'é dfainage time of at least 30 miﬁuteé-was allowed before
depositing_ényjfufthér iaYers.

In the .cases where Z-type deposition was attempted, the
water—Surfaée monolayer ﬁas expanded before the downstroke in order to
redice the risk of any partial pick up during this half of the dipping
cycle (in an ideal situation there would be no film on the water surface
at all).f'The crough contrql uniC‘pcrmL;é ‘this procedurc to be done

autométiéaliy (section 3.3.2).

3.7 Quality Assessment

At least three major aspects caﬁ be identified which pertain to the
quality-of LB films. Firstly, it is impprtant to know whether the samei
amount of material is being deposited in each monolayer. Although this
information can be deduced from the deposition ratios calculated for
each layer from the dipping record (plot of area again;t time), the
accuracy given by this technique {is véry low {(particularly with small
samples whose areas are almost insignificant compared to the trough area
and/or water-surface monolayers which collapse or dissolve at an
appreciable rate). Further problems with this method arise when mixed
(heterogenacus)monolayers are beiﬁg deposited, since the pick ups of the
different components cannot be distinguished. The second major point in

assessing film quality is the determination of the degree of crystalline
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order in the films. A further consideration concerns the nature and
number of any defects in the filﬁ; for instance, pinholes might occur
between crystalline regions and lead to undesirable effects such as the
short circuiting of any electrical contacts ﬁade to the film.

Most of the molecules investigated in this project had the common
structural feature of a polarised conjugated system, designed in order
to produce large non-liﬁear optical effects but having the additional
property of rendering the materials highly coloured. This strong
absorption in the visible gives rise to a useful technique for checking
that the pickup is uniform from one layer to the next; the optical
absorption can be measured as a function of film thickness (at a fixed
wavelength - usually the absorption maximum of the dye) and a linear
characteristic should be obtained, provided that interference effects
are small. The technique is particularly useful when looking at mixed
layers since the absorption maximum of any one of the components at a
time can be'studied. Analogous linear plots can be made using data from
infra-red reflectance spectra(26) or from the attenuation of the X-ray
photoemission signa1(27) from a metal substrate onto which the LB film
has been deposited. Another technique in this class 1is to.label the
molecules of the film with 14C and examine their autoradiographs so that
a plot can be made of count rate versus nﬁmber of monolayers(za);

Various diffraction techniques can be used to determine the degree
of crystalline order in an LB film. For a complete structural

(29,30)’ ray(31’32),

assessment, transmission electron X- or neutron

diffraction(BB) can be employed, but for a rapid identification of the

film structure reflection high energy electron diffraction (RHEED) 1is
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adequate(34). RHEED is a very convenieni technique -in that 1t 1is
non-destructive, and requires minimal sample preparation.

A‘ widely practiced method for checking the consistency of
deposition and for finding any major defects 1s to plot reciprocal
capacitance against number of 1layers iIiIn a metal-insulator-metal
structure. A 1linear plot would demonstrate the repeatability of
dielectric thickness of each monolayer(35) (see section 4.2), but if the
film 1is badly pinholed then all the devices will be short circuited and
no meaningfui values of capacitance will be obtained. Another method
which is useful for observing large defects or particulate coﬁtaminati;;.
is to vieW"the film in .reflection between crossed polgriéers in an
optiéal micraséépg; this technique can be extended.to the observation of
large c£ys£aiiites.iﬁ thick (i.é. A~ 500nm) LB films of an epitaxial

(36)

nature .

3.8. Possible Applications for LB Films

Tﬁé‘qtigin51 propoqed app1ications for LB films were very simple in .
nature,A:9ﬁch ~as ‘anti—reflection. cbéfiﬁgs, étep—thickness gauges, and
séft kfréy ératings. More recently researchers have been examining fhe
pqtential'jof mﬁltilayer assemblies for much more éubtle, and ‘complex
uses.v:The range of such applications has been greatly enlarge& by the
infroductibn of the concept of alternate layer systems; such asymmetric
structureé ﬁéy be employed as active layers in pyroelectric devices as
weli as the ﬁon—linear optical ones discussed in this thesis,

Passive applications of LB films include the opportunity to form an
insulating layer of controllable thickness ou semicouductors such as InP

which, unlike silicon, do not have a native oxide with good insulating




properties. This is of great 1interest in the formation of

_@3n

metal-iﬁsﬁlator-semiconduétor (MIS)- structures for applications in

integf;téa Eifcuits and plaﬁar electronic devices. Similarly, LB films
of m—tficqsenoic acid can be usedAto improve the bréakdowq strength of
silicqn—siiicon dioxide structures(38). The same'material has poténtial -
.as,an electron beam resist for microlithography in integrated circuit
fabrication, the films being polymerisable and giving a resolution far.
greéter than that of conventional spun photoresists(39). LB films can
be used as overlays on conventional waveguide structures(ao), the
attraction being the precise control over film ghickness énd refractive
index and hence over guided wave velocity.

Electroluminescent and photoconductive properties have been
observed from structures incorporating a  lightly substituted
anthracene(41). Phthalocyanines have interesting semiconducting
properties and by making appropriéte substitutions it should be possible
to obtain films exhibiting p- or n-type conductivity. The electrical
conductivities of some phthalocyanines are sensitive to gas
ambients(ll), suggesting applications as gas sensors. Further sensor
applications are envisaged in the biological field, whefe an FET device
incorporating an LB film made selective to certain ions or enzymes may
be produced and used to monitor the levels of such speéies, for example
potassium 3ions in the blood. An alternative apprcach uses the
biological species to alter the optiéal Qroperties of LB films.

.LB films may also be used as model systems in fundamental research,
such as in the spectroscopy of complex monolayers(42), the modelling of

biological membranes(43), and for the modification of the properties of

solid surfaces. A much more detailed account of the possible
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applications of LB films can be found in reference 44 and in the next
section, which deals with their potential uses in non-linear optical

devices.

3.9 Non-Linear Optical Effects in LB Films

In chapter 1 it was stressed that in order for non—ligear effects
to be utilized in low-power semiconductor laser-driven systems, fully
optimized structures are required, such as those employing waveguiding
in thin films or fibres. Not only does the LB technique provide a means
of depositing organic films of a precisely defined thickness, but it
also enables the difficulties encountered in  obtaining a
noncentrosymmetric crystal containing highly non-linear molecules
(section 2.3) to be overcome by using alternate layer systems. As a
consequence there has been considerable recent interest in the study of
non-linear optical effects in LB films.

One advantage of the use of waveguiding for optical SHG and mixing
lies in the fact that phase-matching can be achieved using waveguide
dispersion(45), a phenomenon arising from the dependence of the phase
velocity of a given frequency of light on the guiding regionldimensions,
the refractive index difference between the guiding région and the
substrate, and the mode of-propagation. In practice the phase matching
for the interacting modes can be achieved by tailoring the diménsions gﬁi
thé guiding region (e.g. by lithography) and/or the refractive index
difference.(g.g. by chaﬁging the length of the hydrocarbon tail, or the
inclusidn of ‘metallic counter dons in the LB film material(40);
alﬁernati#elyv a different substrate material could be used). An
additiphal aanntage arises from the diﬁensions of the guiding fegion

beinngnly of the order of microns for optical wavelengths, so that it




is possible to have the 1large optical intensities, requisite for
non-linear interactions, with modest optical powers. Long interaction
lengths are also possible since the optical energy is guided.

(46) that the ratio of second harmonic conversion

It can be shown
rates for planar waveguide and bulk samples is of the order of L/A,
where the interaction length, L, is typically 1 cm and the wavelength,

A, 1is approximately 1 ym. This ratio, in theory v 104, is clearly

)
highly in favour of the wavegulde configuration; in practice the ratio
is closer to 102 due to pump depletion., One further paramefer has to be
dealt with when optimizing the conversion efficlency in a waveguide
structure; .the interacting guided modes at the fundamental and.harmbnig
wavélengths may have weakly overlapping transverse energy distributioms,
and therefofeAthg cérreépohding overlap integral should be optimized as
far as-possibié(46). This may be achieved, to a certain extent, by
topping a hon;linéag Qavegﬁide by a linear one of high refractive- index,
or by growing‘ a linear, purely guidiﬁg, layer over a non-linear
substrate.. Reférences 40 and 47-49 provide examples cof investigations
into. the use of LB films as (linear) waveguides or as claddings on
prefébriéated waveguldes.

Third—qfder non-linear effects &ojﬁot re&uire a nen-centrosymmetric
structure and can therefore be observed in conventipnal Y-type films.

The relevant susceptibility, x‘3)

, is large in polydiécétylenés and

there :have been extensive investigations of the non-linear -optiéal

pféﬁerties‘qf multilayers of this material. These include studies of

third Hafmoni?vgeneration which has been enhanced, either by varying the
| (50) .(3)

fundamental wavelength to match a resonance f{n .X » or by

exploiting the interference between the radiation generated from




multilayers deposited on the front and back faces of a quartz

substrate(46’51). Furthermore, Carter et al(52,53)

have reported an
intensity-dependent refractive ipdex, n, " 10_6 I (where I is the
intensity in MW cm—z) for polydiacetylene multilayers in a planar
waveguide structure (fabricated by depositing the film onto a metallized
grating). This was measured by varying the optical intensity and
observing the resultant changes in the coupling angle between the input
laser beam and a waveguide mode. .
There have been several reﬁorts of second harmonic generation from
acentric LB film structures; those made by this author may be found in
the appendices and will be discussed in later chapters. Girling et al

(54)

have observed SHG from monolayers of a merccyanine dye and from

layers of the merocyanine(ss) and a hemicyanine(la) dve alternated with
a fatty acid material. The first report of this kind was made by

(56) who used a monolayer of an azo dye; subsequent

Aktsipetrov'et al
papers describe the increase in the second harmenic signal strength on
increasing the number of layers of the same dy2 in a non-centrosymmetric
LB film structure(57), and the analysis of reflected second harmonic
signals to determine the mutual orientation of neighbouring monolayers
in multilayer arrays, the preferred orientation of the
microcrystallites, énd the molecular alignment in the film(ss). SHG has
also been observed from a monolayer of arachidic écid on a silver
surface(sg) (as a result of surface plasmon enhancement) and from a

60
water-surface monolayer( ); in the latter case the data were used to

determine the average orientation of the molecules at thc air-water

interface.
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Choilet-_éf ’ai(él) have studiéd electric field induced second
harmonic éenératién (EFISH) from multilayers of polydiacetylenés, In
these,.expe;imgnts the external d.c. field served to break the
centrosymmetry of the film; for such a case the observed second harmonic

(2)

does no; érisé ‘from ¥ ,, but rather its intensity is proportional to
{x(3)(—2m§m,Q,6)EZ:Ee}2; Qhere Ee is the iqcal d.c. field experienced by
the --pgiymeréénd Ew is the field of ché la;er beam.

The gpblication'pf large electric fields can produce changes in thg
éptical properties of organic materials. These effects giv; rise to the
fechniqﬁe of electroabsdrption, which can be used to measure the
oriéntagional _ order parameter of multilayer films(62’63).'
EleCtrbabsorption is a particular brancﬁ of the group of experimental
méthods known as modulation spectroscopy, and involves monitoring the
small changes in a sample's optical transmission resulting from the
application of an external field. In molecular solids these changes are
usually the result of the Stark effect. For a molecule of dipole moment

p and polarizability tenmsor a, the change in potential energy, AU, on

placing it in an electric field (which makes an angle 6 to up) is given

by:

)
AU = —p EcosO+—E" + ,..... (3.2)
2

The term in E in equation 3.2 represents the linear Stark effect, and
that in E2 the quadratic Stark effect. These phenomena could be called

"pseudo" non-linear, since they do mnot involve the molecular
!

hyperpolarizabilities (B, vy, etc.). ' )




Only crystals with polar space groups can exhibit a first-order
Stark effect, and in such materials it will generally dominate the
second—prder effect. In electroabsorption spectra, the first-order
Stark éffeét can usually be recognised as the first derivative of the

(62,63) have performed an

zero-field absorption curve. Blinov et al
investigation of the linear Stark effect in LB films of an amphiphilic
azo compound. This material could be fabricated info‘X-,vY-, or Z-type
multilayers, depending on. the deposition conditions employed. As
anticipated,‘the linear Stark spectra exhibited a change in sign on
going from X- to Z-type layers, and a radical (by a factor of 56;“
decrease in‘amplitude on changing to Y-type deposition. .This provides
direct'evideﬁ?é:fqr‘the polaf nature of ¥- and Z-type films.

Crystai éfrucfures héving non-polar space groups may still exhibit
a éecond—ordef.Stark effect, giving rise to electrcabsorption spectra
which .can. be recognised as the second derivative of the zero-field

(41) have reported observing this

absorption curve. Roberts et al
phenomenon in Y-type LB films of a substituted anthracene.

A more- detailed discussion of second harmonic generation from LB

films may be found in chapter 8.

3.10 Summary

This chapter has reviewed the concepts, technology, and materials
assodiatea with the production of LB films. Some methkods of analysis of
thé‘pfoperties of water-surface monolayers and the deposited multilayer
fiims have been described, along with a selection out cf ;he vast range

of possible passive and active applications of LB films.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4,0 Introduction

This chapter describes the general techniques used to fabricate LB
film devices and to characterize these structures and the materials of
which they are comprised. The preparation of substrates and the
deposition of electrodes is described in section 4.1, whilst in 4.2 the
measurement of dielectric thickness for metal-insulator-metal. structures
is discussed. Section 4.3 deals with spectrophotometric measurements on
LB films and solutions, and the optical theme continues in 4.4 with the
introdqction of the surface plasmon resonance Cechniquel for studying
multilayer assemblies on silver substrates. The electron diffraction
techniques employed for structural characterization of LB films are
presented in section 4.5. Finally,. techniques for characterizing the

non-linear optical properties of bulk powders {4.6) and LB films (4.7)

are detailed.

4.1 Device Fabrication

4.1.1 Substrate preparation

(a) Glass:

In fhe-éaseS'Qhefe tﬁe LB films were to be. deposited directly onto
gléss substratés, Corning 7059 glass or Spectrosil B vitreous silica
slidesbwere’used. The -Corning slidés were found to be acceptable for

optical absorption measurements down to wavelengths of around 340 nm,

but below. this their transmittance became too small; hcwever, the more .,
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.gxpgnsivé Sﬁectrosil-slidés_could Bé'ﬁéeﬁ aé far into the ultra-violet
a; 180.ﬁm,: When the films were to be deposited on'; thin layer of
metal, this'was.evaporated onto the surface of anfordinary Chance Seiecf .
microécope slide,

Identical techniques for surface pfeparation were employed for all
thpee 1typés '6f glass. Particulate matter was removed by ultrasonic
agigation, firstly in chloroform (followed by rinses in de-ionised
water), then in a 20% Decon 90 alkaline soap solution, and subsequently
in several batches of fresh de-ionised water as rinses. The slides were
then degreased in hot propan-2-ol liquid and vapour for several hours in
a Soxhlet reflux unit. This ;reatment leaves a hydrophilic glass
surface, and when this was required the slides were used immediately
after cooling. However, In cases .where a hydrophobic surface was needed
the slides had to be refluxed in a Soxhlet system containing v 0.57
dichlorodimethylsilane in 1,1,1-trichloroethane. Any residue from this
treatment was removea by rinsing, firstly in methanol and then in
de-ionised water,

(b) Silicon

Two types of silicon wafer were used: (i) p-type, {100}
orientation, resistivity 14-21 Qecm (Wacker-Chemitronic GMBH), and (ii)
n-type, {111} orientation, resistivity 10.5;17.5 flcm (Dynamit Nobel).
Both varieties were cleaned in hot 1;1,l-trichloroethane 1liquid and
vapour in a Soxhlet reflux wunit to give hydrophilic surfaces.
Hydrophobic surfaces could be obtained by subsequent treatment with
dichlorodiméthylsilane vapour,zas in {(a).

(¢) Aluminium
Aluminium films were evaporated at a pressure of less than 10~

torr onto Chance Select glass slides which had been previously cleaned




as described in (a). Typically the range of thickness employed, as
measured by a quartz crystal oscillator, was 10-100 mm. LB f£film
deﬁosition was commenced immediately after removing the slides from the
evaporator; alternatively after refluxing them in propan-2-o}.
(d) Silver

Glass slides were prepared as described in (a). As silver adheres
poorly to glass, it was necessary to first evaporate a layer of chromium
‘onto which >the silver could be deposited. These evaporations were
performed sequentially at a pressure below 10—5 torr without letting the
sample up to air between stages. As the films were required to be
semi-transparent, the layers of silver and chromium were madé less than
55 nm and 1 om thick, respectively. The first monolayer was always
deposited immediately after removing the substrates from the evaporator.

(e) Anodized aluminium

To grow an anodic oxide layer, a slide onto which a 300 nm thick
aluminfium layer had previously been evaporated (as in (c)) was placed in
an electrolytic cell containing a solution of diammonium hydrogen
citrate (approximately 37 by weight) with a stainless steel counter
electrode. A 10V D.C. voltage was then applied across the cgll;'when
the current had fallen nearly to zero (around 5 minutes 1ater) thé slide.
was removed, rinsed in water, and finally refluxed in IPA for several

hours prior to LB film deposition.

4.1.2 Electrode deposition

Tﬁé évapération of top contacts ontq an LB‘film is a proceés.which
requires great care, since conventional LB film materials generally have
low,meltipg points and.therefore excessive heating has to be avoided.
It has:béeﬁ fodnd(l) that‘;he mis-match between the  thermal exp;nsion

qoeffiéiénts of the film, electrodes and substrate generates problems if




the substrate is cooled to low temperaturés throughout the evaporafion,
and so this fgcﬁnique was avoided. The procedure adopted was to perform
the evapbration very slowly and in stages of approximately 1 nm with a
30 minugéutimeidélay betwééﬁ steps, untilAthe desired total thickness
‘ héd .beenf-aqﬁieved (typically 15 ﬁm); | ﬁetwéén stages a shutter 'was
opgrafed to screen the substrate from thérmal radiation from the source.
Throughoufitﬁe evaporation the pressure was maintained beidw 10-5 térr;
-qu diffe;enf top contact materials were -investigated; gold, and
aluﬁinium/gold (formed by evaporating the two metals sequentially, no.
air.béiné admifted until after the final stage). The latter combination
was chosen because the melting point of aluminium is lower than that of
gold, thus.if this is tﬁe first layer then the thermal damage to the
film is reduced; the function of the gold overlayer was to prevent

problems of oxidation on exposure to the atmosphere.

4.2 Measurement of the Relative Permittivity of LB Films

The concept of the use of plots of reciprocal capacitance against
number of monolayers to assess the quality of an LB film was introduced
in section 3.7; such plots also readily yleld a value for the dielectric
thickness of the film at the frequency of measurement. This 1s an
excellent method for evaluating the parameter, since thes presence of an
interfacial oxide layer of capacitance comparable to that of the LB film
precludes the use of many of the techniques used to measure the
permittivity of more conventional materials.

4.2.1 Experimental technique

The samples fabricated for these investigations consisted of an LB
film of stepped thickness deposited onto an aluminized glass slide.

Approximately 20 circular gold or aluminium/gold top contacts were




evaporated - onto each steﬁ section, the mean value of capacitance being
used in the final plots with the standard deviation giving an estima;e.
of ‘the error. Air-drying silver pagte was employed to form an
electrical.contacf to thg aluminium base electrode, whilst a gold ball,
positioned by a micromanipulator probe, made a pressure contact to the
gold dots. A Boonton 72BD capacitance meter was used to measure the
capacitance at 1 MHz. The samples were desiccéted-under a low pressure
of nitrogen for several hours prior to the measurements, which were
performed in a sealable brass sample chamber in order to eliminate light
and electrical interference.

4.2.2 Interpretation of results

The total capacitance, CT’ of an LB film MIM structure is expressed

in equation 4.1 in terms of a series combination of the LB film

capacitance, C

LB’ and the interfacial aluminium oxide capacitance, COX'

1 1 1
—— = —— + —— (40 1)
Cp ‘L8 Cox .

However, the LB film can be viewed as a parallel plate capacitor of
area A, dielectric constant er, and thickness Nd, where N is the number

of layers and d is the monolayer thickness. Thus 4.1 can be expanded to

give

e — Y . | (4.2)

Equation 4.2 predicts that a plot of C—]'T varaus N will be a

straight line of gradientd(eoerA)_l and intercept C—lox . Since €, and A
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are known, the gradient can be used to give a value for the dielectric

thickness, d/er.

4.3 Measurement of Optical Absorption Spectra

All of the optical characterizations were performed using a Cary
2300 UV-VIS-NIR spectrophotometer. Where solution spectra were required)
the solutions were contained in quartz cuvettes. LB film samples were
deposited onto either Spectrosil B vitreous silica (for measurements on
weakly absorbing films down to 180 mm) or Corning 7059 glass (where
measurements below 340 nm were not required, or down as far as 250 nm
fof filﬁs with absorbance > 0.1) slides, as described in 4.1.1. - The
optical absorption spectra of all of the LB film speciméns wére record;d

in transmission, so that layers on both sides of the glass slides

contributed to the absorption.

4.4 Surface Plasmon Resonance

Surface plasma oscillations (SPO's) are collective oscillations of
the free charges at a. metal boundary which propagate along the
_intérfaqef The.elgctromagnetic field associated with the motion of the
charge ié‘a maxiﬁum af tﬁé boundary and éécays-exponentially on both-
gidéé; ﬂenéé.SPO's are senéitive to any modification occurring at the
1nterface(2). "By éoating the metal surface',with an ;LB film. and
osserving the effects on the SPO's, the optical constants (thickness and'
refractive index) of the film can, in principle, be determined(z’B). An
extensiQe' review of .SPO's and their ‘applications can be found .in
reference 4.'

The LB film samples used in these investigaticons were deposited

onto silver surfaces prepared by evaporating a thin layer of silver onto




a glass slide (section 4.1.1). SPO's can be excited optically by using
evanescent waves in a grating or prism arrangement; prism coupling in
the Kretschman configuration (illustrated iIn figure 4.1 fgr a silver
surface with no LB overlayer) was employed in these experiments, The

external angle of incidence, 6 of the p-pclarised light from a ImW

ext’
He Ne laser (A = 632.8 nm) could be varied by rotating the laser about
an axis ceﬁtred on the substrate, thus changing the component of the
wavevector of the incident light parallel to the prism base. SPO's at
the metal surface opposite to the prism wers excited by the evanescent
field inside the metal when this component matched the real part of the
SPO wavevector; this phenomenon was detected by a proncurced minimum in
the reflected intensity caused by the strong, Tresonantly enhanced
absorption in the silver film (see inset in figure 4.1). The position
and shépe of this minimum depends strongly on the optical properties of
any overlayer deposited on the silver surface. LB fiimg of transparent
materials such as w-tricosenoilc acid display sharp surface plasmon
resonance (SPR) minima whose depth 1s invariamnt but whose angular
position. chgnges progressively with thickness. Highly absorbing or
scattefing films display broader SPR minima whose angular position-alﬁq
chénges prégressively but whose depth decreases znd width increases with
increasing f?lm’thiékneés;

Befére cbmmencing each SPR study, the external angle scale of the
laser waé'caiibratédvby“finding the critical angle of. 2 glass slide and
adjusting the: scale to read the correct value of external -angle
correépondiﬁé to the theoretical dInternal angle of incidence. A
computer'progtam was available to convert between external (eext) and

internalv(eiht)'angles}of:incidence, taking into account the refractive -
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indices of the prism, index matching fluid, and glass slide. The glass
slide was then replaced by the sample and the variation in reflected
intensity (measured by a photodiode) observed as a function of eext for
a region of silver free of LB film. A second computer program was used
to plot out a normalised SPR curve of reflectance against 8 from the

int

measured values of eex and photodiode voltage. The sample was then

t
translated relative to the prism base in order to bring an LB
film-covered region into the beam. Subsequently the process was
repeated to generate a new SPR curve for the silver plus LB film, the

shift in resonance due to the fi1lm being given by Aein = eint(LB) -

t

eint (Silver). TIf the LB film structure was stepped in thickness, then
a series of resonance curves could be obtained and a plot made of Aeint
versus number of monolayers. Work 1is currently underway to develop a
computer program to curve-fit the experimental SPR curves to theoretical
ones In order go obtain values of thickness and refractive index for the
films; such measurements are expected to be comparable in éccuracy to
ellipsometric techniques, whilst being easier and cheaper to perform.
At the moment, however, the results are more qualitative in nature,

although a method by which the refractive index may be estimated is

described in section 6.3.

4.5 Flectron Diffraction

Transmission electron diffrac;ion (TED} apd reflection high energy
electron diffraction (RHEED) studies were performed in & JEM 120
transmission electron microscope operated at a heam voltage of either §0-
kV or 100 kV. For both the TED and RHEED investigations the samples
were held in.a goniometer positioned below the'projéctor 1e£s; in this

position.thelrégion'of sample contributing tc TED was about 200 um in
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diaméter.; LB films for RHEED investigation were simply deposited on
silicoﬁ1dioxide:substrates (silicon wafer fragments possessing a native
layer Qf->oxide),-‘wh11§t “tﬁe preparétion' of TED specimens was more
complex andis described below.

The most basié requirement for a samplév to be. §u1table .for
e#amination by TED is that it must be thin enqugﬁ to allow transmission
of the electron beam; obviously, this is no problem with the LB film

itself;:butnthe film must be supported and it 1is this substrate which-
creétés difficulties. The method used to overcome this problem was the
Walkenhorst-Zingsheim technique(5’6). This involved the deposition of
the LB films onto an anodized aluminium slide (section A.i.l), and the
subsequent transfer of the film plus thé thin anodic oxide support to an
electron microscope copper grid. 1In order to separate the film and
support from the glassslide, the sample was placed in a Petri dish which
was then filled with a solution of mercuric chloride and acetic acid to
a level slightlylhigher than the slide surface, but mnot so high as to
completely immerse the slide. The aluminium layer would then be slowly
etched away, leaving the LB film with its aiumina support floating on

the water surface, ready to be lifted from below onto 2 copper grid and

drained on filter paper.

4,6 Kurtz Powder Technique

The Kurtz powder technique(7’8) is "a convenient method for

screening large numbers of powdered materials for second-order
non-linear optical activity without neéding tc grow large single
crystals or optimize LB film deposition conditions. One major drawback
for its use in screening LB film materials is that if the material packs

centrosymmetrically (as a lot of long chain dipolar materials will do),
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then even if the molecules do have large 8 vaiues, no activity will be
observed. Thus the technique can only be used as a pféliminary check to
look for materials with obvious non-linearities so that they can be
given immediate attention, and those showing no activity should not be
abandoned on this evidence alone (since in acentric LB film form they
may be highly non-linear).

In the powder technique a Nd:YAG laser is directed ongo é.thin'
layerkéf.powdered material compacted into a cell, éﬁd the frequency
doubled 11ght _émitted frém_ the sample over 4n radians is collected,
filteréd.to,:emove~the fundamental, and detected with a fast photodiode
(figure 4;2).i_Tﬁe signal produced is then comﬁared with that obtained
from a,standafd powdered -sample, such as.urea or  lithinm niobate. The
technique . is crude in fhat it detects a convolution of all the tensor

L(2)

cdmppngnté' 6f X "and makes 1little attempt to account for. the
propagagidn éhérécteristiéélof ﬁhe bgams; Ngyertheiess, general trends

can-be”bbéefved and it has been used éxtéﬁsively by workers in the area
of single érystals(g). Great care must be exercised in applying this

technique quantitatively, since the results are particle—size dependent

(see section 6.4).

4.7 Second Harmonic Generation from LB Films

fhe measurements described in this section were performed at GEC
Hirst Research Laboratories with the collaboration c¢f Drs. I. R. Girling
and P. V., Kolinsky. An illustration of the equipment used for the sthdy
of secénd harmonic generation from LB monolayer and multilayer
structures is given in figure 4.3; minor variations are detailed in the
appropriate results sections (Chapter 8). All of the LB film samples

used in this investigation were deposited onto hydrophilic glass slides
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(sometimes Chance Select, but usually Corning 7059 since the use of the
latter seemed to promote better film deposition). Linearly polarized
light (Q-switched Nd:YAG, 1.064 pm, 25 ns FWHM), polarized either
parallel (p) or perpendicular (s) to the plane of ipcidence, was
directed at a 45° angle of incidence onto the verticaliy mounted sample.
The second harmonic radiation (532 nm) resolved into s— and p-polarized
comﬁonents was detected in both reflection (R) and .transmiésibn- ()
gedmefries using phofompltiplier tubes at 90° and 180° respectively to
the pumping_difecfion. Tﬁe»total energy of each fundamental pulse was
measuréd_psingva‘;rghsmigsion type énergy meter (GEC TF series). 1In
additién;'the.variation in peak power was monitéred using a photodiode.
The outputs from the photomultiplier tubes and photodiode were all
displéyed-on’fast digitél‘oscilloscopes. Infrared blocking filters and
532 mm bfnterfefencej filters were used to ensure that only second
harmonic_radiaéidn‘was deﬁecféd. Pulse_gné;gies of up to 2mJ with a beam
a1ametéf;oﬁxapproximétely 200 um weré us;d for all the measurements on
the LB Films.

Resulfé were obtained by averaging over sevéral pulseé at a number
‘Qf.different positions on each area of the sample. Ahsolute values of
thé electric.field at 532 nm (E(2w)) were obtained by calibrating the
systeﬁ againsf a y-cut quartz wedge ‘and relating both the secoﬁd
harmonic Signals and incident energy to the dll non—linearAcoefficient
of quartz(lo) (see se;tion 8.1). Some variatioas on the basic
experiment described above were performed in which the efiects of

changing the angle of incidence or of rotating the sample about an axis

perpendicular to its surface were investigated.
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CHAPTER 5

MONOLAYER CHARACTERIZATION

5.0 Introduction

In chapter 3 the three categories of materials which were
investigated in this project were introduced; section 5.1 describes the
molecules within each class and the reasoning behind their selection.
The importance of pressure-area isotherms and monolaye; stability
studies in the screening of new materials fof IB film formation 1is
discussed, and results are presented for each of the new compounds.

Finally, the optimum dipping conditions for the most promising materials

are given in section 5.4.

5.1 Materials

Since the aim of this project was to develop LB films displaying
large optical non-linearities, the emphasis of the work described in
this chapter was placed on those materials fulfilling the criteria
detailéd in chapter 2 for the production of a large second-order
molecular hyperpolarizability (B). The basic structure of these
molecules therefore comprised of donor and acceptor functionalities
separated by a conjugated system, with the addition of hydrophobic
~groups to improve the stability of the water-surface monolayer. In
order to géin an insight into what chemical groups cpnfer - good
film-forming properties to the molecules, several materials Qere studi;a
which weré”subtle variations on the "ideal” omes. 1t was hoped that a
lcomparison 6f‘fhe non-linear behaviour of LB films of these compounds

with those-of'the target”materials could be used to check the validity

of the ghideliﬁes for obtaining molecules with large values of B.



The three categories of material ar: discussed in separate
sub-~sections: modified commercially available materials; anthracene
derivatives; and dipolar chromophores.

5.1.1 Modified commercially available materials

This section covers a series of chromophores which were purchased
from commercial outlets and subsequently ﬁodified in the Department of
Chemistry at Durham. The modification uéually took the form of the
addition Qf.a hydrocarbon tail to the molecule in order to reduce its
solubility.in water. B

2,6—Diéhloroindophénol was modified to give Ml.and M2 (figure 5.1)
which -contaiﬁ_:the same highly conjugated chromophore, but M1 has a
hydrocarbon.téil whereas HZ has a shorter fluorocarben tail. Similarly,
compound M3 (figure 5.1) was synthesized from Primulin, a biochemical
stain feageﬁt.

‘ 5.}.2 Anthracene derivatives

The anthracgpe deri?ﬂtives described in this section were all
synthesigéd}ip the Department of Chémiétry afiDurham (with the exception
of Al;_ﬁhiéh was purchased from ICI) and are summarised in figure 5.2,
Compound Al 1is known to form LB films. fhe verf shert hydrocarbon
chains .of Al ensure that the interesting electronic properties of the
déiocalizea aromatic m-electron system are not greatly diluted; however,
their.léngtg-does give rise to some solubility prcbleme which require
ca:éfﬁl cont?ol of both the subphase pH and the type and concentration
of.the counterions in order for them to be cvercome. A further problem
of the molecule 1s that 1t 1s prone to oxidative degradation.
Nevertheless, high quality multilayers of Al have been assembled from

which electroluminescence has been observed and which display a marked




Figure 5.1 Modified commercially available materials
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Figure 5.2 Anthracene derivatives
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(1)

aniéotropy_in their conQuctivity , the in-plane value exceeding that
in a direction perpendicular to the layers by a factor of iO .

The conjugated system of the anthracene ngcleus. could prove
valuable in enhancing the non-linear effects of any substituent . groups
attached to it. The other derivatives (A2-9) were synthesized with this
in mind, as well as the other advantages of Al over conventional LB film
materials discussed above. 1In préctice, the limitation of most of these
materials was found to be solubility (see later sectionms).

The group R1 in compounds Al and A3-9 will be a Qery weak donor; 1in
A2 it is an acceptor. A much greater range of groups was used for RZ:
in A9 it is a weak donor, whereas in Al, A2, A4, A6 and A7 it is a weak
acceptor, and in A3, A5 and A8 it is a much stronger acceptor. Thus
there is a range of different types of molecule, falling into the
following categories:

(1) Weak donor, weak acceptor (Al, A4, A6, A7)

(1i) Weak donor, strong acceptor (A3, AS, A8)
(1ii) Weak acceptor,'strong acceptor (A2)

(iv) Two Qeak donors (A9)

5.1.3 Dipolar chromophores

This series of compounds clearly ifllustrates the use of donor and
acceptor groups separated by a conjugated system 1n order -to produce
molecules with large B's. Unlike the anthracene derivatives, all of
these molecules possessed long hydrocarbon tails in order to render them
water—insoluble.

Sémples of the merocyanine dye D1 (figure 5.3) were obtained from
two different sources (D1A from G. L. Gaines, Jr., General Electric
Corporate Research and Development, and Ll1E-from I. R, Girling, GEC

Research), whereas the styrylpyridinium dyes (D2-4) and two of the




Figure 5.3 Dipolar chromophores
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stilbene dyes (D5 and D6) were synthesized at Durham. Compound D7 was
provided by M. F. Daniel (R.S.R.E., Malvern) and the azo dye D8 was
synthesized at Hull University.

In comﬁounds D2-4, the pyridinium group should act as an acceptor;
the dimethylamino group of D2 is a donor and therefore D2 has the
desired donor/acceptor properties. However, nitro groups are electron
acceptors and so D3 has two acceptors and no donor; this should make 1t
a useful compound for aemonstrating the need for charge-transfer in the
molecule, since D3 should, in theory, exhibit only weak non-linear
optical activity. Similarly, a carboxylic acid group 1is a weak acceptor
(althoﬁgh it becomes even poorer on ionization) and so little activity
should be expected from D4; however, this functionality might enable the
material to form better quality LB films. The stilbene dyes D5-7 all
have nitro acceptor groups; the donor in D5 1s an amide group, whereas
dyes D6 and D7 have the slightly stronger amine domors. Compound D8
represents. the azo analogue of D6 and should thus providé a -gogd_
comparison of fhe relative merits of stilbene and azobenzene units as
conjugated systems.

In summafy, .le D2 _and D5-8 are all donor/acceptor chromogens,

whereas D3 and D4 have two acceptor groups and no donor.

5.2 The Interpretation of Pressure-Area Isotherms and Monolayer

Stability Studies

5.2.1 Préssﬁfe—area isotherms

, Thefpréssure—area (m-A) isotherm of an "ideal® L film material,
stearic acid, was given in figure 3.7, This isotherm displayed distinct
phases in its structure; the presence or abacnce of sny or all of such

phases in the isotherms of the novel materials should give clues as to



how_tﬁeir ménblayers are behaving as compared- to the ideal materials.
Materials which register a finite surface pressure at very large
molecular bareas and whose isotherms have very gentle. slopes with
increasing pressure are likely to have their molecules lying nearly flat

(2)

on the water surface when uncompressed , the act of compression only
gradually altering their orientation such that the hydrocarbon chains
point vertically. The most promising isotherms display only a small
surface pressure prior to the '"solid" or condensed phase, which should
be quite steep (but not so steep that it becomes impossible to maintain
the surface pressure at a constant value within.this region, as 1s the
case with some particularly rigid monolayers).

The isotherms are plotted with area per molecule (am) as the
abscissa; this axis is originally recorded as the area, A, of the water
surface enclosed by the trough barriers, and 1is subsequently converted
to the a scéle using equation 5.1. This relation uses the known
concentration of the spreading solution (c)'and the volume 'of solution
spread (V) to find the mass of material ‘on the water surface, and hence

the number of molecules present (via the molecular weight, M, of the

material, and Avogadro's number, NA).

(5.1)

The errors in ¢ and V are quite small; in the case of c these
inaccuracies arise out of the process of weighing the solid and amount
to * 0.5%7, whereas the error in V depends largely on the method used to
dispeﬁse the solution. If an Agla precision microsyringe is used, then

the error in V should be approximately * 0.3%, but if a Hamilton fixed

needle microsyringe is used then this figure is likely to be closer to
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+1%Z. There will only be a small error (* 0.5%) in the measurement of A

"arms'" of the

for mobile monolayers; however, with rigid monolayers the
trough (see figure 3.2 in chaptef 3) do nct become fully covered with
film and this leads to a much larger erreor in A(2 7% a£ maximum trough
area). The total error in a is thus approximately t+ 1.57 for fluid
monolayers but much greater for rigid onmes.

It is important to note that the accuracy of the a scale 1s not
always as high as one might expect from the precision with which A, ¢
and V are known, since the presence of soluble impurities in the bulk
material or any dissolution of the monolayer itself prier to completion
of the isotherm will give rise to values of a which are too small. Tt
is also important to note that for a to.be the surface area occupied by
one molecule, the spread film must be only ore molecule thick; indeed,
small valués of a can often be wused as a éood indication that
monomolecular layers are mnot being formed. In view of these
considerations, a is usually referred to as the "apparent" area per
molecule.

There are‘ two values of a_ which are particularly useful in
characterizing a monolayer. The first of these is a;, the area per
molecule at the onset of collapse; the corresponding value of surface
pressufe, T is also of great interest. Extrapolating the steep,
linear, high-pressure region of the isotherm to zero pressure yields the
limiting area per molecule in the solid phase, a; (accurate to * 3.5%7,
in view of the errors in extrapolation on top of those of the a scale
itself).

It is often 1interesting to compress a monolayer to: a suffgsg

pressure just below its collapse point, then aliow it to relax back to

its original area before recompressing it; any changez can -be observed




in the 2form of the isotherm. In ‘cases where a monolayer exhibits
signifiéaﬁt;dissolution, this procesé wiii dominate the changes in the
isothérm; hbwevgr, in some situations where solubility is not a problem,
chénges céﬂ te seeir in the slope of the mA curve, due:to moléc#lar
rgprgaﬁization, whilst a:‘remains unchanged.

| The onset of collapse of a Langmuir film at high surface pressures:
can Bé -obserQed in two different ways} Flrstly, the slope of tﬁe
isotherm reduces markedly at the collapse point, and secondly,
striations parallel to tﬁe moving edges of the barrier become visible in
the film (particularly noticeabie with f{ntensely coloured dye
materials). The collapse of a Langmuir film is viewed as being the
catastrophic failure of the film structure in whichk the molecules start
to pile up on top of each other. With some materials only a small
surface pressure can be developed before the onset of collapse, whilst
others may form multilayers on the water surface spontaneously upon
spreading. Careful observation of the water surface prior to
compression can sometimes lead to the 1identification of materials
belonging to the 1latter category, owing to their tendency to form
coloured islands visible to the naked eye. A suitably steep isotherm,
but one which displays a low a » may occasionally be produced as such a
miltilayer film is compressed. Such materials are of no use in this

A

form, but frequently they can be diluted to form & mixed monolayer with
stearic or arachidic acid in order to prbduce good quality LB films(B).
The molar ratio of acid : dye in such mixtures is commonly 3:1, but may
be as low as 1:1 or as high as 10:1, depending on how poorly the
material behaves. In sectfon 3.5.3 the need for mobility in the

monolayer was described; the formation of mixed momnolayers, often with

relatively low percentages of fatty acid, provides a means of imparting




the desired fluidity. The use of slow-evaporating solvents is another
way of circumventing monolayer rigidity, although this approach is

highly empirical and is not always successful.

' 512;2 5M6n01ayer>stability studies

In. o;der for a material to be of practical use for LB film
fdrmat;on,. the rate of dissolution/collapse of the ;ater—sﬁrface ’
mpnplayer at the deposifion surface pressure should not be too great
(ideally it'should be zero). Some representative monolayer area decay
curveé are included in section 5.3. Fof some materials this decay can
be reduced by the careful optimization of subphase conditions such as
temperature, pH, and dionic content, although temperature cannot be
cbnveniently varied with the Langmuilr trough used for this work. 1In
this chapter the process-of subphase optimization is exemplified by the
amidonitrostilbene D5, although 1ts rate of coecllapse under most
conditions was not considered fast enough to be a limiting factor to its
usefulness,

The procedures adopted and the conditions used when monitoring the
change in film area with time or in plotting an isotherm were
standardised as far as possible (constant temperature, compression rate,
period of solvent evaporation, etc.) since any of these factors may have
a significant effect on the result, Wherever possible, the surface
pressure at which the decay in area was studied was selected to be in

the centre of the condensed phase in the isctherm.

5.3 Monolayer Characterization : Results

Some typical pressure-area isotherms and monclayer stability
studies for the various classes of material investigated are illustrated

in figures 5.4 - 5.14., The essential featares of these isotherms have
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been extracted and appear in table 5.1, together with some general
comments. The colours referred to are those of the spreading solutions.
Where the films are obviously not monomolecular, the values of ai, a;,
and ™, are bracketed as they are not really meaningful. In some cases
two figures are given for these quantities; this 1is where the isotherm
possesses two steep regions, either of which could represent a condenéed
phase (although usually the one at higher molecular area will be the
true solid phaée, the subsequent shaliow region representing collapse
and the second steep region arising.from the compression of a bilayer).
Where "dissolution" is referred to in table 5.7, the term is being used
for convenience, since strictly spe;king the mechanism by which
molecular area decreases with time could be dissolution; collapse,
evaporation or rearrangement, or any combination of these phenomena.
Some materials were not sufficiently soluble in chloroform (CHC13),
or other commonly used volatile organic solvents, to form suitable
spreading solutions. In these cases the material was first dissolved in
dimethyl formamide (DMF), a very powerful solvent, and then diluted with
approximately nine times this volume of chloroform. In view of the
miscibility of DMF with water, it was feared that the use of such a
solvent would lead to material being taken down into the subphase within
droplets of solution during the spreading process, resulting in the
measured area per molecule values being tno small., However, when a
spreading solution of arachidic acid was prepared using an even higher
percentage of DMF, it was found to give anAisotherm identical in both
shape and #; to that obtained when pure ch}orofornl was ‘used as g

solvent.
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5.3.1 Modified commercially available materials

Compound M1, a long - hydrocarbon chain derivative of
2,6-dichloroindophenol, proved to be water-soluble, whereas M2, the
analogue with a shorter fluorocarbon tail, was much more insoluble.
Isotherms of M2 were found to be almost identical throughout the pH
range 4.5 - 9.0, and a typical one 1is shown in figure 5.4. Although
this.dbes not display the distinct phase changes of stearic acid, it is
sufficiently steep at high surface pressures to be of interest for
further study. The inset to figure 5.4 1llustrates the high stability
of a water-surface monolayer of M2, |

It seems highly probable that the Langmuir films of M2 are not
truly ﬁonomolecular, since thezg value of 0.21 nm? is much clpéer td thg‘
crdss—séctional area of a hydrocarbon chain than to that of the more
bulky fluorégarbon chaiﬁ o6r the chromophore. This problem arises again
with the:Priﬁulin derivative M3, whose suitably steep isotherm is also
shpwn‘in figﬁfe 5.4 énd wﬁose a ; of 0.23 nm? seems very small for such
a bulky'chromo?hore. Since the films exhibit no sign of dissolution,
the ohly poésible explanation for the low values of area per molecule,
othér than bilayer formation, is that the bulk solid contained a high
percentégg_of soluble impurities.

5,342 Anthracene derivatives

The " preparation of LB films . of compound Al,
9—butyl—io¥anthrylprobionic acid (or C4 anthracene) has bééh extensiﬁely ‘
.discuéﬁed by Vincett et~a1(4), but since it forms the basis-of this
g?éﬁp of ﬁa;erials it warrants a brief description here. Figure 5.5,
shows tﬁe préésure-area isotherms for Al at three different values of

subphase pH; it can easily be seen that lowering the pH increases the

collapse surface pressufé and renders the material less water-soluble,
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thereby giving rise to a value of a; not inconsistent with the
dimensions qf the molecule (at high pH rapid.dissolution gives rise to
very small values of the apparent a;). The inset tc figure 5.5 reveals
that even at a pH of 4.5 there is a consliderable solubility problem,
although the material is still useful if a large area of monolayer 1is
spread initially. It is not beneficial to have a pH of less than 4.5,
siﬁce below this figure most of the carboxylic acid groups will remain
unionized whereas film cohesion is improved by salt formation. T
Compound A2 represents the first variation on C4 anthracene, with
the bu;yl.group'being repiaced by the even shorter CCCF3.- Although the
resultant 'isqfhefm appears to have a steep region and a very high
collapse‘surface pressure (figure 5.6a), the value of a; of 0.18 nn? is
far too small for the film to be monomolecular; this figure cannot be
accounted'fqr by dissolution, since>this is slow even at 40 mN m-1
(table-S.i). Héwéver, it was found that by making a mixed monolayer of
A2 witﬁjafaghidicvécid in'é ratio of'ongnAéjmolecﬁle to 2.65 molecules
of 'af;éﬁidié “acid (fresent' as cadmium arachidate under the subphase
conditiﬁns:émployed)Aan isotherm cbuld be obtainé& which displayed three
distinct pﬁase changes and a steep condensed phase line. AThe-abécissa

for this curve is calibrated in terms of the area per "average" molecule

in the mixture; thus éz (mixture) = aﬁ (A2) + 2.65 ag (arach.acid) _.-

. 3.65
Rearranging this equation and substituting in the known value, 3

3 odg o

(arach.acid) = 0.20 mm?, and the value measured from figure 5.6b, a
(mixture) = 0.26 nm?, gives az (A2) = 0.42 nm?. This 1is remarkably
close to the value of a; for C4 anthracene (0.43 nm?), suggesting that
thé A2 molecules are not aggregated within the film, i.e. that the

mixing process has been successful in preventing spontaneous collapse.
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Cémpound A3 is complemen?ary to A2 in that ia this material the COCF3 .
group replaces the propilonic acid group of Al instead of the butyl
group(-:Sinée.A3 was found to be highly soluble ip thg subphase thig
1mpiiés that the COCF3 group of A3 is more hydrophilic than the
propionic acid group 6f Al, and hence that A2 possesses two hydrophilic
groups and no hydrophobic group. If this is the case, theﬁ A2 would be
expected to be the most soluble of the three materials, which it clearly
is not. One possible explanation for this behaviour is that the
potentially high solubility of A2 1s reduced by the formation of
multilayers or aggregates of molecules in filme of pure AZ, and by the
cadmium arachidate matrix 1in the case of wmized mbnolaye?s. An
alternative explanation 1is that compound A3 has been oxidised to the
more soluble anthraquinone, giving rise to misleading results.

Although the isotherms of A4 and A6 are quite similar in their form
(figure 5.7), the values of a; (0.38 nm? for the former and 0.10 nm? for
the latter - see table 5.1) indicate that they represent totally
different'processes. The portion of the n-A curve of A4 for a = 0.36 -
0.32 nm? probably corresponds to a monolayer solid phase; the true a
values are likely to be somewhat largep than these measured ones, the
discrepancy arising from the rapid dissolution of the layer (see inset,
figure 5.7). Conversely, the portion of curve of corresponding shape
for A6 is bounded by a = 0.09 nm? and a = 0.07 am®, and since the film
is only moderately soluble in the subphasé, these values are not
consistent with the film being monomoleculer. Unfortunately, even A4'is
unliiely to be of use as an LB film material due to its lew collapse
pressure and high solubility.

The problem of excessive water-solubility arose again with compound

A5, which showed no sign of forming an insoluble monolayer throughout
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the pH range 4.5-9.0. This material possesses an extended conjugated
system and a powerful pyridinium acceptor group, which could have given
rise to interesting non-linear optical effects. Similarly, compound A7
was found tb be highly soluble in the subphase. It is rather surprising
that A7 should be even more soluble than A6, since their molecular
formulae are identical apart from the presence of an extra benzene ring
in the former.

The w-A curves of compounds A8 and A9 are very similar (figure
5.8), both displaying two steep reglons separated by one which is more
shallow. Similar isotherms were obtained throughout the pH range 4.0 to
9.5. The ag values obtained by extrapolating the two steep regions down
to zero pressure (table 5.1) indicate that for both materials the first
région (high a;) arises from monolayer compression whereas the second
region (low az) arises from multilayer compression, the intermediate
stage being monolayer collapse. Monolayer dissolution cannot be used as
an explanation for the low a; values in the second region,~since'fi}gA
area was found to decay only very slowly with time when the pressure was
held constant within an§ of the steep regions. The low values of T for
the tfug-monolayers implies that these materials are unlikely to form
good quaiity iB fiimé; |

The molecﬁlar formulae of A7, A8 and A9 are very similar, all three
materials_héviﬁg the sauie conjugated system and hydrophobic butyl group;
in .fact this series was designed to illustrate the effect on the
non—liﬁéar behaviour ofAchénging just the polar hgad group portion of sz
(seelmolécgiar formulae in figure 5.2);"fhe COOH, NOZ’ and OH groups
wefe ‘selected for their ‘widely differing electronic properties (see
section 541.2). Hoﬁever, the poor behaviour of these materials as .

Langmﬁir films has rendered such a study impossible.
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5.3.3 ‘Pipolar.chrémophores

The‘twp aifferent samples pf the merocyanine D1 were found to give
Si@ilar 1§othérms (fiéure 5.9). This dye was or great interest ‘in view
of it;' particularly large secondfordef hyperpolarizability iﬁ low
polarity AsdIQents, as determined by electric field induced second

harmonic - genenation(S'G), and 1its ability to form insoluble

mqnolayérs(7) éndﬂalternaté layer LB films(e). This material provides a
gqod_illdsgfation of - the 1mportancé>6£ ébntrdlliﬁg as many factors as
possible when obtaining an isotherm: there are distinct changes in the
m-A curve of Dlﬁ in figure 5.9 when the rate of compressioﬁ is éltefed;
There:ére two steep regions iIn the isotherm (three in the case of very
sloﬁ cqmpregsion); initially it was assumed that the one at lower.
surfaéé-preséﬁre corresponded to a monomolecular condensed phase, whilst
that at high pressure was the result of the compression of a multilayer
film. Howéver, the a; méasurements were not inconsistent with the high
pressure region being the solid monolayer phase and the lower pressure
region being due to some other phase., 1In the event, both regions were
investigated for monolayer stability.
The subphase conditions selected depended on the ultimate goal

(1) initial experiments were aimed at producing low pressure merocyanine
monolayers, and alternating layers with a long chain amine; since the

amine required the presence of sulphate ifons, the subphase used was

1073

M (NH4)2 SO4 (aq), pH ~ 7.5; (ii) subsequent investigations were
made of high pressure merocyanine monolayers, and alternating layers
with p~tricosenoic acid; the subphase employed here had pH > 7.0 with no
added ions. It was found that monolayers of D1 exhibited negligible

dissolution at a surface pressure of 28 ﬁN mfl (tzble 5.1), but at 41 mN

m_1 dissolution vwas rapid, only 107 of the initial monblayer area




_78-

remgihiﬁg-afgér a period of one hour at a pH of 7.5, although increasing
the‘pH to 8.5 greatly improved stability (70% remaining after an hour).
The reasonébly high pressures to which the monolayers can be taken, and
the lack of major solubility problems, makes the production of LB films
from either "s0lid" regime of D1 worthwhile pufsuing;

The hemicyanine dye, D2, prﬁvides another example of the extreme
caution needed when interpreting isotherms. The three curves shown in
figure 5.10 were all performed under identical subphase conditions and
compression rates, and indeed they do coincide over the small pressure
range 36-42 mN m_l, yet at lower pressures there are vast differences in
their slopes. Only one factor was changed from one isotherm to the next
~ the period of time for which the solvent was evaporated. Better
(steeper) 1sotherms were obtained with short evaporation times,
suggesting that perhaps the retention of some solvent in the monolayer
is improving its physical characteristics, or else that the molecules
undergo some kind of rearrangement on the water surfack prior to
compression. There appears ta be seme kind of phase change in
monolayers of D2 at 5 ~ 10 mN m—l, am n 0.9 nm?. Variations in subphase
pH or ion content had very little effect on the isotherms. The C16H33
and C7F15C0lanalogues of D2 gave rise to very expanded isotherms, with
no steep region prior to collapse at A 35 mN m—l, whilst the iodide salt
of the C6F13CZH4 analogue barely registered a surface pressure at all
before it collapsed. However, with respect to monolayers of D2 itself,
their high collapse surface pressure and low rate of dissolution (inset,
figure 5.10), coupled with a measured limiting area per molecule (table

5.1) which is consistent with the film being moniomolecular, render D2 a

suitable candidate for the formatlon of LB multilayers.




SURFACE PRESSURE (mNm')
S
1

1 1 1 1 1

Figure 5.10

020 040 060 0-80 100 120

a, (nnf)
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Pressure-area isotherms for (a) D3, pH=9.1 (no ioms), and
(b) D4, pH=5.8 (no ions).
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Compounds D3 and D4 were closely related to D2, the only
differences being in the head group. Of this set, D2 should be the most
promising from the non-linear optical point of view (as discussed in
gsection 5.1.3), and was therefore studied in the greatest depth, but D3
and D4 do serve to illustrate how subtle changes to a mplecule can
greatly affect monolayer behaviour. The_isétherm of D3 was shallow but
not expanded (figure 5.11), with a high collapse surface pressure and
area per mqlecule values consistent with a true monnlayer; the C16H33
analogue of D3 gave a very expanded isotherm exhibiting collapse at a30
mN m ~. In contrast, D4 gave a very steep isotherm which was unaffected
by the presence or absence of CdCl2 in the subphase and which displayed
gharp phase changes (figure 5.11). These films exhibited negligible
dissolution at 30 mN m—1 (table 5.1). 1In spite of these observations,
the area per molecule values were less than half those expected for a
true monolayer. Interestingly, the CIBHB7 analogue of D4 gave an
isotherm mofe closely resembling that of D3 and with area per molecule
values consistenf with a monolayer; this might indicate that the sample
of D4 itself contained a high percencage.gf soluble impurities, giving
rise to erroneous a values.

Of all the materials studied, D5 gave probably the most promising
isotherm; it being steep, with a high collapse pressure and aﬁ area per
moiecu}e sqale consistgnt with a monomolecular layer (figure 5.12a).
The A curvg_waé found to be largely independent ' of pH,”being only
slightly‘shallbwer ét pH > 8 and.unéhanged at pH = 4.4, Monolayers of
D5 exhibited a fairly slow decay in area with time at 32 mN m l'(irlset:,
figure 5. 12), but the onset of rigidity in the layer (as revealed by the
suction test_ of section 3.5.3) ‘limited their wuseful 11fetime to

approximafeiy iOO minutes. The yellow colour of a spreading solution
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Pressure-area isotherms for D5, pH=5.8 (no ioms), (a)
fresh spreading solution, (b) 2 month old spreading
solution. Inset: Change 1n fracgional area of _25
monolayer with time (v = 32 wN m ~, pH=5.7, 2x10 M
CdClz).
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2
CdClz).



of D5 Qas noticeably bleached over a period of several weeks, and a two
month old solution gave rise to a much shallower isotherm (figure 5.12b)
than does a fresh solution, although the area per molecule is
approximately the same at very high surface pressuré. Care was
therefore taken to ensure that all future studieg were performed using
solutions less than two weeks old. Molecules of D5 possesé a ﬁitzq
acdeptor and an amide donor separated by a stilbene conjugatea system of-
bonds, and éhould therefore display a significant non;linearity.

Thg,rate.ﬁfAdecay of the surface area of D5 monolayers with time
was studied és a fuﬁctioﬁ of subphase conditions (figure 5.14). The
decay process in each case can be seen to commence with relatively rapid
dissolutiqn;ffbllowed by a process obeying equationm 3.1, i.e. In(N) =
;ktj+ C. - Since the initial area of film spread was not identical in
each>céée;land:since the t%o position was difficult to defire, the most
'impor;ant'aépect of this study was td find-¥he optimum conditions for
reducing the slope of the 1n (film area) versuz time plot (i.e. for
reducing'k), raﬁher than trying to reduce the initfal dissolution. If 4
can bé seen from figure 5.14 that with no ions added to the subphase a
pﬁ‘bf 4fOJq; 5.6 gives approximately the same value of k, whilst that
forlpH:Q 9.3;18 slightly larger. Surprisingly, the addition of CdCl2 to
the subphase seems to reduce k, especially at pH ~ 5.7.

Anothér partiCUlarfy interesting compound is D6, in which the
slightly stronger amine donor replaces the amide group of D5. Once
again the isotherm is steep, the collapse surface pressure high, and the
measured area per molecule consistent with monclafer formation (figure
5.13). At 30 mN m-1 the area was found to decay only very slowly with

time, but rigidity set in quite .rapidly and to a much greater extent
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Figure 5.14 Decay in area of a Langmuir film of D5 with time for
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than'ﬁith;DS, rénderimgAtﬁe monolayerAunsuitable for LB film deposition

less théﬁfbpé hour afpef s?réading.' L
o fhe'ne;t material in thé series, D7, has a tértiary amine replacing
tbe secondary amine.donor group of D6. Althcugh this material has a
steep isotherm (figure 5.13) and exhibits littie dissolution, the a;
value of 0.08 nm? clearly indicates that the film is not monomolecular.
Indeed,.'éaféful observation of the water surface immediately after.
spréading reQealed the presence of oily patches approximately 0.5 cm in
diameter, ‘arising from ;a strong tendency for the dye _molecules to
aggregate Iin an antiparallel fashion. However,satisfactory isotherms
were obtained for a mixed monolayer containing five molecules of
arachidic acid to one of D7. Similarly D8, the azo analogue of D6,
formed islands of material prior to compression, and although steep
isotherms were obtained at pH values of 4.7'(figure 5.13) and 5.0, the
films collapsed rapildly when held at a surface pressure of 30 mN m—l.

Once again a mixture of 5 moles of arachidic acid to one of dye was

found to give a good isotherm and stable monolayer.

5.4 Film Transfer

Having studied the properties of the water—surface monolayers. of
each compound, the next stage was to attempt to transfer these layers to
solid substrates and build up multilayer structures. The. techniques
described in this section for the assessment of the quality of deposited
films are very simple; more sophisticated methods can be found in
chapter 6. In section 3.6.3 the concept of deposition ratio was
introduced;vthis quantity was estimated from the plots of film area
against time obtained for each dip, and was the primary indication of

whether the same amount of material was being deposited in each



monolayer. Where deposition was particularly poor, visual observation
of the substrate would often reveal regions where islands of collapsed
film had been picked up; in cases where the deposition was of a better
quality, the same technique could be used to check that the colour of
reasonably thick (v 20 layers) films was uniform over the whole sample.
A final test‘which could be employed was to breathe on the film, which
would take up the moisture; the resultant clouding of the-layer th;;
helped to show up any régions’in which the deposition was pon—uniform.

In .VieQ _9f_ the results of earlier sections, mot all of the
materiaié wéfé deeﬁed-to Be suitable for depositlion. Compounds M1, A3,
A5 and A? were all too soluble in the subphase, whilst A4 rapidly
collapéed and layers of-A§ were not monomolecular. A2, D7 and D8 were
only stuéiedl—gs mixtures with arachidic acid. Shortage of  time
precludéd:furtherAinQes;iéaﬁion of D3 and D4, which seemed unlikely to
show ipﬁgrégting non-linear optical.effécté;-: |

fabie'S.Z summarises the dipping conditions employed for materiéls
which were found to give LB films of poor or moderéte quality, whilst
table 5.3 details the same quantities for those compounds~gi§ing high
quélity (Y;type) films. In the situations where.a material gave rathep
patchy'EOQefége, variations in subphase. conditions, deposition surface
preésure, diéping speed, and substrate preparation were investigated,
and only the most successful combination is given in the tables.

Several materials would deposit as monolayers on hydrophilic
substrates, but thesé layers would come off again on subsequent
immersions of the substrate in tﬁe subphase, being replaced by a fresh
monolayer on‘withdrawal. Z-type deposition was attempted with all these
materials, but without success. Unusual maﬁerials in this respect were

. M3 and D2, which would transfer a layer to a substrate on each
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withdrawal but not on insertion, whilst pre-deposited layers would
remain firmly bonded. Although this might appear te constitute Z-type
deposition, when this was atfempted using the automated feature of the
trough, the film quality was much poorer than usual. This might suggest
that M3 and D2 do in fact deposit in a Y-type mode, with the molecules
undergoing some form of reorientation immediately prior to transfer to
the substrate.

Conventional Y-type LB films are of nd interest for second-order
non-linear optical processes, owing to 'their inherent centrosymmetry;
however, this limitation can be overcome by the use of alternate layer
systems, as discussed elsewhere iIn this thesis. Since the subphase 1is
common to both of the components of such a system, its contents cannot
be optimized for each of them simultaneously. Frequently one of the
materials will be more tolerant to non-ideal dipping conditions than the
other, in which case they can be suited to the most #demanding"
compound. Table 5.4 summariscs the deposition features of the several
different alternate layer systems investigated; the surface pressures

employéd for each material were the same as for single component Y-type

films.

5.5 Summary

This chapter has reviewed the techniques available for
characterizing water-surface monolayers in order to find the optimum
conditions for LB film deposition. The novel materials investigated in
this project have been introduced, and the reasoning behind their
selection d19cussed. Results have been presented for 26 differeﬁt
compounds{'0qf of which four (Al, D1, D5 and D6) gave rise to highly

uniform Y-type multilayers, a fifth (D2) formed moderately good films,
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and thiee»ofhefs (A2, D7 and D8) could be deposited as mixed monolayers.
The. optimem Aipping conditions for these materials have been given,
aloné-&ith those for sevefel alternate layer systems of interest for
cheirhpoceneially large optical non;iieeafities.

Considering a generalised molecule, R-GlfC—G where R 1is the

2’

hydrocarbon tail, C is the conjugated system, and Gl’ Gi are dohor'(Di

or acceptor (A) groups, then these results can be summarized as follows:

Material : R Gl G2

Al C4H9 D (weak) A (weak)
Highly uniform multilayers D1 CZZH45 D A

DS C17H35 D A

D6 C22H45 D A

) A

Moderately good films D2 022H45 A D

A2 CF300 A A (weak)
Mixed monolayers D7 C18H37 D A

D8 C18H37 D A

In the next chapter some physical characteristics of these films
are described, whilst chapter 7 is concerned with their structural
assessment. Finally, chapter 8 deals with studies of second harmoric

generation from LB monolayers and multilayers of these novel materials,



CHAPTER 6

.SOME TECHNIQUES FOR THE CHARACTERIZATION OF LB FILMS

AND MATERIALS : RESULTS AND DISCUSSIONS

6.0 Introduction

Although the primary objective of this project was to produce LB
films displaying large optical non-linearities, the linear optical
properties of the films are also very importan; in determining which
applications they may be appropriate to. The real component of the
1inear susceptibi1ity is responsible for the refraction of light, whilst
the imaginary part accounts for absorption (see Chapter 2). Optical
absorption measﬁrements performed on solutions and LB films of the
various dyes described in Chapter 5 as forming good quality multilayers
are described in section 6.1. Such data 1s useful for determining the
rahge éf fundamental wavelength over which radiation . can be
frequency-doubled by the film; in addition, studies of absorbance (atﬂg'
fixed fréquency) as a‘fupction of film thickness can be gmployed to
assess, the uhiformity of deposition - from one>1ayef to fhe next (sée
section-'3.7);. The results of surface plasmon resonance studies are
presented in section 6.3; these can be used fo estimate the refractive
index of the film, and fhe shape of the resonance curves can yield
quélitati?e information coﬁcerning the film quality {i.e. if it scatters
thé incidgnt raéia;ion Qery badly).

ﬁany.pqtentiéi appliéétions for LB films in non-linear optics (e.g.
élecf?é—bpt?c‘modulation) réquire thé application of an electric field
across the. device;-‘it is therefore importanﬁ_ to be -able to make
eieétrical contacts to the films. In section 6.2 the measurement of

capacitance as a function of film thickness 1is described; such
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experiments are useful for assessing the quality of multilayers (see
Chapter 3) as well as 1in determining the success of top contact
deposition.

The Kurfz powder technique is a widely practiced simple method for

screening large numbers of compounds for second-order non-linear optical

(1,2)

activity . . It is normally used to identify suitable candidates for

single—crystéli'studies, but in section 6.4 the advantages and
disadvaﬁtagé5~of its application to powdered samples of LB film material
are discussed~énd some results presented. One way of assessing the
potential off'a new matérial at the earliest possible stage 1s to
caléulatei' a . theoretical wvalue for its second~order molecular
hyperpdlarizability. The:results of a few such computations are given

in section 6.5.

6.1 Optical Absorption

6.1.0. Background

The oﬁtical absorption spectrum is an important characteristic for
any LBffiim-Aestined for an application in the field of optics, since it
de;érﬁines wﬁat wavelengths of 1light can propagate through the film
" without being heavily attenuated by absorption losses. In particular,
efficient frequency doubling requires the careful matching of the
non-linear material to the fundamental wavelength; ideally the
absorption edge should be near to the second harmonic wavelength but
must not include it (see section 2.3.2).

Studies of absorbance (at a ﬁixed waveléngth, usually an absorption
maximum) as a function of film thickness can be used to check that the
deposition of material is uniform from one monoiayer to the uext (see

section 3.7). The Beer-Lambert law for dye solutions is: A = ¢ cd,
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where A 1s the absorbance, € the molar extinction coefficient, c¢ the
concentration, and d the path length. For an LB film, c¢d is equivalent
to Ng, where N 1s the number of monclayers énd 5 1s the surface density
of dye molecules. Assuming that the material obeys this law, and that
interference effects can be neglected, a 'linear plot of absorbance
versus number of monolayers would be indicative of consistent monolayer
pick-up. This technique is also used in section 6.1.4 to demonstrate
that the same proportion of dye is picked up 1In successive layefs
deposited from a mixed water-surface monolayer.

In section 6.1.1 the differences in tﬁe optical absorption
characteristics of two resonance forms of a merocyanine dye ‘are used to
monitor the progress of its protonation reactinn. Thi:z is an important
process, since the second-order hyperpolarizabilifty of one resonance
form is much larger than that of the other.

Contraéting the absorption spectra cbtained for solutions of a
given material in different solvents with that given by an LB film can
often yield interesting information concerning the local environment of
the molecules in the film. Changes in sclvent polsrity éan produce
large spectral shifts, a phenomenon frequently referred to as
solvatochromism, Such effects can be particularly 1large for
chromophores exhibiting extensive intramolecular charge trausfer, as in
the case of the conjugated donor-acceptor systems studied in this
project. Solvatochromic effects depend largely on there being a change
in the dipolar characteristics of a molecule when it iz promoted to the
excited state.

The arguments used to explain the ubserved spectral shifts of
soLutions "and LB films will be wvery simiiar for each material..

Therefore, in order to avoid subsequent repetition, a general discussion
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will now be given in which the merocyanine-type compounds are taken as

an example. Merocyanines (defined .as chromogens based on a

donor-usually an amino group - and a carbonyl acceptor) fall into three
distinct classes, according to the polarity of the ground state(3):

(1) Wéakly polar compounds. 1In the ground state these materials

have a low degree of charge separation (usuaily because of the

inclusion of weak electron donors and acceptors) and show a

high degree of bond alternmation (i.e. the bonds in the

conjugated system are alternately double and zingle in their

order). The excited state of such compounds generally

exhibits a high degree of charge ctransfer from donor to

acceptor, and thus has a large dipols moment, This will be

accompanied by a significant  tendency towards  bond

equalisatidn (i.e. to successive bonds having the same

strength). Polar solvents will stabilise ihe excited state

" more than the ground state, and thus such materialsAdisplay a

Abathochromic (towards longer wavelength) shift of the first.

‘absorption band when the solvent polarity is increased.

(11) Highly pblar coﬁbopnds. These arise from the combination of a

| " powerful donor and acceptor, resulting Ir a ground state of

ﬁigﬁ  polarity. The ground state Also shows stroﬁg_ bond

alternation, due to the unequal contributions of the neutral

~ana.charge sebarated resonance forms, In the excited state,

..thé rpblarity 1s. reduced, due to charge. migration from the

: :negaéife- end §f 'the dipole to  the - positive end. Bond -

j'eqﬁalisatioh thus-occurs."Polgr solvents will stabilise the

'gfound state of such-dyes more than theuexciﬁgd scate, and

will thus produce a hypscchromic (towafds shorté; waveléngth)

shift of the absorption bsnd.




(11i) Moderately polar compounds. In these dyes there is a strong
tendency towards bond equalisation 1in the ground state,
implying tﬂat the contributions of the neutral and charge
separated forms are almost equal. There is 1little change in

| polarity in the first excited state, and thus such compounds

éhqw only small solvent shifts. o

The Spectral shifts displayed by charge-transfer dyes in LB film
form can: 1afgg1y be attributed to ;he closely reiéted -phenomenon df
diﬁole-dipple £nferactibns. Parallel alignmeng cf dipoles within the
film will result in the relative stabilisation of the electronic.state
of lowest.po1arity, wheteés anfiparallel alignment will favour the state
of highesﬁ polgrity; the orientation Qf dipoles at angles to each other
will'reéuit in;fhe sﬁlittinngf,the band, one half being blue shifted,
the othé; rgd shifted with“réspect to.theuofiginal band(é). In addition
to Hibbié-dibole intéractiohs, there are crystal field effects which
give rise ﬁp a further spectral éﬁift coupled with a broaqening,of.the
aﬁsorptionv bands relative to those exhibited by solutions.. The
-vibrational fine structufe assoclated with electronic transitions and
often observed in the absorption spectra of solutions is usually lost 1n.
the spectra of LB films.

A phenomenon which sometimes arises in. LB films of dye materials is
the formation of what are commonly termed . aggregates (éfter Jelley).
These aggregates exhibit intense narrow-band absorption spectra,
bathochromically shifted from the'molecular'absorption(s); such features
were not observed in any of the LB film spectra repoerted in this

section, and therefore aggregate formation is not referred to in

subsequent discussions.




In sections 6.,1,1-6.1.7, the optical abscrption characteristics of
the most promising materials described in Chapter 5 will be presented.

6.1.1 Merocyanine (compound D1)

Having stated in section 6.1.0 that a merocyanine dye can be placed
into one of three categories according to the polarity of the ground
state, compound Dl represents a curiosity in that the polarity of the
solvent can change it from a moderately polar dye into a highly polar
one by strong stabilisation of the charge separated form in the ground
state(3). The resultant solvatochromism has been reported by Gaines(6)
for the n-hexadecyl analogue of D1, whose solutions range in colour from
blue In chlorinated hydrocarbons to red in ethanol, according to the

relative contributions made in the ground state by the resonance forms I

and II (bglow).

o - (ID)

The second-order hyperpolarizability, B, 1s sensitive to charge

transfer structural changes; thus the value of B, as determined
by elecﬁric field 1nducedl§econd harmonic generation, would be expected
to va;y-wich solvent -polarity, and this has, in fact, been verified by

(7N (8) 048

Levine et al''’. Dulétc c® n®

reports the vaiue of 8 (v 4 x 1
-2 o : o
J ") for the methyl homologue of Dl {in dimethyl sulphoxide) as -being .

.the largest measured for molecules of the same length,




The enolic oxygen of compound D1 reacts readily with acid

(6)

(protonation) to form III (below), which is yellow This\reaction is

(IOI)

highly undesirable from the non-linear optical viewpoint, since the
donor in molecule III is the OH group, which performs the fuﬁction only
very weakly. This 1s in contrast to the much stronger donor and
acceptor groups in I; thus the second—ordef hyperpolarizability of I is
much superior to that of IIT.

| The main disadvantage of D1 as an LB film material for potential
non-linear optical applications lies in its reactivity towards acids.
LB films of D1, as deposited from an alkaline subphase, were red-orange
in colour; however, if allowed to stand in air ;hey turned yellow within
an hour, due to protonation. It was found to be possible to effect
pa;tial deprotonation of the films by exposing them to ammonié'vapour'dr
10-3 M sodium hydroxide solution; however, the films quickly reverted to
the protonated 'forml wheg removed from the basic enviro;ment. The
progres§ of the protonation reaction could be monitofed by recording the
optical absorption spectrum of a film at regular time 1ntervals after
deprotonatiqq'(figure 6.1). An isosbestic point was observed at 442nm;
the.presencé-of such ; point i3 consistent wirh a simple protolytic
equilibriﬁm,in?élvingfonly.two forms, D1 (red) and D1 H (yellow).

air 4

_ + ‘
- 1.e DL+ H — D1H
base
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Repeated Aéycling of_ the multilayers between the yellow ana red
forms’did'néﬁ‘broduce any visible degradation of the film quality. The
wavélengths of5the absorption peaks due to D1 and D1H+ are difficult to
detefmiﬁef?fécisély: the f@rﬁér 1s taken to.be 522 nm, but since it only -
'gppéays-as § shoulder on the DlH+ péak;-tﬁis-%igure-is ouly approximate;
the latter lies between 380 nm and 392 ﬁm, there being some very slight
spectral.shift as a function of the molar ratio of cne species-co.thé _
other in the film. | |
- In_viey of the finite scan rate used to cbtain the spectra, the
ﬂ390.phApeakAin figure 6.1 will have been recorded scme fwo minutés
after the 522 nm one; thus, in order to get a more accurate estimate of
the absorbance values at the two peaks simultaneously, figure 6.2 was
produced. This plot was obtained by monitoring the abscrbance at 392 nm
- for a period of one minute, then that at 522'nm for a2 further one
minute, before returning to 392 nm and repeating the ecycle again, many
times over. The graph clearly demonstratés the growth ef the DlH+ peak
at the expense of the D1 peak, and could in turn be used to construct
figure 6.3, in which the change in absorbance at 392 nm is plotted
against the change in absorbance at 522 nm (relative to the absorbance
figures immediately after treatment with alkali). The slight deviation
of figure 6.3 from the expected linear characteristic(g) could probably
be explained by 1inaccuracies in defining the wavelength of the
absorption maxima, especially in view of the slight spectral shifts
(noted above) which seem to occur during the conversion process.
(9)

Davidson and Jencks have obtained an anaicgous plot for solutions of

4 1 4
- the methyl homologue of D1 (D1 ), in which one peak is due to D1 and

A
"the other to a complex of D1 with a compcnent of z salt added to the

v -
solution; the changes in molar ratio of complex to Dl {and hence in the
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Figure 6L2 Plots of absorbance at 392 nm and 522 nm versus time for

an LB film of merocyanine after deprotonation.
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for a merocyanine LB film of stepped thickness.




ratio of the absorption peaks) were achieved by "varying the
concentration of the salt in the solution.

Studies by Daniel and Smith(;o) of the relative incensities of the
phenolic O0-H in-plane deformation mode (D1H+) and the quinoidal C=0
stretching vibration (D1) in the infrared spectrum of an LB film of DI,
before and after exposure to ‘ammonia Qapour, have confirmed the
existence of the protolytic equilibrium.

A plot of absorbance versus number of monolayers is shown in figure
6.4 for a merocyanine LB film of stepped thickness; it reveals thét the
material obeys the Beer-Lambert law quite well, confirming the
deposition to be uniform. The dye was left in its protonated form in
order to prevent changes in the profile of the spectra occurring during
the measurements,

6.1.2 Amidonitrostilbene (compound D5)

The optical absorption spectra of solutfons of amidonitrostilbene
(compound D5) in chloroform and in cyclohexane, and of a 60-iayer LB
film of the material, are shown in. figure 6.5. 1t is interesting to
note that in chloroform there is a slight bathochromic shift of the
first absorption band (i.e. of the lowest energy electronic transition)
relative to its position when nonpolar cyclohexane is the solyent. This
is indicative of a higher degree of charge transfer in the first excited
state thaﬁ in the ground state. Another effect which can readily be
seen on examination of figure 6.5 is that in cyclohexane solution the
peak aﬁsorbance of the second absorption band (i.e. the one at shorter
wavelength) 1s much greater than that of the first absorption band,
whereas the reverse is true in chloroform solution. It should be noted
that the vibrational fine structure was only obssrved for the case of

the second absorption band of the cyclohexane solution. The spectrum of
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the LB filmb exhibits a splicting of the first ébsorption band,
indicative of an angular distribution of dipoles within the liayers; in
addition, this band is significantly broadened and shifted in wavelength
by crystal field effects.

A plot of absorbénce at 370 nm against number of monolayers gave an
excellent>straight line fit (figure 6.6), indicative of highly uniform
LB multilayer deposition. The fact that the points derived from fiims
deposited on hydrophilic and hydrophobic substrates lie on the same line
indicates that the material has wide applicaﬂility. A solution of D5 in
chloroform becomes bleached within a period of a few weeks; in contrast;
the absorption spectfum of a sample containing 60-1layers of DS decreased
in intensity by only ~ 207 and was unchangéd‘im p?ofile over a perlod of
several months., This Increased étability of the nultilayers relative to

(11), who

solutions is complementary to the observations of Mooney et al
found a significantly lower photoisomerization yield in LB films of a
long chain trans-stilbene compared to that in most organic solvents.
Monolayers containing D5 mixed with cadmium arachidate were found to
give absorption spectra of identical profile to those of the undiluted
materiél, the intenéities of the absorptions simply being reduced in
proportion to the fractional area of the layer occupied by cadmium

arachidate.

6.1.3 Aminonitrostilbene (compound D6}

Aminonitrostilbene (compound D6) is a closgly related material to
D5, éhe. essential difference lying ir tHe replacement of. the amide
functionality in the latter with an amine group, which should be a’
rather stfonge: donor. ‘Figure 6.7 shows the optical absorption spectra

of D6.in-chIordform solution, cyclohexane solﬁtion, and LB film form.
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These lspecprg: display the same features as were observed with D5,
namely: ;
(1) Jé:éligﬁt bathochromic shift of the first absorption band in
:ijchlo£df;fm reIafive to cyclohexane;
_(ii)f'i& cyclohexane solution the'peaivabéorbance’of the second
aBsorption-band is greater than tﬁat of the first absorption
, Eénd, whe;eas the reverse is true in chloroform sélutionj .
‘>(iii) the spectrum of the LB film exhibits a splitting and
_brqadening of the first absorption band (although the lower
wavelength half exhibits a clear maximum in the case of D6 bﬁt
not with DS).
In addition, the aolutio; absorption pesks are both at longer wavelength
in D6 compared to D5 (for a given solvent); for the first absorption
band, this difference is approximately 50 nm in either solvent. Such a
change 1is probably due to the greater donor strength in D6 bringing
about a higher degree of charge transfer in the ground state and thereby
reducing the difference in energy between that and the first excited
state.
A plot of peak (376 nm) absorbance against thickness for an LB film
of D6 yielded a good straight line, indicating a uniform pick-up of
material from one monolayer to the next. (figure 6.8).

6.1.4 Tertiary aminonitrostilbene (compound D7)

Unlike D5 and D6, the tertiary aminostilbene (compound D7) could
not be deposited 1in single component multi}ayers; however, pcod film
quaiilty could be obtained by diluting the individual monglayers with
arachidic acid (1 moie of dye to 5 molés of acid), present as cadmium
arachidate under the subphase conditions used. Figure 6.9 shows the

optical absorption spectra " obtained for three different multilayer
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thicknesées, deposited onto a substrate consisting of a Corning 7059
glass slide with cadmium arachidate overlayers. The peaks in these
‘spectra are particularly sharp for an LB film, probably as a consequence
of the dye molecules being dispersed in an "inert" fatty acid matrix and
therefore behaving more like "free" molecules. The contrast in this
behaviour compared to that reportéd in section 6.1.2 for D5, where the
production of a mixed layer did not increase the sharpness of the peaks,
is probably due to the smaller molar ratio of acid to dye in the latter
case. As expected, the peak of the first absorption band (394 nm) lies
close to that observed for the secondary mninoditrostilbene (P6) 1in
cyclohexane (397 nm), since the molecules are very similar in nature and
their environments are effectively nonpolar in both cases.

The spectra given in figure 6.9 were'gsed to construct plots of
peak absorbance, for the fifst and second absorption bands; against the
number of mixed layers deposited (figufe 6.10). Both of these graphs
were linear, indicating that the same amount of absorbing material was
being pickéd up in each monolayer; the fact that these lines passed
‘through the origin confirmed that D7 was indeed the absorbing speciles
responsible for each peak in the spectrum (see note below).

NB. If either peak had been due to cadmium arachidate, then the
ébsorbance, A, would have been given by A = ka, where k is a constant
and a is the effective number of cadmium arachidate layers. Now, if F
{s the fractional area of D7 present in each mixed layer, and there are
m' mixed layers (deposited on top of 2 layers of pure cadmium
arachidate) in the region of film being considered, then a = 12 +

m(1-F) .Thus A = 12k + mk (1-F), and the intercept on the m-axis (i.e.
when A=0) would be at m = -12/(1-F); since 0<1-F<1, this gives m<-12.

However, if the peak under consideration is due to D7, then A « m and

the line will pass through the ovigin.
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6.1.5 Hemicyanine (compound D2)

A comparison of the optical absorption spectra cof an LB film of
hemicyanine (compound D2) and its solution in chloroform 1is shown in
figure 6.11. The first absorption band 1is broadened and
hypsochromically shifted in the LB film relative to the solution. If
the dipoles are assumed to have a parallel alignment within the film,
then the :électronic. étate of lowest polarity will be energetically
favoured (due to dipole--_dipole repulsions); a_blue shift of the first
absorption bandA impligs that the ground state ﬁas béen' stabilized
relativé §o’thé first~ekcited state, and thus that the first electronic
transition is  accompanied by an increase in the degree ofA charge
transfer. .Vibrational. fine structure was observed in the second
abéorptioﬁ banq_of the soiution, but not in any other reglons of the
spectra. FAccu?étely linear plots of absorbance at 264 nm and 376 nm
. versusv number of fnbnolayeré were obtained (-figuref6.].2), characteristic
6f ﬁnifé}m aeﬁosition;

Tﬂe.second-ordef non-linear oétical properties of a miged monolayer
sfstem inéorporating hemicyanine and cadmium “arachidate have- been
investigated (see Chaéter 8), and the complementary optical
characterization is given in section 6.1.7.

6.1.6 The alternate layer hemicyanine/amidonitrostilbene system

Alternate layers of hemicyanine (p2) and amidonitrostilbene (D5)
constitute a donor—aéceptor: inverted donor-acceptor syétem, and are
therefore likely to display 1large non-linear optical effects (see
Chapter 8). It was thus of interest to characterize the optical
absorption properties of such arrays. The optical atzorption spectrum
6f a sample consisting of 1ll-layers of hemicyanina alternated with

10-layers of amidonitrostilbene is given in figure 6.12. A plot of peak
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Figure 6.12 Absorbance at (a) 264 nm and (b) 376 nm versus the number
of monolayers for a hemicyanine LB film of stepped

thickness.
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(393 nm) absorbance against the number of bilayers depcsited is shown in
the inset, and gives a reasonable fit to a straight line. As expected,
this line does not pass through the origin, due to the additional first
layer of hemicyanine.

The spectrum shown in figure 6.13 is clearly not the result of a
simple weighted addition of the spectrz ‘of Y-type multilayers of
hemicyanine (figure 6.11) and amidonitrostilbens (figure 6.5). This can
be seen from the fact that the first absorption band of hemicyanine
gives an absorbance peak at 376nm, whilst the broad first and second
absorption bands of amidonitrostilbene give rise to an ahsorbance which
increases with decreasing wavelength over the eutire range 250-500 nm;
thus any linear combination of the two will give a first absorption peak
below 376 nm, whereas the alternate layer system displays a distinct
peak at 393 nm. A possible explanation for this pheinomenon may lay in
the opposite direction of the first excited state dipoles, with respect
to the hydrocarbon tails, of D2 compared tc D5. Although the direction
of charge transfer is unchanged in going from the grouad to the first
excited state in either molecule, the degree of this iransfer is much
greater in the excited state. MNcw, when the molecules are placed head
to head in the multilayer structure, the positive end of the hemicyanine
dipole will be adjacent to the negative end of the amidonitrostilbene
dipole and in this situation the excited state of either molécule'will
be'more stable than in_conventional Y-type multilayers (where the ends
of adjacentﬁdipoies have:the same sign). This stabilization of the
excitéd-states.is\likely_t& produce‘a bathochromic ehift in the first
abéorpﬁioﬁ bﬁnds of both molecules, in accordance with the cbserved peak

at 393 nm for the alternate layer system.




6.1.7 The hemicyanine/cadmium arachidate system of mixed

monolayers

Mixed monolayers are frequently used to improve the deposition

(12), and 1in Chapter 8 the

characreristics of dye materials
hemicyanine/cadmium arachidate system is. used as a moeel to investigate
the effects of dilution on the non-linear optical properties of LB
films. This section describes the optical absorption characteristics of
such monolayers.

Optical absorption spectra for a pure hemicyanine monolayer and a
mixed monolayer of hemicyanine and cadmium arachidate (containing 56%
dye, by area) are shown in figure 6.14, There are eignificapt
differences in the spectra of hemicyanine monolayers {figure 6.14) and
multilayers (figure 6.11); these will be discussed later in this
section. The signal-to-noise ratios encountered In this part of the
study were rather low, as a result of the extremely small absorbances of
such thin films, and slight baseline shifts were observed between
samples, due to small differences 1in the absorbance of different
substrates (Spectrosil B vitreous silica slides); accurately
quantitative measurements of peak absorbance as a function of dye
concentration were therefore not possible. However, over the renge of
concentrations studied (15-100% dye, by area), there was a definite
trend towards increasing peak absorbance in the first absorption band
(normalized by dividing the measured absorhance by the fractional area
of dye in the film) with decreasing dye concent rntion. This pattern was
not reflected'in the second absorption band, whose inteesity was simply
proportiona1~ to the hemicyanine concentration. Similarly, the first
absorption bandAexhibited a bathochromic shift on dilution (from % 419
nm for 100% dye to % 470 nm for 157 dye) whereas the shift in the second -

absorprien band was negligible.



*(Ba1e £q aurueddTwey %9¢ SufufeIUOD) umzmﬂocoi
93BPTYOBIB  WNTWPED/3UTUBADTWAY paxfm (q) ta9deToucu
autueddTway aand (®) : jo eazoads uojidiosqe TeOTidQ %1°9 °an31q

(wu)  Yyybuajenepm

0SS 00S 0SsY 007 (0,51 00€ 0sZ 00Z
T .

S00-0

0i0-0

5100

aoiueqlosqy



- 100 -

The general observations of the effects of dilution are typified by
the spectra shown in figure 6.14; the first absorptlon band of the dye
is shifted from ~ 419 nm in the pure monolayer to ~ 467 nm in the mixed
la&er, and tnis change is accompanled by an increase in peak absorbance
(even before normalizationwo allow for the lower dye concentretion). i;'
contrast,-the second absorption band of the dye in the mixed layer is
barely-shifted‘(ZGS nmn cf. 269 nm in the homngeneeus leyer), and the
peak absorbanee>ie“very close to 567 of that of the pure dye monolayer.
A nossibie exnlanation for these results lies in the effects of dipole -
dipole‘interactions on_tne stability of the first excited state. In
gection -6;.1.5 tbe hypsochromic shift of thev first absorption band of a
multiléyer LB film,of hemicyanine relative to a solution was interpreted
as being due to the dinfluence of parallel dipole alignment on the
stability of the hlghly polar first excited state. By forming a mixed

onolayer ‘the dye molecules are being plated in an environment more
closely resembling that of the solution, hence the shift of absorption
back towards longer wavelengths; 1in addition, the more favourable
conditinné fnr charge transfer are likely to give rise to an increase in‘
theAintensity of the peak. A similar argument may bold in order to
exnlain the difference in behaviour between hemicyanine monolayer and
multilayer structures. In Y-type films, the dipoles are oriented with
their positive ends adjacent, which is unfavourable for the increased
degree of charge transfer which accompanies the first electronic
transition. A monolayer doesn't have an opposing layer of dipoles next
to it, and hence is likely to dieplay a bathochromic shift of the first
absotption band relative to the multilayers, as was observed (the
absorption maximum of the 36-layer film in figure €.11 was at ~ 376 nm

cf 419 mnm in the monolayer). Presumzbly the second electronic
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transition does not involve such a.great change in the polarity of the
molecules as the first, since 1t was largely unaffected by monolayer
dilution or multilayer formation,

The shift of the first absorption peak towards 470 nm in the mixed
monolayers brings it closer to the second harmonic of the 1.064 pm
radiation used in the non-linear optical characterization described in
Chapter 8, without significantly increasing the absorbance of the film
at that wavelength. 1In view of the desirability of an absorption edge
close to the second harmonic (section 2.3.2), as well as the sensitivity
of B to charge transfer structural changes, this phenomenon is likely to

be manifested again in the studies of second harmonic generatiom.

6.2 Determination of the Relative Permictivity

Plots of reciprocal capacitance against the number of layers in a
metal-LB film-metal structure can be wused to demonstrate the
repeatability of dielectric thickness of each monolayer (see sections
3.7 and 4.2). Figure 6.15 shows such a graph for an LB film of the
amidonitrostilbene D5 of stepped thickness 9-33 lavers sandwiched
between an aluminized glass substrate and gold teop electrodes. Although
this graph gives a very good fit to a straight line, the intercept on
the 1/C axis 1is negative; however, equation 4.2 predicts a positive
intercept related to the capacitance of the interfacial oxide layer.
This feature can be explained by assuming that, when the top contacts
are deposited, they penetrate a small number of lavers due to the
thermal energy of the atoms in the metal vapour. Thus, if N' layers of
film were deposited and a small numbcr, B, were peneirated, then the

real number of layers (N) which shouid be used in equaticn 4.2 is
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N=N'-B. Tﬁe equation can then be rewritien as:
1 1 Bd N'd
— = _ - 4 (6.1)
c C € €A £ € A
T 0X or or
. Bd 1
Thus, if >, then the intercept will be negative. Now, the
ee€-A C ’ . _ .
o r ox .
capacitance of a gold—Alzo3 - aluminium device was measured directly (by

'making contact to a gold dot on a region of the sample free of film).
This ga{re‘lycox = 0.49 * 0.02 nF_l, whigh can now be used to estimate
the value of B, The point on the graph in figure 6.15 Qhere

1: 1. .

— = —— will correspond to N' = B; in this mancer B was found by
CT Co
interpolagion to be approximately 7 layers.

Attempts to reduce the effects of the burning through of top
contacts by using different top contact materials (see section 4.1.2)
proved to be unsuccessful. When aluminium/gold electrodes were
deposited onto an otherwise identical sample to that used above, the
capacitance values obtained wefe extremely low, which is consistent with
the formation of additional layers of oxide on the top contacts.

The gradient of the graph in figure 6.15 gives d/(eoerA) = 0.159
nF_l; the diameter of the dots was measured to be 0.9 * 0.1 mm, and
taking the dominant error to be in this figure, a value for the
dielectric thickness of d/er = 0.90 + 0.20 nm is obtained. The length
of an amidonitrostilbene molecule was estimated to be 3.8 nm from
measurements performed on an Ealing CPK .molecular model. On the
assumption that the molecules have an "average tilt of 54 ¢ 1° with

respect to the substrate normal (see section 7.3.5), a monolayer

thickness of 2.2 nm is obtained; thus €. = 2.4 * 0.5.
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The problém of penetration of the tbp electrode metal throuéh the
surface of”thé LB film might be accounted for by the wide spacings
betﬁgen'adjacent'hydrocarbon tails within each monolayer, arising from
the;miéﬁapch Eetween tﬁé cf6ss—sectiona1 areas pf the tails and the
chrémpphofe§ in the molecules (see.éééfibn 7.3). 'A similar phenomepon
was dbserved with many of the other materials studiéd in this project;
for examﬁlé, Lﬁ filﬁs of the merocyanine D1 alvayé ga#e‘rise'td.MIH ,

Astructﬁres which were short-circuited. One possible way of.avoiding
sﬁﬁh diffi;qlties might be to deposit a few layers of a material such as.
arachidic acid (in which the entire length of the molecules can paék
closely together) on top of ;he dye layers,

6.3 Surface Plasmon Resonance Studies of Amidonitrostilbene Multilayers

The techniques and applications of surface plasmon resonance (SPR)
spectroscopy were briefly reviewed in Chapter 4. Tn this section some
results are described for multilayers of the amidonitrostilbene
(compound D5).

Amidonitrostilbene formed poor quality multilayers when deposited
directly onto a silver coated glass slide; however, uniform films could
be obtained by first depositing five layers of w-tricosenoic acid (w-TA)
onto the silver, and then building up the dye layers on top of the acid:
A structure was produced consisting of the following steps: bare silver;
silver plus 5-layers of -TA; silver, 5-layers of ~TA, plus 2, 4, 6, 8,
10 layers of dye. SPR curves were obtained for each of these regioms,
and figure 6.16 shows the results for areas whose uppermost coatings are
silver, w-TA, and 2, 6, 10 dye layers. The comstant depth of the
resonance and reasonably minor increase in its width on increasing the

film thickness provide evidence thai the film ie not highly scattering

or absorbing at the wavelength of the laser (632.8 mm); this was to be
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Inset: structure of sample.
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expected in view of the absorption cut-off dispiayed by the films above
A 500 nm (figure 6.5).

A eomputer program was available to calculate theoretical SPR
curves from input data comprised of the thickness and the refractive
indices of the metal and dielectric layers. The values of the silver
film thickness, t(Ag), and refractive index,.n(Ag),were adjusted to give
a curve which closely fitted the experimental one (in terms of resonance
angle and depth of the reflectance minimum). These parameters were
fixed in subsequent calculations at the. optimum values thus determined
of t(Ag) = 61.7 nm and n(Ag) = 0.068 + 63.096 i. Next, the SPR curve
from the 5 layers of w-TA was treated in a similar manner, each
motolayer peing assumed to have a thickness of 2.8 nm (giving t (w-TA)=14
nm) whilat the refractive index was varied to obtain the best fgt-
(assumingn negligible absorption i.e. no imaginary .terms),u which was
found-to7be.fet n(w-TA) = 1.626 + O 1. Unfortunately, the SPR curves
qbtaineae ftoﬁ' the dye tegions of the film could not be fitted so
precisely, since the computer program was written for a metal film with
a single component overla&er and therefore only one value of the LB film

refractive index could be used, not different ones for the dye and the

WTA. i '
Using refractive indices of 1.626 (i e. that obtained for w-TA,
which should be less than that of the dye) and 2 000 (which should be
greater than that of ‘the dye) two theoretical SPR curves were generated
for each of the different film thicknesses. The shift in the resonance
angle relative to that for the silver layer was then plotted as a
function of the total film thickness (calculated by assuming a dye
monoleyer thickness of 2.2 nm, as used in section &.2) for the two sets

of theoretical data and for the experimental results (see figure 6.17).
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These*thfee curvés are clearly diverging, andAsince the experimental
resul;s lie between the two theoretical curves this would imply that the
refractive iﬁdex of thé dye layers 1s intermediate between 1.626 and
2.000, §écéxéecféd; Thus n(D5) = 1.8 * 0.1 at a wavelength of 632.8 nm,
giving'éléofre;pénding-vaiuebfor.erlgpsj of 3.2.; 0.4, which 1is not
'inconsiéfent:with the value obtained'intéeétion 6.2 from capacitance
measuremepté at 1 MHz.(er = 2.4 *+ 0.5).

S?R studies were also performed on the :hemicyaniﬁe (compéund
| DZ)/ami&onitrostilbene aitérnate layer system. The rvesults of this
invespigation are presented in Chapter 9, in which a Pockels effect-

electro-optic modulator utilising SPR is>described.

6.4 The Kurtz Powder Technique

The Kurtz powder technique was introduced In section 4.6 as a
convenient method for screening large numbers of powdered materials for
second-order non-linear optical activity without needing to grow large
single crystals or optimize LB film deposition conditions. By studying
the second harmonic intensity as a function of particle size it is alsp
possible to ascertain whether the non-linearity could be phase matched
in a single crystal(1’13). Although this knowledge #: less important
for materials which are to be used in LB film form, since the desirea
effect can be achieved in such structures by making use of waveguide
disperSion (see Chapter 3), the particle-size dependence means that
great care must be used if the technique is to be applied
quantitatively.

The origin of the effect of particleA size on SHG intensity is
illustrated in figure 6.18. For very small particles,of rad;us (r) less
than the average coherence length (lcéb = we/{ofn(2w) - n(w)l}), no

serious phase error can occur and so the total inteprated SHG intensity
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increases .with 'r as the result of a trade-off between increasing
interaction efficiency and decreasing number of particles. With
ﬁoﬁ;phage-ﬁgtchable materials, once r > lcoh tso that for most or all
origntétiéns‘phase—mismatch effects become apparent), the SHG intensity
varieé inversely with r because the amount of SHG cobtained from each
particle does not increase as rapidly as the number of particles
decreases. Curve (a) in figure 6.18 therefore exhibits a pronounced
"maximum. However, for a material which is phase matchable, once the
particle size reaches the average.coherence length, the gain in SHG-from
the particles that are correctly oriented approximately balances the
loss due to the decrease in the number of ﬁarticles, Thus the overall
SHG intensity remains essentially constant, as illustrated by curve (b]
in figure 6.18,

In collaboration with Dr. M. Goodwin of Plessey -(Caswell) Ltd.,
powder efficiencies were measured (relative to lithium niobate) for a
selection of the materials which appear elsewhere in this thesis. The
results of this survey are presented in table 6.1; in view of the
disappointingly small signals obtained, no detailed analysis of SHG as a
function of particle size was performed. N

It will be seen in Chapter 8 that the low powder efficiencies
ébserved from compound D5 and the two analogues of D2 in this section
are in stark contrast to the wesuits of studies ~f second harménic
generation -from LB films. This reflects the fact that dipolar
chromophores with long hydrocarbon chains will tend to pack
centrosymmetrically in the bulk phase (due to dipolar interactions
between the chromophores and inter-chain van der waal's- bonding),
thereby giving negligible powder efficiencies, despite the inherently

large second-order hyperpolarizabilities of the molecules, which could




TABLE 6.1

Summary of Kerr powder test results (reiative to lithium niobate)

17 (sample)
Material SHG observed -
IZw (L1Nb03)
M2 " No -
A2 No -
-2
- A5 Yes 10
A6 Yes 1072
D2 (C._H
analégugi No -
p2 (C_F,.C.H
analog%g)2 4 Yes 10 1
=2
D5 Yes 10
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be exploitediin LB filmg.' It is therefore concluded that although the
Kurtz péﬁ&er tééhﬁiqué hasiptovgd invaluable in asgsessing the potential
of new Fqémpou;dé':for ﬁsé"as single"cfystal segdnd-order non-linear
media?>ifsiépplicatiéﬁ to materials intg;ded for 1nc6rporation into - LB

films is of very limited importancé.

6.5 Theoretical Values for B

One way of determining an order of priority for the study of new

-materiéls is to calculate theoreticalA values for the second-order
molecular hyperpolarizabilities, B. Since such a procedure does not
require a specimen of the compound, it can be used at an early stage to
identify materials with low B and thus save the time and expense of
chemical synthesis as well as that involved in optimizing and
characterizing LB film deposition.

The calculations are rather complex &and are only feasible when
performed bf computer. Since the programs have only recently been
SUfficiently refined, they were applied to the materials in this project
after LB film characterization had been completed; however, it is
envisaged that in the future such theoretical modelling of the molecules
will play an increasingly important role in the screening of new
materials at a much earlier stage. The values of B reported in this

section were obtained by J. Hill of British Teleconm Regearch

Laboratories.

A}

The calculation of B coefficients was performed in two stages.
Firstly the position and strength of éhe first electronic absorption
band was determined, together with the changes in the dipole moment of
the molecule which accompanies this transiticn. These predictions were

made by a versioﬁ of a PPP-SCF-CI molecular ortital calculation program,
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which was adapted by Hill for implementation on a Hewlett Packard 9000.
In the second stage these data were inserted into a program to calculate
the molecular hyperpolarizability of the test molecule. This program
was written by Hill utilising equation A3 in.reference ) !

Table 6.2 gives the dipole moment, position of the first electronic
absorption band (in byclohexane), and 8 (vect), calculated for several
of the molecules investigated in this project. The colummn 'B (vect)' is
the value of 8 at a particular frequency vectored onte the ground state
dipole moment direction.

The predictions of the absorption band maxima are in reasonable
agreement with those obtained experimentally in section .6.1. For
example, the theoretical Amax for the amidonitrostilbene (D5) was 376 nm
(cyclohexane solution); the observed values were 368 nm (in chloroform),
351 nmv(in cyclohexane), and ~ 370 nm (in LB multiiayers). Similarly,
for compound D7 theory gave Amax = 427 nm (in cyclohexane) and a value
of 394 nm was obtained for LB films containing the dye mixed with
cadmium arachidate.

It can be seen on examination of table 6.2 that the closer the
second.hérmohic wayelength gets to xmax’ the greater is the-valqe_of B
(cf. section 2.3.2)._ As anticipated in the discussions in:Chapter 5,
the theofeticalivalues-of g for.compounds D1 and D2 are very high;
although - theT'gbrresponding,-figures for D5, D7 and D8 a;e somewhat
smallé;;‘they'still represent a significant improvement on many of the
materials repbrted in the literature (see table 2.3). The largér.s for
D7 compéred.td.DS is in(atcordance with the stronger donor nature of the
teftiary_éming.g;oup in the former compared to the amide functionality
in‘theliatter.i:Compoﬁnd A2 has a strong accéptor but only & weak donor;

nevertheless, the valués'bf g predicted by ‘the model are much smaller
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than those:_expected ftom the qualitative arguments put ~-forward in
Chapter-S' This implies that the anthracene nucleus may perhaps be
unsuitable for forming the conjugated system, and had this data been
available at the outset of the project such derivatives would have been
given é lpwér priority. It 1is alst.very interesting to note that the
theéretical values of_B for D3 and D4 are comparable with those of D5.
Since b3 gnd D4 bqth>cqﬁté£ﬁ two acceptor groups snd no donor, yet D5
'-hgs;tpe.clagsic donor-acceptor systéﬁ;.thié was rather surprising. The
otigih .éf_:this effgct may well 1lie in the -conjugated system, the
stilbene bridge perﬁaps being less efficient in ‘this ‘role than the
phenyl pyridinium ethene functilonality. |
The theoretical data given in this section will be r;ferred to
again in Chgpter. 8, in which the results of some investigations of

second harmonic generation from LB films are reported.

6.6 Summary

The optical absorption spectra of a number of LB film materials
with potentially large opticél nén-linearities have been obtained; such
characteristics are important in determining the wavelength ranges over
which the films may be usefully applied. -Compatisons of the spectra
obtained for a given material in solvents of differing polarity have
been used to assess the degree of charge transfer in the first excited
state relative to the ground state, and the differences between solution
and LB film spectra have been interpreted in terms of the effect of
dipole-dipole interactions on the level of charge separation in the
molecules. Studies of absorbance (at two fixed wavelengths) against
time have been used to follow the protouation isaccion of a merocyanine

dye. Estimates of deposition uniformity have been obtained ‘for several
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different LB film materials by measuring sbsorbance as a function of
multilayer thickness and examining the closauness of fit of the results
to the Beer-Lambert law. _ .‘ .

An alternating layer structure }ncorporating hemicyanine and
amidonitrostilbene dyes was found to have an absorbance peak
bathochromically shifted relative to the position expected by the simple
addition of the spectra of equivalent numbers of iayers of the two
materials taken separately 1in conventional Y-type films. Mixed
monolayers of hemicyanine with cadmium arachidate were found to display
an enhanced and bathochroﬁically shifted first absorption band relative
to that seen for a homogeneous monolayer.

Amidonitrostilbene LB film MIM structures were found to give a
linear plot of reciprocal capacitance against film thickuness, indicating
that tﬁe dielectric thickness of each monolayer {(measured as 0.90% 0.20
nm) was highly reproducible. The intercept of this plot was consistent
with seven 1layers of film being penetrated. on fabricating the top
electrical contacts; the situation with other dye films waé considerably
worse, with most of the samples being short-circuited.

Surface plasmon resonance curves were obtained for Y—typé LB films‘
of. amidonitrostilbene and were wused to estimate the relative
permittivify”ofAthe-layeré. The similarity.of the depth of fesonance to
that 6btaineé:fwith ‘bare. silver, and the sharpness of the minima,
prévided évidénceithat the films were not highly absorbing or scattering
at the_ffequenéy of measurement. | V

The ,Kﬁf;é powderA technique for assessing second-order optical
noﬁjlinééfity was applied_to several of the materials studied elsewhere
in vthig7lpr;j§ét;~f Howevéf,:.noi activity' was observed in any of the ~

‘ ~ compounds. fIt'was concluded that altﬁougﬁ valuable for screening singleA
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crystallmatériéls,utﬁéré Qas little point in uvsing the technique on the
coﬁpoﬁndé used for LB film forwation, since they will tend to adopt
centroéymmetric crystallst;uctures in the bulk phase, even though their
molécules;_may-?gtill possess large R's which could be exploited in
multiiéygr arrays. . A moré'promising approach for identifying molecules .
with :ﬁqfénﬁially 1argei optical fhbn—iiﬁeariﬁies, involving the
célcuiationiof theoreticaliB values, was introduced and results wére
p;esented for séverél of the materials used iﬁ~tﬁis project. = It 1is
likely that this téchnique will find more extensive use In the future,
since it can be applied prior to chemical synthesis and thus save a lot
of waStéd‘tiﬁe and effort by identifying materials with smail B's at the

earliest possible stage.
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CHAPTER 7

ELECTRON DIFFRACTION STUDIES OF LB FILMS : RESULTS

AND DISCUSSION

7.0 Introduction

This chapter is concerned with the structural characterization of
LB films of several of the novel materials aescribed‘elsewhere in this
thesis. The structure of the first monolayer is critical in determining
the success of deposition and the quality of LB multilayer
assemblies( ), particular emphasis has therefore been placed on the
study of such thin films. Howeuer, despite the fact that relatively
thick (0.1-1.0pm) LB films can be investigated by a varilety of

(2)

techniques, such as optical birefringence , shallow angle X-ray
diffraction(B), and infrared Spectroscopy(a), there ~are féw methods
available with sufficient senstivity for the characterization of
monolayers (although high resulution infrared spectrcscopy can sometimes
be used( )) One set of techniques which is suitable for probing the
structure of such ultra-thin layers utiiises the effect of the strong
interaction of a beam of high energy electrons with mztter. This has

(63

lead to the application of electron microscepy , transmission electron

diffraction(s) (TED), and reflection high energy elecirom diffraction(S)
(RHEED). Although TED allows a complete identification of theAmoleqular
paqking, it involves complicated and delicate sample preparatiun (see.
4chapter 4), which could affect the LB film. In contrast, RHEED can be
used to study the structure of LB films, in situ, on a semiconductor
substrate. ,Tﬁe RHEED .technique has frequently been applied to

multilayer films(1 7 8), but to date its use with monolayers Has‘been

limited.



-113 -

Figure 7.1 shows an 80kV RHEED pattern obtained from a monolayer of
cadmium arachidate deposited on a {111} silicon substrate. It is
interesting to note that this pattern possesses all the features
exhibited by that of the 1l-layer sample of cadmium stearate shown in
reference 7 (stearic acid being identical to arachidic acid apart from
the slightly shorter hydrocarbon chain). This provides gecod evidence
for the propagation of the structural order of the first monolayer
through to subsequently deposited layers. Similar investigations are
reported for other mgterials in later séctions, as are the effeéts of
changes -in deposition conditions on the <crystalline order of

amidonitrosfilbene (compound D5) LB films and a detailed structural

characterization of multilayers of C4 anthracene (compound Al).

7.1 Calibration of Electron Diffraction Patterms

-

In order to convert measured distances in transmission or
reflection electron diffraction patterns into lengths in real space, the
patterns must first be calibrated against the diffraction pattern
obtained under the same operating ponditions (accelerating voltage, lens
current, etc.) from a sample whose interplanar spacings are already
accurately known. If the distance R from the centre spot of a

diffraction pattern represents the lendth d 1in real 'space in the

specimen, then for TED: Rd = AL (7.1)
and for RHEED: Rd = AL . _ o
2 - (7.2)

where 1 1s the wavelength of the electron beam, and L 1is the camera
length(g). ~Clearly, A and AL/2 are constants 1f ‘the operating
conditions reméiﬁ unchanged, and both these equations can be simplified

to give:

Rd (7.3)

]
~
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where K is a new constant (which will have twice the valﬁe for TED
compared to RHEED performed at the same wavelength).

Typicél calibration materials used in this study were aluminium
foil (TED) and evaporated aluminium on glass (RHEED); both of these
‘specimens gave rise to the characteristic rings of aluminium. Aluminium
has a face-centred cubic structure; structure factor considerations
therefore dictate that only those planes whose Miller .indices (hkl)
are all even or all odd will give rise to finite diffracted

(9,10)

intensity . Now, the interplanar spacing, d, is given by equation

7.4.

7.4)

= ("

where N = h? + k? + 12, and a 1s the lattice parameter (ao = 0.40497 nm
(10))

for -aluminium

 Combining‘-equations 7.3 and 7.4 for two different interplanar

spadings,ﬁdl and dé, of the feference.matgrial, glves:

G oM R
d2 /Nl Rl

For aluminium, the smallest allowed value of ¥ is 3, and this will
be the ring closest to the centre spot. This riug can iherefore be used
to ‘assign values of N to all the other rings in the reference

diffraction pattern (equation 7.5).

R, X
N = 3 (7.5)
R(111)
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The outerﬁost ring was selected, siﬁce it could be measured fo the
greatest' précision, and the calculated value of N substituted into
equation 7;4't0;give phe yalue of d. This was then inserted, along with
the vquaﬁﬁity R obtained 1difecfly from the diffraction pattern, into
equation;j.ﬁ,.enabling K to be detéfﬁ;ﬁea; It'is.then a simple matter
to use this value of K to convert measured valueé-ofﬂg for a test sample

into interﬁianar spacings.

7.2> Cc4 Anthracene (compound Al)

. 7.2.1 ﬁéckground

The range of LB film materials available which do not require large
saturated ﬁoieties to rehder them stable at the air-water interface is
not restricted to anthracene derivatives alorng; there has been great
1nteresf shown recently in LB films of lightly substituted porphyrins
and phthalocyanines. However, C4 anthracene (compound Al) is known to
retain its as-deposited layer structure, whereas structural studies of
thick films of porphyrins have revealed that recrystallization takes
place rapidly after deposition of these materials, leaving little trace
of the required organized anisotropic layer structure(ll).

Although a study of some aspects of the LB film structure of C4
anthracene has already been performed by Vincett and Barlow(B), the
techniques which they employed (optical absorption and X-ray
diffraction) were not capable of determining the molecular orientation
within the film to a high degree of precision or of distinguishing
between different possible space groups. -In the medel broposed by
Vincett and Barlow, the unit cell contained two molecules located in

adjacent monolayers and the long axis of the anthracene nucleus was

tilted at 55-65° to the substrate normal. TED and RHEED can be employed
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to provide further information about the fllm structure; they enable the

crystalline symmetry to be determined, and can be used to establish the

orientation of the rigid moleties with respect to the crystalline‘
axes(lz) (see Appendix 1). 1In this section, RHEED and TED patterns of

C4 anthracene LB films are presented and the unit cell parameters,

including the number of molecules it contains, are deduced.

7.2.2 Results

Figure 7.2(a) shows the 100 kV TED pattern recorded from a 25-layer
LB film of C4 anthracene on a thin alumina substrate, prepared as
described in section 4.5. This displays well-defined spots which, in
view of their. rectangular in-plane symmetry, may be ascribed to a single
crystalline grain. The pattern can be indexed as arising from an
or?horhombicAstructure with the beam incident along the [100]-axis; and
figure 7.2(b) 1llustrates how Miller indices can be assigned to t;;
spots accérdingly.. There appear to be systematic absences along both qf
the main‘axéé,;énd the positions of two of theée are Indicated by opeﬁ
circlesviabélléd e,

The RHEED pattern of an 11-layer film of C4 anthracene on a silicon
substréte istﬁown in figﬁre 7.3. The diffraction spots on the central
normal ;o thé‘substrate lie on rings of lower intensity. Parallel to
this c§n;ra1 row -of épofs-and symmetrically displaced to either side of |
it is_§ sérieé of diffracfed streaks -of intensity. Figure 7.3 differs‘

(5,8

from‘RHEED_patterns of other LB film materials ™’ ’ in that the spots

are unusually well defined and the central row of spets .displays - the
fine splitting expected from the bilayer periodicity.

7.2.3' Discussion and conclusions

On'tﬁe assumption that the diffraction streaks seen in the RHEED

patfern extend to the shadow edge of the sample, the distance of each
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streak'from the centre of the pattern should correspcnd to the radius of
one of the spots in the TED pattern. This <caparisor is given in table
7.1, in which the Miller indices have been assigned on the basis of the
rectangular symmetry exhibited by the TED pattern and where the lattice
parameters (a,b,c) are such that a < b < c. The table includes
d-spacings from the TED pattern which have been inferred for a
systematic absence or deduced by trigonometry from existing ‘spacings.
Inspection of this table confirms the very good agreement between the
results obtained using the two different modes of diffraction, and that
the filﬁ strﬁé#ﬁrg is the-same on both AlZO3 and SiGz substrates,
The.uniﬁ cell.léttiée parameters a and b can be deduced from the
dafa given in' table 7.1, whilst the value of ¢ can be found from the
additibnal d¥spacings corresponding to the diffraction spots lying on
the.central norpal in the RHEED pattern (figure 7.3). As a result it
was :dédﬂced that_.thé Qnipi cell is orthorhombic, with the following .

Iattice_parameters:

ca = 0.51 nm
b = _1.54 nm a=8=yv=90°
2.45 nm

0
[

From th;se figures it can be seen that the area per unit cell in
the substrate plane (ab) 1is 0.79 nm?. Comparison with the area per
molecule of 0.39-0.43 nm? in the "s01id"™ phase of the water-surface
“monolayer (chapter 5) indicates that tie unit cell contains two
molecules in any cross-section and, since it =vtends cver two layers, it

consists of a total of four molecules.
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In appendix 1 it is shown that a comparison of the RHEED pattern of
figure 7.3 with a computer-generated Intensity distribution of the
diffraction pattern of a single molety can be used to deduce the tilt
angle ¥ of the anthracene long axis to the substrate normal. The value
obtained, ¥ = 60 * 1°, represents a narrowing of the range (55 - 65°)
reported by Vincett and Barlow(B), and 1s shown to be cons}stent with
stereochemical conéiderations. Furthermore, consideration of such
factors as the close packing of molecular crvstals, and of symmetry

features such as systematic absences in the TED pattern of figure 7.2,

are shown to lead to the identification of the space group as Pba 2.

7.3 Amidonitrostilbene (compound D5)

7.3.1 Background

It was reported in chapter 5 that water-surface monolayers of the
amidonitrostilbene D5 displayed excellent pressure-area isotherms and
could 5e readily t;ansferred to a variety of different substvates by the
LB technique (also see Appendix 2). Since the moleculec might also be
expected to display a large second-order hyperpolarizsbility, it was
important to know whether they were in an ordered u=tate within the
deposited layers. Such a structure is reauired iu order to promote a
macroscoéic non-linear response which could approach the effect that the

Cem

moleculeé would give if optimally aligned.

In tﬁis section, an investigation of the ordering within LB films
of amidonitrgstilbene on different substrates énd is a fuﬁction of film
thickneés_ and deposition conditions (including oH, age of the
water—surface mono1ayer, and orientation. of the substrate with respect

to the moving barriers of the trough) is reported. The main technique
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employed was RHEED, due to its conveniencé {see section 7.0) and the
difficulties involved in preparing TED specimens less than Il-layers

thick.

7.3.2 Effect of film thickness

RHEED studigs were performed on LB films of amidonitrostilbene with
thickﬁess varying from one to fifteen monolayers, deposited on silicon
substrates. A typical 80 kV RHEED pattern obtained from an LB monolayer
of amidonitrostilbene, deposited with thé ;hromophorc adjacent to the
‘ silicoﬁ substrate, 1is shown i1in figure 7.4. The high degree of
structural order is remarkable for an LB film and significantly better

than has been observed for simple fatty-acid assemblies(5’7’8),

It is
important to note that the pattern obtained was independent of the
direction of the incident electrom beam in the plane of the film. The
1a£ter'obsefvation indicates that the layer is comprised of a mosaic
structure of grains in which the long axes of all the chromophores ha;;'
a commoﬁAtilt angle away from the substrate normal, but in which the
tilt az;muth;véfies from grain to grain.

Thé:.béttérn of figure 7.4 contains a recrangular matrix of

reflections in which the diffraction spots lccated aiong the substrate

correspond to

N

normal and paréllel to‘tﬁe shadow edge of the substrat
inte:planér_spgcings of 1.é4 nm and 1.28 nm, énd sub-multiples of thesg,
respécﬁiyely. :ﬁowever, due'to systematic gbseuces, it should be noted
“that thg_ié;gest é—spaéing-méasured'in'thefditectiOQ alcng the substrate
gbrm#i'is 6.62 nm. The d;spacings for planes lying parallel to the
substrate éhould corfespond to sowe Intramcleciular pertodtpity,~wbereas
the spacing for planes. perpendicular to it should correspond to
intermolecular distances. It seems likely thar the monolayer structure
will be:stabiized by hydrogen bonding between the hydrogens and carbonyi

oxygeﬁs of amide groups in adjacent molecules.







Thé 'diffraction pattern 'in figure 7.4 indicates that the-
chrémophores-are extremely well-ordered; however, the Teverse is true of
the hydrocarbon tails. .RHEED patterns from LB films of fatty acids
display clear arcs due to the ordering of the hydrocarbon ;hains(7) (see
figure 7.1); 1in corresponding posifions, diffraction patterns of
amidonitrostilbene show at best only faint diffuse rings. This is to be
expected when considering the difference in cross-section between the
chromophore and the tail; even when the chfomophoreS‘are close-packed,

there 1is still room for motion of the tails, thereby reducing their

'order.

From previous work on the epitaxial deposition of LB 1ayers(1), it
might be expected that the exceptional degree of order in the first
monolayer of amidonitrostilbene would give rise to a very high quality
multilayer structure. However, RHEED studies on different numbers of
layers were indicative of progressively poorer crystalline order with
increasing thickness. Figure 7.5 shows a typical 100kV RHEED pattern
obtained from a 3-layer film; although it still displays sharp spots,
there is now evidence of arcs passing through a number of them, and some
complete rings are also present. When the thickness 1s taken as high as
12-layers, the RHEED patterns (figure 7.6) consist entirely of spotty
rings, with no sharp individual spots at all; Ehis 1s indicative of a
totally polycrystalline structure. When the relatively poor order of
the hydrocarbon tails in the amidonitrostilbene monolayer 1s considered,

it is perhaps not surprising that in multilayer structures this disorder

extends to the chromophore itself.

7.3.3 Effect of different substrates
Identical RHEED patterns were recoided frem monolayers of

amidonitrostilbene deposited on {111} or {100} silicon. This 1is not
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surprising when the teéhnique used for substrafe preéaration is
considered;'th; silicon was not etched, it was werely degreased - thus,
in both éases)the LB films will have beeh_deposiged on a native iayer of
oxide.

. The second type of material used as a substrate was alumina; this
was .Sele;ted ‘bécausé of-(i;g suitability for forming TED specimens
(chéptef 4)f -Aﬁ 86kV TﬁD'pattern of an_lifiayer filﬁ is shown in figure
7.7. fTﬁé ogly imporﬁant feature in this pattern is the close doublet of
rings,‘cgrrésponding'to interplanér spacings of 0.446 nm and 0.420 nm;
ldngep exﬁosure of the photographic plate to the diffraéted.eléctron
beams resulted in patterﬁs displaying a number of additional rings of
smaller d-values, but these could be ascribed to mercurous chloridé
depbsits resulting from the sample pfeparation t:echnique(1 ). The
absence of spots 1in figure 7.7 1implies ‘that the structure 1is
polycrystalline with a characteristic grain size of much less than the v
200um diameter of the electron beam. The d-values measured from figure
7.7 do not correlate very well with sub-multiples of thg 1.28 mm spacing
(measured parallel to the shadow edge of the silicon substrate) in the
RHEED patterns of monolayers of amidonitrostilbene. This could be due
to the change in crystalline order with film thickness (as observed in
section‘7.3.2) or to a difference im structure arising from the new
substrate material. In order to differentiate between these two
possibilities, a RHEED investigation was made of an 1l-layer film
deposited on an alumina substrate (see figure 7.8). This pattern
displays broad rings with significant arcing, and is largely indicative
of a lower degree of order than that observed for a comparable film on a
silicon susbtrate (figure 7.6), althiough some of the difference could be

A}

substrate charging up under the influence of the

due to the A1203
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electron beam., - The study by TED of a monolayer deposited on an alumina
substrate would have been the ideal way to distinguish between charging
effects and changes 1n structure as a result of using a different
suﬁstrate material; however, the preparation of a specimen for such a
study could not be accomplished successfully.

7.3.4 Effect of deposition conditions

An extensive RHEED investigation has been performed into the
effects of various changes in the deposition conditions,on_;he qfder
displayed':by monolayer and multilayer films of amidonitrostilbene.
assembied-pn silicoﬁ substrates. In addition to film thickness, the
following thr¢e parameter§ were varied:

(i)_'Subphase_pH, The values emﬁloyed were ~n5.5 and ~9.0; these
Qeré_the optimum values (determined in Chapter 5) for Y-type
mqltilayers of D5 and for alternating layers of D5 with D2,
-reépectively.. This part of the study was to check that the
‘slayéfs of amidonitrostilbene within any alternate layer system

::'.woula étill be ﬁighly ofdered Qhen deposifed at the higher pH

"rgquired for D2. | |
(ii)‘ Age of the water-surface monolayer. In'chapter.s, monqlayers
of amidonitrostilbene were observed to‘become mére rigid the -
longer the period of time that they remained compressed on the
_su;fa;e of the subphase. Tt was postulated that this rigidity
might be responsible for- fhe poor order displayed ﬁy
multilayer films, since the last few layers would be deposited
from‘a monolay;r which had been compressed for over an hour.
In order to test this theory, a monolayer was deposited from
an aged Langmuir film (A), 1i.&. one which had been compressed

for a very long period of time, and a multilayer film was
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assembled from a fresh water-surface monolayer (F), i.e.-one
which was renewed every dipping cyqle (~ 15 minutes).

(iii) Orientation of substrate with respéct to the trougﬁ barriers.
The importance of this parameter arises from the flow patternms
of material within the water-surface monolayer during the
dgposition process(13). Three different orientations were
employed: perpendicular to the moving barriers (P); facing the
shorter moving barrier (S); and facing the 1longer moving

- barrier (L), |

The RHEED patterns given by a monolayer and a 9-layer LB film
deposited from aged water-surface monolayers are shown in figures 7.3
and 7.10, respectively. The former displays the rectangular matrix of
spots  seen with a fresh monolayer and associated with excellent
crystalline order, but iq addition there are some strong arcs,
indicating a small degree of imperfection. In figure 7.10 the matrix of
spots has been replaced by a single central column of spots, and the
arcs have extended to become rings; this implies a much greater level of
.diéorder; although it is still superior to that seen in figure 7.6 for a
12-layer film. The patterns obtained from all of the sampies in thfé'
study cloéely resembled one of those shown in figures 7.4, 7:5, 7.6, 7.9
or 7.10,‘and“this match is given in table 7.2, thchnprovides a complete
summary of theréufvey;

Comparison of sample numbers 1, 5 and 6 in table 7.2 reveals that
the orientation of the substrate with respect to the trough barriers has
had: 1itt1é effect on the. crystalline order of an amidonitrostilbene
moﬁolaYe:»deposited ffom the fresh regime. However, the slightly better

ofder for. 9. and 15 layer £11ms (Nos. 10 and 12} compared to a 12 layer
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film (No. 11), all deposited from an initially fresh Langmuir film which
was not renewed (and will therefore have been n 100 minutes old by the
end of the last layer), might dimply that this factér becomes more
significant in older, less mobile, films. Further experiments involving
9-15 layer films deposited under similar conditions, but with the
substrate perpendicular to the barriers, are clea;ly required.
Examination of the results for samples Z‘and 5 indicates that although
highly ordered monolayers can be obtained at the higher subphase pH, the
optimum value of ~ 5.5 gives slightly. better results. The superior
order observed with sample 5 relative to 3 shows the importance of
having a.mobile water-surface monolayef in the transfer of even a single
monolayer té a susbtfate; similarly, whea thicker structures are built
up (Nos. 7 and 8), the use of non-rigid monclayers promotes the
deposition of a more uniform film (see "comnents" coiumn in table 7.2),
even if this effect is not observed in the RHEED pattern, dﬁe to other
disruptive influences within the multilayers.

7.3.5 Chromophore orientation in monolayers

(12)

Earls et al have deduced the orientation oi the chromophores in
LB films of hemicyanine by the comparison of an experimentally
determined RHEED pattern with a  computer—generated intensity
distribution of the diffraction péttern'of a single moiety. A similar
approach has been used with C4 anthracene (see appendix‘l), and in this
section it is applied to amidonitrostilbene.

Reasonable values for bond 1engths,'ang1es and atcomlc. scatterimg.
factofs fo; the chrémophore, and also for the hydrocarbon tail, were

chosen and used by Dr. I. R. Peterson (GEC Research} to compute the

intensity distributions shown. in figures 7.1ia and b. Note that
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although figure 7.11b 1is really for a chain containing 21 carbons, the
distribu;ion given by a 17 ‘carbon tail should be very similar. The
RHEED pattern pbtained from a monolayer of amidonitrostilbéné (figurg
7.4) was _replotted to the same scale as figure 7.11 to ‘facilitate‘
comparison.-_ There 1is 'only one good match betwegn the experimental
pattern énd ghé computed aistribution; fhis is consistent with both thé
chroﬁophéreiaﬁd thé Hydroéarbon tail long axes havihg a filt angle ¢ to
thé subsfrate ﬁormal of'Sﬁ + 1°; such a value 1s very large compafed to
other'LB arrays. |

7.3.6 Conclusipns

Lﬁi,; monolayers- Lof,i‘ amidonitrostilbene exhibit excellent
érystgllihiﬁy, and it is likely..tﬁaf"tﬁeir structure is highly
sfabilizéd_-by hydrogen bonding. _Unforfunately,_ this property 1is not
propagated. through to multilayer films, the structural order becoming
progreésively poorer with, increasing thickness. Although ﬁonolayer
duélity waé found to be quite acceptable when a subphase pH of ~ 9.0 was
employéd,>slightly better results were obtained at the lower value of
5.5; The importance of mobility in the water-surface monolayer was
reflected by the superior crystalline order and film uniformity
displayed by monolayer and multilayer LB films deposited from freshly
spread Langmuir films compared to the results given by aged layers. The
orientation of the substrate in the trough during d%position was found
to be unimportant if the water-surface monclayer is zufflciently fluid.

Alumina substrates were found to be uﬁsuitable for RHEEC studies,
owing to their tendency té become charged by the electron beam. The
difficulfies involved in preparing a sample less thar ~v 3.layers thick
for TED (films of this thickness and less gave rise (o RHEED patterns

iﬁdicative of good structural order) from which a spot pattern could be
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expected, has made it impossible to correlate RHEED and TED observations
as was done in the structural analysis of C4 anthracene in section 7.2.
This, coupled with the invarlance of the RHEED patte}n of an
amidonitrostilbene monolayer to rotation of the substrate about an axis
normal to its surface (indicating no preferred orlentation of the
crystallites), means that although interplanar spacing; can be
calculated from the RHEED data, in the absence of any independent
structural data the spots cannot be indexed or the lattice parameters
deduced. An analysis involving the matching of the RHEED patterns to a
computer generated intensity distribution of the diffraction pattern of
a single molety gave a value of the tilt angle, ¥, of tne molecule, with

respect to the substrate normal, of 54%1°.

7.4 Other Materials

7,4.1 Aminonitrostilbene (compound D6)

A typical 80kV RHEED pattern obtained from an LB monolayer of
aminonitrostilbéne (compound D6) deposited on a {111} silicén substrate
is shown in figufe-7.12.: Although this pattern is simllar to that of
the amidonitrostilbene (D5) given in figure 7.4 (indicating tﬁe same
basic ‘paékiqg arrangemgnt), most of the diffraction spots are of a
significaﬁtly’_lqwer intensity than are the corresponding reflections
obtained >from1:mpnoléyersj of D5. The essential difference in the
molecuiérfsgructufé of bS'éﬁd D6 is that the amide group in the former
ﬁatéri;ivhig been reflaced by a simple amine. Thus the possibility of
hydrogeﬁ.bonding between the adjacent chromophofés in the_monolayer is
sﬁbstantiaily reduced. It is therefore concluded that such 1nteraétions '
play a dominant role iﬁ the in-plane ordering of the molecules in

monolayers of D5.
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RHEED patterns from monolayers of D{ display ClC&L arcs (as at A in.
figure 7.12) corresponding to ordpring of the aydrocarbon taills; this is
in contrast'to~the behaviour observed for D5 (section'7.3.2), which
showed only very faint diffuse rings in the equivalent positions. This
.suggests that the removal of the carbonyl group reduces the effective
size of the.chromophore and enables the closer approach of the tails.

In summéry, although the molecules may be slightly closer packed in
monqlayetg_qf Dé, in' D5 the order of the chromophore section of the
molecule -1s lmoté reguiar due to tﬁe'“stabilizing influence of -
intermdiécuiar hydrogén bonding. “

7.4. 2 Merocyanine (compound D1)

RHEED investigations were performed on 7 and 11-1ayer LB films of .
the merocyanine (compound D1) deposited onto silicon cubstrates. Films
from both.thg high and low surface pressure dipping regimes detailed in -
Chaptér 5 were studied, before and after performing the deprotonatitn
procedure (immersion in 10—3M NaOH solution) described in Chapter 6. In
each case the patterns ;btained were identical, displaying only a few
very broad, diffuse rings. It was concluded that the merocyanine LB

films were completely amorphous.

7.4.3 Hemicyanine (compound D2)

Figure 7.13 shows the 80kV RHEED pattern obtained from a monolayer
of the hemicyanine dye (compound D2) deposited omtc & {111} silicon
substrate. The original pattern observed on the phosphor screen
displayed a row of three spots parallel to the substrate shadow edge,
and a column of spots perpendicular to {it; although not unlike the
pattern given by amidonitrostiltene monnlayers, fewer spots were
present, indicating that the structural ovder was uot quite as gond.

Unfortunately, the hemicyanine film rapidly became -charged in the




electroﬁ be;m; and the recorded pattern of figure 7.13 is soméwhat
poofef than éeen in the first place.

The RHEED pattern of an 1ll-layer LB film of hemicyanine exhibited
only a single broad arc, implying that the high degree of crystalline
order displayed by a monolayer of tﬁe material does not extend to
thicker films,

(12)

Earls et al have performed a detailed structural investigation
of hemicyanine, employing both TED and RHEED techniques. They conclude
that in addition to crystalline multilayer regions (in which the
chromophore and alkyl tail are essentially parallel to each other and
tilted at 40° to the substrate normal), the films appear to contain at
least two other phases. In the first of these phases the molecules lie

parallel to the substrate, and in the second the alkyl chains are

loosely packed and translationally disordered.

7.4.4 The hemicyanine/amidonitrostilbene alternate layer system

Multilayer LB films containing hemicyanine (D2) alterpating with
amidonitrostilbene (D5) display large optical non-linearities (see
Chapter 8) and in this section their structure is investigated Ey RHEED.
In view of the excellent degree of crystalline order exhibited by
monolayers of the individual materials and the poorer order observed in
Y-type multilayers, it was of interest to sce intc vhich category the
alternate layers fell.

A typical 80kV RHEED pattern obtained from an alternating layer LB
film containing three layers of hemicyanine and two layers of
amidonitrostilbene is shown in figure 7.14. The pattern contains a
strong - and a weak arc on the central axis, and a pair of arcs
symmetrically displaced off-axis corresponding to large d-spacing; there

is also evidence of a polycrystalline ring close to the centre spot.
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This represents about the same level of structural order which would
be expected from conventional Y-type films of the same thickness of
either material; thus it seems that the twe compoundé are sufficiently
compatible to form high quality supermoleggiggbigrrgys. The RHEED

pattern obtained from two layers of_{pgmiéy§h;né and  one of

R B
sl

amidonitroétilbene was similar to that";gééghééi'f;;ﬁr a mbnolayer of
hemicyaniﬁe (section 7;4.}),'except that the spots were a little more
obvious‘in fhg'cése of the alterngte'layer éysteﬁ. Tﬁis was to be
expected,(inj?iew of the exceptlonal degree of ordering shown by very
thin amidonifrostilbene layers. |
7.5 Summary

High:energy electron diffraction studies (mainly in reflection, but
with some‘traﬁémissién data to. support them) have been performed.on a
variety‘6f>LB films of materials used.gléewheré~in this project. Cé
.anthféééne{' fhe molecule on which the whole series of anthracene
derivatives. was baséd, was found.to form Lviii@s-With an orthorhambic
uﬁit cell containing four molecules, and the_latf;ce parameters of this
cell were determined. | N

~Mon01a§ers of the amidcnitrostilbgne, D5, were found to exhibif
exéélient cfystallinity; however, 1in the case of multilayers the
structural order was _found to beccme progressively poorer with
increasing film thickness. The effects of subphase bH, substrate
orientation during the deposition process, and age of the water-surface
monolayer on the quality of LB films of D5 were investigated, and the
most important factor was fﬁund to be the need for a mobile (therefore
freshly spread) Langmuir film from which to deposit the layers. It was
postulated that the monolayer. structure of D5 is significantly

stabilized by hydrogen bonding, in view of the rather prorver order shown
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by monolayers of D6, a material which has essentially the same molecular
strucfure'as D5, only with the amide fuqctionality replaced by an amine
group., The molecules in monélayers of D5 were found to have an average
tilt angle of 54t1° with respect to the substrate normal.

LB films of the merocyanine, D1, were féund ta be amorphous, whilst
hemicyanine (D2) monolayers displayed significantly better order,
although not as good as D5. Finally, the hemicyanine/amidonitrostilbene
alternate layer system was Investigated andithe structure found to be
well-ordered.

Studies of second harmonic generation from several monolayer and
multilayer systems; including the ones described in sections 7.3 and

7.4, are presented in the next Chapter.
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CHAPTER &

SECOND HARMONIC GENERATION FROM LB FILMS : RESULTS

AND DISCUSSION

8.0 Introduction

This chapter is concerned with the observétibﬁ of second harmonic
generation (SHG) from Langmuir-Blodgett monomoléculér and multilayer
arrays. Following an explanation of how absolute values for the
electric fields at 2w were obtained, the discussion 1is split into
sections according to the type of LB film under investigation. Sections
8.2 and 8.5 deal with SHG from homogeneous aﬁd heterogeneous ‘monolayers,
respectively. In section 8.3 multilayers are -studied in which the
active layers are alternated with an inert spacer material in order to
produce the desired noncentrosymmetric structure. Similarly, section
8.4 describés the use of two different active materials, giving rise to
a supermolecular array in which the non-linearities of the individual
layers should be additive.

With all the samples studied in this- work, regioﬁs of the
substrates free of film gave no detectable signal, confirming that any
radiation observed'during the subsequent 1nvestigations was a property
of the organic layer. In addition, the radiation was clearly identified
as second harmonic by its narrow bandwidth (using interference filters
at 520 nm and 540 nm) and its narrow temporal profile. The second
harmonic signals, being quadratic in incident laser energy, were
normalised by dividing by the square of the incident laser energy; this

process is described in greater detail in the next section.




8.1 Calibration of Experiﬁental System

The:é#?efimental systeﬁ used in these investigatiéns was described
in sectioﬁ 4.7. Three different techniques wefé employed_in order to
ostain absolute values of the electric field ac‘532 nm (Ezw),‘alghough »
all of them involved calilbrating the system against a y-cut quartz wedge
and rglétinngoth the second harmonic signals and incident energy to thé
dllu non-linear coefficient of quartz. These methods are described
seﬁarately in sections‘B,l.l - 8.1.3.

The-calibration procedure consisted of translatiné é 2° wedge of
y-cut quartz in a direction perpendicular to the laser beam and
determining the positions of the minima of second harmonic signal in the
resultant pattern of Maker fringes. These results were used to estimate
(to a greater degree of accuracy than was possible by direct
observation) the wedge positions for maximum signal intensity. A series
of readings of incident energy and second harmonic signal (and peak
incident power, in the case of the experimental configuration shown in
figure 4.3) were then taken for each of four maxima, and the results
averaged. The manner in which these calibration figures were used was

dependent on the method of normalisation to be employed.

8.1.1 Signals normalised with respect to photodicde response

With the experimental system arranged as shown in figure 4.3, there
were two methods available for normalis;ng.the second harmonic signals
obtained from the test samples and ;he quartz calibration specimen;
either with respect to the peak power measured by the photodiode (as
described in this section), or with respect to the total pulse energy
recorded by the transmission type energy meter (as detailed in section

8.1.2). The methods have many common elements, znd give very similar

results.



In order to be able to interpret the calibration data, the power of
the incident light, Iw’ must first be calculated. Assuming the incident
beam has a Gaussian temporal profile with a peak power Io’ then Iw = Io

exp (~-t2/0%), where O is a constant. If the incident power is at half

its peak value at time T, then
o= T (-ln 0.5)} ‘ (8.1)

and hence O can be calculated from the value cf 2T, the measured full

widthat half maximum (FWHM). The total energy of the pulse, E, i1s given by

40

However, the true enérgy reaching the sample was really E'.F, where
E' is thé recorded incident energy but where a filter transmitting a
fractiOn_F‘of:the light is located between the energy meter and the

sample. The peak incidenf power is then given by:
1= E'F/o/T ' - (8.2)

The periodic oscillations in second harmenic power as a function of
thickneés'(féferred to earlier as "Maker_fringes") arise from dispersion
in the quarfz. If the wavevector mismatch between the bound and free
harmonic waves in the crystal is Ak (where Ak = 2kw-k2m), then the

period of these oscillations is 1 = 7/Ak. The quantity 1 is known
coh coh
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),

as the "coherence length" and for normal incidence it is given by

Leon = M/4 (my - m) | - (8.3)

where}l is- the free-space wavelength of the fundamental wave (1.064 um

for the laser used in this investigation). Since, in an anisotropic

2w

the fundamental and second harmonic waves .respectively, it follows from

mediUm;-ﬁw and n, depend upon the electric polarization direction of

equation 8{3 that each non-linear optical coefficient has a coherence
length associated with it, For p-polarized. iﬁcident: and - signal

radiation with a y-cut quartz wedge the pertinent quantities are(l): d11

= (0.364 + 0.040) x 10 12 mvL; n = 1.5341; n, = 1.5468.

Rewritihg equation 8.3 in terms of the wavevector mismatch:
bk = 47 (n2m - nw)/)\l 4 (8.4)
The theoretical second harmonic power, IZw’ generated by a single

mode Gaussian beam of angular frequency w, incident zlong a principal

axis of a plane parallel slab of thickness L of a nonabsorbing

1
non~-linear crystal is given by(f):
3/2 , 4 2 .22 -2
2 () (e)® o d ()" .L sin (LAk/2)
0 o il
IZw - > 7 (8.5)
TW o, (nw) | (LAk/2)

where.wo is the spot radius of the fundamental beam (2Wo = 207 um in
these investigations), dil is the relevant SHG coefficient, and “o'eo

are the permeability and permittivity of free space, respectively.
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At the maxima in the Maker fringe pattern, sin (LAk/2)=1, and with

the experimental conditions employed, equation 8.5 reduces to:

8 )Y et WP ay? )’
Tow = 2 2 (8.6)

nW 2 n (n) (ak) %

\

Substituting the appropriate value§ of I0 and Ak (obtained from
equations 8.2 and 8.4) into equation 8.6 gives the peak second harmonic
power emerging from the wedge. If this signal gives rise to a voltage
VS (quartzi' from the photomultiplier detector, and the relaticnship

between the detector voltage and signal power is

I =alV : (8.7)
then the value of the constant, a, can be calculated using

a =1 o (quartz)/VS (quartz) (8.8)

2

Corresponding relationships hold for the incident power and

ﬁhotodiode detector voltage (VL):

where the value of b is given by
b = :IO (quartz)/VL (quartz) ' - (8.10)

VL (quartz) is the measured value of VL corresponding to the value of I0

(quartz) calculated from eauation 8.7,
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Having established the relationships between the detector voltages
and the incident and signal powers, the voltages (or powers) measured in
the investigation of LB film structures must be converted into the
eléctric field ratios of the fundamental and second harmonic. The
second harmonic signals, being quadratic in incident laser energy, have
to be normalised by dividing by the square of incident powér (or.

energy). - If Ew and E are the incident and signal field strengths,

2w

respectively, theﬁ the deéired normalised signal, S, is
S TT S : -
S = Igml /lel | (8.11)

In 1ater seétions thisAnotation 18 modified to take into account the
polarizations .of the beams (s or p) and the detection geometry
(reflection, Aﬁgl'br traﬁsmission,_ T).. Thus I§+p = !ng IZ/IE:|4
>represéﬁts ;phpolariéed signal inteﬁsi£§ from s-polarised incident
radia?ibn in theltransmission geometry; a corresponding no;ation_is used
for the otﬁer polaﬁisations and geometry. |

In general, the power (I) of a beam of radiation can be written in

terms of its.average Poynting vector (N) and the area of the beam (A):

I = AN (8.12)

(2)

where N is given by

N = nlEl2 (2 HOC)-l
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Hence
1 = nAlE) Q@ M o) - (8.13)

Applying equation 8.13 to the fundamental andi'seédﬂd harmonic waves

gives:

I : n, . A [E, | -
2T R A — " 2w 2‘;’4 (8.14)

ap? 0wt @)t e
w w (1]

If the beams have a Gaussian spatial profile of the form N(r) = N0

exp (—rz/pz):then

1= | Ny die o= N wt (8.15)

A : (8.16).
For the fundamental beam, Py = WO/VQ and therefore

2,
Aw = 7 Wo /2 (8.17)

The second harmonic has a narrower spatial (and temporzl) profile than

the fundamental, and Py = pw//?. Hence:

_ 2 ’ |
A?_m = 7 wo /4 ‘ (8.18)
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Assuming that N,y AR TR for radiation in air, substitution of 8.17

and 8.18 into equation 8.14 gives:

2 2
Bl I el (8.19)
4 . ) :
|Ew| 2 poc (Iw)

Further substitution from equations 8.7 and 8.9 leads to an

expression involving the experimentally determined quantities:

<l

IE l2 TW?a
2w - 0 . _8 . (8.2012

4 2 2
lel ~ 2u cb v,

Equatioh<8}20 enables absolute values of the eléCtrié £ield of the
second_ha;monié to be. calculated from a value of the signal voltage from
the photomultiplier (normalised by the square of the output voltége from
the photodiode monitoripg the incident beam) obtained by averaging over

several.pﬁlses and different areas of the sample.

-8:1.2 Sigﬁals normalised with respect to total incident energy
It isA possible to obtain absolute -values cf Eqm by using an
éxpeﬁimentéi érrangement without a photodiode to monitor the peak energy

of each lese, but otherwise identical to the oﬁe shown in figure 4.3,

In this case the measured signal voltages have to be normalised with °

respect to the total energy of each pulse.

Taking equation (8.19) and substituting for I,, from 8.7 and forilé
from 8.2 gives:
[E, |2 "1? w2 ao® v
2w

- - o . s ' (8.21)
IEwl 2p0c F2 (E")
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The value of a in this expression can be calculated from a quartz
calibration experiment exactly as described in section 8.1.1.

8.1.3 Signals normalised with respect to quartz

A third type of normalisation procedure was employed for some of
the studiesg this involved the use of a variation on the experimental
set-up shown in figure 4.3. In this new configuration the diffuser and
photodiode were replaced with a second (reference) quartz wedge, a
system of filters, and a photomultiplier. The wedge was poéitioned to
correspond to a maximum in the Maker fringe pattern, and for each shot
of the laser the second harmonic signals obtained from both this
reference and the sample were fed to a boxcar averager.

Denoting the power incident on the reference quartz as Iw (ref),
and the resultant signal power as Izm (ref), with corresponding detector
voltage V (ref), it follows from equation 8.6 that va(ref) a [IZm
(ref)];. Now, as the power incident on the sample, Iw, is proportional

to that incident on the reference quartz, and since V (ref) aIz (ref),
. 2w O

it can be seen that:
I = z[V(ref)]} ' ‘ ‘ (8.22)
w .

where z 1is a constant. Using equation 8.19 and substituting for Izw

from 8.7 and for I from 8.22 gives:

w

s . S (8.23a)
2 bc z2 V (ref)
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Quartz calibration experiments (one each for s- aﬁd p~polarized
in;ident radiation) can be employed in order to calculate the value of
a/z?. If the power incident on the quartz wedge in the~sampie-arm gf
the system is Iw (cal.), and it produces a signal voltage VS (quartz)>
related t6_ a  secondA harmonic power IZwv (quartz), whilst the
correspoﬁdingAdepector voltage 1in the reference arm is V (ref, cal.);

then equations 8.8 and 8.22 yield:

a ‘IZw (quartz) V (ref, cal.)

2 . _ 2
z : VS (quart?) 'Iw (cal.)

quartz) from equation 8.6 then gives:

-Substitution for I, (
a8 ) (50)5 WV (ref, cal.) :
—_ = . (8.23b)
2 2 2 2
z T WO LP (nm) (Ak) . VS (quartz)

Equatioﬁ378.23 can then be used together in order to compute calibrated
signal strengths from measured signal voltages normalised by the signal
obtained ffom a reference sample.

In practice the methods detailed .in sections 8.1.1 and 8.1.2 gave
.very similar results, whereas the technique described in this section
was subject to drift of the boxcar averager. Most of the measurements

were therefore performed using either of the first two approaches.

8.2 Second Harmonic Generation from Homogeneous Monolayers

8.2.1 A comparison of materials

A comparison of the calibrated second harmonic signal strengths,

for different polarizations and detection geometries, obtained from
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homogeneous (i.e. single component) monolayers of various materials is
given in table 8.1. In each cése the angle of incidence was 45°.
Compounds A8 and A9 (deposited under both the high and low surface
pressure conditions detailed in table 5.2) were also investigated in
this manner, but gave no measurable signals at all. 1In view of the low
theoreticél value of B predicted for A2 (a closely related material) in
chapter 6, . this observation provides further evidence that the
anthracene nucleus is a poorer conjugated system than, say, a stilbene
bridge.

Al

The merocyanine, Dl, was not studied since it had already been

extensively characterized by Girling et a1\3), and their results have

simply been quoted in the table, It is interesting to note that they
found, as .expected, that the addition of a second layer to form a
symmetrical bilayer resulted in the SHG being extinguished.
Furthermore, protonation of the dye was found to sﬁppress SHG (as
anticipated from the discussion in section 6.1.1} and the experiments
had to be performed in an enclosed cell containing ammonia vapour.
Girling et al deposited monolayers from both the high and low pressure
regimes described in chapter 5, and the signal strength was
significantly greater from the former. This was due to its higher
‘surface density of molecules and a probably smaller spread of the
distribution of y, the angle of inclination of the molecular axes of the
dye to the substrate ﬁormal. For the high surface deusity monolayers,
the average value of y was calculated to be 13.4° and B was found to be
350 * 100) x 10—50 C3 m3 J_2 (in reasonable agreement ‘with the
theoretical value given in table 6.2). The 532 nm wavelength of the

second harﬁonic is cloée to an excitation peak in the deprobnated form

of the -dye,"and this resonantly enhances R. However, there is a
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corresponding enhancement in the dielectric constant, which results in a
reduced coupling of the near 'vertical' polarisation field gc the near
'horizontal' field of the second harmonic radiation.

The amidonitrostilbene, D5, gave second harmonic signal strengths
which were comparable with those obtained from the merocyanine under the
same conditions of polarisation and detection geometry; however, by far
the largest signals were given by the hemicyanine, D2. Although the

(4) -50 C3

value of B for the hemicyanine (calculated as (116 = 20) x 10

m3 J-Z, which is somewhat smaller than the theoretical value given in
table 6.2) is less than that for the merocyanine, it also has a much
smaller dielectric constant, and since the SHG efficieucy depénds on the
ratio B/e;.thevoverall~ef£iciency of the hemicyanine is the greater of

the two materials. Furthermore, the better average zlignment of the

hemicyanine]dyé ﬁith-respect to the incident field (y = 24°)(4) results

in a stronger signal than that given by the merocyanine.

It was -rather su;prising that the éminonitrostilbene, D6, gave
slightly smaller signals than those obtained from D5. The amine group
in D6 should Qe:a rather stronger'donor Fhan the amide functionality in
D5; however{ the better film quality pbsgrﬁed for ménolayers of D5 (see
éhaptéfAf7){-ﬁight héve had a stronger influence c¢u the overall SHG
efficiéncy‘ithan- did a small chénge in the dégree of dintramolecular
cﬁargeftraﬁsfer. Inspection of table 6.2 reveals that theiratio éf the
second harmonic signalé obtained from D2 and D monolayers is
approximately}as expected from-a comparison c¢f the theoretical B8 valqeé

. for the constituent molecules.

The signals obserqu from a monolayer of the Primulin dcrivative,

M3, were very weak, the only measurable ones being for tﬁe p-polavrised

second harmonic. These signals were smaller than those observed from
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(3) (5)

symmetriéal bilayers of merocyanine or hemicyanine , and their low
values could be due to either the material having a relatively small B,
or else to the films actually being bilayers rather than true
monolayers. In fact the latter possibility was postulated in section
5.3.1 to account for the rather low values of the area per molecule

observed in the pressure-area isotherms of M3. - .

8.2.2 Effect of in-plane anisotropy on SHG from amidonitrostilbene

monolazers

This section is concerned with the investigation of any in-plane
anisotropy of a film, such as a partial alignment of the molecules with
dipping direction. A glaés substrate , onto which & monolayer of
amidonitrostilbene had been deposited, was mounted in the vertical plane
with the laser beam incident at 45° in the horizontal plane; the sample
was then rotated about an axis perpendicular to the substrate, and the
effect on the TP’P signal studied. Although a large rangé of values
were observed (0.3-0.9 x 10_27 m2 V_z), there was no obvious correlation
with the angle through which the substrate was turned. Since the centre
of rotation of the specimen was not coincident with the point of
incidence of the laser beam, this scatter of the signal strength was
assumed to be caused predominantly by variations in SHG efficiency from
one area of the sample to the next' (the values used in table 8.1
represent an average taken over several different regions ofgthe.sample
buﬁ with the longest dimension of the substrate always vertical). The
effects Qf.apy iﬁ-p1ane énisotropylare thus considerably smaller than

those arising_from_translational non-uniformity in the film.



- 144 -

8.3 “SHG From Alternating:Layer-Structures Containing Active and Passive

Cqmgéhgnts

= fhgi imﬁortance of ﬁaving» a non-centrosymmetric crystalline
structure %o the obéérvation of second-order obticél non71inearity in
the solid state was d;scussed in chapter 2.- Conventional, single
component ,Y-type LB films are centrosymmetrical;lﬁowever, by depositing
two differeﬁt-materials in successive layers, alternating multilayef
sysfems can Be built up (as described in chapter 3) which are acentric.
The investigation of one such array is detailed in this section. The
first of the materials (amidonitrostilbene) was chosen ih view of the
SHG efficiency it displayed in monolayer form, whilst the second
compound was a relatively'inactivé material (cadmium arachidate), which
served simply as a "spacer" for the active layers. Girling et al have
demonstratéd SHG from similar structures .involving the merocyanine,

. (6) (5)

D1 , alternated with w-tricosenoic acid.

, or the hemicyanine, D2

8.3.1 Effect of thickness

Alternating layers of amidonitrostilbene and cadmium arachidate
were deposited onto one side of a glass subétrate (the dye on the
upstroke), and the second harmonic signal studied as & function of the
film thickness for a fixed (45°) angle of incidence. The transmitted
p~polarised signal resulting from a p-polarised incident beam was
considerably larger than any of the other signals, and its variation
with the number of bilayers is illustrated in figure 8.1. Ideally the
Tp*p signal should increase quadratically with the number of bilayers,
since the films are thin compared to the wavelength of the incident
light and therefore coherent addition is expected. Figure 8.1 does
reveal an apparently superlinear response, aithough the optimum
1:4:9:100 ratio was not achieved; the observed ratio waé in fact_

1:1.5:2.9:15. The deviation of the ratios from those theoretically




T I T ! T /
3.0- /-1
/
/
/
el Y
2 5 / I
/
/
//
2-0F , -
/
~ /
ﬁ2> /’/
~ 1.5 ’ -
£ //
" /
< 1.0k /// <
{ s
-
7
O.s— /* —
s
}/4
0] Pt 1 1 L 1 ]
0 2 4 6 8 10
Number of Bilayers (N)

Figure 8.1 TP*P second harmonic signal strength as a function of the
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TP?P second harmonic signal strength as a function of
angle of incidence (8,, measured relative to the
substrate normal), for an LB film containing 10 layers of
amidonitrostilbene alternated with cadmium arachidate.
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predicted may be due to a degradation in film quality wifh increasing
thickness, or to the figure for the first "bilayer" being anomalous
since it was really due to a monolayer of the dye with the éhfomopﬁo;gt
adjécent ‘to the substrate (instead of being next to a layer of
carboxyléte“grOQPS'és in'all the oﬁher bilayers).

The:TP*P'signal obtained from the monolayer of D5 kequivalent to #
singlg'biiaye?) in-this investigation was significantly smaller than
that reported for a similar structure in section 8.2.H This phenomenon
was attribytéﬂ to the samples studied in this section being at least two
months old, and. indeed a two week old monolayer was found to give a very
simiiar4}$jgnai to thaﬁ‘ given' in tablg. 8.1 ‘when placed in the °
'experimeﬁta%EAsystem -immediately aff;f “fﬁé“ chafécterization of the
alterhate.layers had been completed. No such dggradation was observed
in. A thé:> cése of - hemicyanine moﬁolayers. E or . Athé
hemicy;nine/amidonitfostilbene alternate layers discussed in section
8;4§ this is an important consideration, since it will determine the.
1ifeti§e'of aﬁy future device incorporating these films.

8.3.2 Effect of angle of incidence

An aiternating layér system of amidonitrostilbene. and cadmium
arachidate, containing ten layers of the dye, was deposited onto one
sidé of a glass substrate. The sample was mounted in a vertical plane,
and could be rotated about a vertical axis (parallel to the dipping
direction) in order to study the variation im the Tp*p signal as a

function of 6,, the angle of incidence of the fundamental beam (relative

i

to the substrate normal). Since the 1laser beam did mnoct exactly
intersect the axis of rotation of the specimen, it was impossible to
avold tracking across the éample as it was rotated. However, the
observed variations in the signal (see figure 8.2) were so large that
any minor variations in SHG efficiency at different points in the film

were almost insignificant;
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The»ipfp-gignal strength shows a distinct peak at ei = 70°#5°,
Sucﬁ a peak might bé gxpgqted'if the dye moleéules are not aligned
pregisely'é;ong a normal to‘the subééréfe} but rather subtend an average
aﬁglé wlto:it (1f y was zero then Tp*p would pe a maximum at grazing
incidencé);’ At the first inspection this might suggest-a method ~for

calculéting Y from the value of 6, for which the PP signal 1is a

i
maximum; however, in reality the situation is much more complex.

The quadfatic polarization, 2(2)

, of a film comprised of molecules
with third-rank second-order molecular hyperpolarizability tensor 8,

under the influence of an electric field E, 1is

and will be most effective when it is parallel to the transmitted
electric field vector, Et' The second harmonic signal, I, should thus

be proportional to the dot product of 2(2) and Et

Now, the relevant electric field in the film, E, is really the sum of

Al

the incident (Ei) and reflected (Er) fields

so that the calculations cannot be performed simply using the incident

field only. A further complication arises in that the measured second



harmonic signal will have been decreased by feflection off the back face
of the glass slide (and in fact this would résult in zerc TP P signal at
90° incidence even if the molecules were aligned perfectly normal to the
substrate).

In conclusion, the effect of varying the angle of incidence on the
Tp+p signal will be dominated by reflectaﬂce efﬁéctg-énd not by the
orientation of the chromophores with respect to the substrate. It is
therefore not possible to simply extract the moiecular tilt, ¢, from the
angle of incidence for which the second harmonic signal is a maximum.
However, a more detailed fitting of the daté, using formulae analagous

to those used by Girling et al(s)

for 45° incidence, might enable a more
accurate value of § to be determined than is possible from measurements

made at a single angle of incidence.

8.3.3 Interference effects

An alternating layer structure of amidonitrostilbene and cadmium
arachidate containing ten layers of the dye, was deposited onto each
side of a glass substrate. The effect on the Tp+p~signal of Qarying the
angle of incidence was investigated as in section 8.3.2.  Whereas the
sample with one face coated with LB film gave rise to only one peak in
Tp*p,‘a series of maxima and minima were observed for the one with both
faces covered. Over the range of angle of incidemce 0°-45°, the PP
signal varied between zero and 22x10—27 m2 V-Z {the largest peak In this
series); betwéen the same angular limits the greatest signal given by

the single-sided sample was 2.9){10_27 m2 V_Z (although at ei=7o° a

signal  of 6.6x10—27 m? V_2 was obtained). . This contrast in the
behaviour provides evidence that the origin of the {fringe pattern frém

the double-sided sample lies in the interference between front and back

layer generatéd'harmonic beams. A similar phenomenon has been observed
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by Zyss for third harmonic generation from LB films of

polydiacetylene.

8.4 SHG From Alternating Layer Structures Containing Two Different

Active Components

8.4.0 Backgrouﬁd

The construction of a noncentrosymmetric multilayer'~ar;ay by
alternating layers of an "active" non-linear material with.an "inefgﬁ
spacer, sﬁch as the salt qf a fatty acid, was-diécussed_in section 8.3.
Likewise'it:éhduld be possible to produce alternagiﬁg ﬁultilayers in
which béth'cOmﬁonents are active and in which their contributions are
cohsfructive.‘vThis could be achieved by .using materials in which-the B
tensors are-directed in_dpposite senses with respect to the hydrophobic
tails, sgch molecules coﬁld be obtained by attaching the hydrocarbon
chains to the:-aonor epd,-of the chromophore in one case and to the
acceptof.éhd in tﬁé ochér;- The resulting, bimolecular hyperpolariz-
ébilify ého;la be of the order of the algebraic sum(7), 81 + 82. Figure
8.3 illustratés the-contrast in the contributiéﬁs'made~tq the -optical
nén—linearities of LB films constructed in thrée different ways: (1)
conventional Y-type mode; (ii) active material alternated with an inert
spacer;-(iii)~alternation of two different active materials.

Two different doubly active alternate layer systems were
investigated: hemicyanine (D2) and amidonitrostiltene (D5); and
hemicyanine (D2) and aminonitrostilbene (D6). In the> case of the
hemicyanine molecule the hydrocarbon tail is attached to the acceptor,
whereas in the nitrostilbenes it forms part of the donor. However,
since the donor and acceptor groups are different in the two components

n

of the arrays, there is still no guaranteé that the p vectors of the
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Figure 8.3 The effects on the overall second-order optical
non-linearity of an LB film resulting from the
construction of different types of multilayer array :

(a) cancellation of g's in a conventional Y-type film;

(b) production of a noncentrosymmetric structure by
alternating an active dye with an inert spacer
material;

(c) use of two different non-linear materials, with
donor and acceptor groups in opposite senses with
respect to the hydrophobic tails, to give a

N structure in which all the layers are active and
their contributions are constructive:




moieculeé will.be oppositely oriented with respect to the hydrocarbon
tails.-

',The ﬁheorepical galculations described in section 6.5 gave the sign
of Bt?éct) for:DZ}QS\being opposite to that for D5 and D7 (the closest
énaloggéjéff?G to be modélled). Now, B-(Qéct) represents 8 vectored
oﬁto :thé ground stgte dipéle moment 'directiO@, Eg’ and if Eg has
opposite directions, with respect to the hydrocarbon ‘chain, in ~ the

hemicyénine relative to the nitrostilbenes, then this would impiy that B

ﬁas-the_sgme>direction (agaiﬁ relative to the hydrophobic tails) in all
thrgé:ﬁblecuiés. However, 1if Eg has the same direction for all the
molecules, then B must be oppositely directed (with respect to the
tails) in. D2 compared to D5 and D6. There is no doubt over the
directiﬁn of Hg in the nitrostilbenes: the nitro group will be at the
negative end of the dipole. The situation is not so clear for
hemicyanine, in which the dimethyl amino group will acquire a slightly
positive charge but in which the pyridianium acceptor already has a full
positive charge to start with. -Essentially the problem lies in the
location of the negative counterion to the pyridinium group; if it close
to the acceptor group then the dimethylamino group will be at the
positive end of the-dipole, but if it has mig;ated some distance away
then the dimethylamino group may be at the negative end of the ground
state dipole. Thus the doubt over the direction of Hg in hemicyanine
glves rise to a complex situation in which it is difficult to predict
whether or not the two components in the alternating layer systems will
\

complement each other.

8.4.1 Comparison of the D2/D5 and D2/D6é systems

A summary of the second harmonic signals cbtained from alternating

multilayers containing three layers of hemicyanine and two of either



- 150 ~

amidonitrostilbene or aminonitrostilbene is given in table 8.2, It can
be seen that the two systems shqw very similar SHG efficiencies, the one
containing amidonitrostilbene being perhaps the slightly superior. In
theory D6 should have a slightly larger B than D5 (see section 6.5) due
to the removal of the electron withdrawing carbonyl group from the donor
functionalify. This might suggest that the B's for hemicyanine and the
nitrostilbenes all have the éame direction, the larger second harmonic
signals for the D2/D5 system resulting from a lesser cancellation of the
B of D2 by that of D5 compared to that caused by D6. However, the
larger second harmonic signals obtained for monolayers of D5 relative to
D6 (section 8.2.1, table 8.1) controverts this argument, instead
implyipg that the B of D5 is greater than that of D6, in which case the
B's of the ﬁitrostilbenes and the hemicyanine must be complementary
(1.e. oppositely directed relative to the hydrocarbon chains).

The situation 1s clearly not a simple one; thgre are many
inter-related factors operating, many of which are extremely difficult
to quantify.. Two such potentially important influences which have not
been considered are (i) the difference in crystalline structure (both.
the degree pf order and the orientation of the chromophores) between the
two systems;.aﬁd (i1) the:effect on the charge transfer bana (and hence
on B).of thelﬁolecules in one layef resulting from having a layer of

different polarized molecules adjacent to them.

8‘4'2,,A detailed study of the D2/D5 system
- The strﬁctures invéstigated in this part of the study contained N
layers.of;DS aﬁa N+1 layers of D2, where N=0-10. In order to evaluate
the ndnﬁlinearity'bf the Bilayer syspgm,-the“effects of the extra layer‘
of "hémi;yaﬁine (the layer with the -chrémophore‘ adjacent to the

substréte)‘had to be eliminated. If there is coherent addition of the



TABLE 8.2 Calibrated signal strengths (_10'27 m? v‘z)
B obtained for alternate multilayer structures
containing three layers of hemicyanine and
two of a nitrostilbene dye.

| system | TP | jPP | %P RSP

 D2/D5 20914 | 14.1#0.8 7.7¢0.5 | 7.2%0.6

'D2/D6 | 173%l1 8.2+0.7 7.6%0.8 $.910.5
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signals produced by each bilayer, then for a given polarization and

detection geometry the total signal field strength, E_  , can be written

2w

as:

E2m ='E2m (L1) + N E2w (BL) (8.24)
where EZw (L1), E2m (BL) are the signals produced by the first layer and
by a bilayer, respectively. The experimentally determined quantity is

: 2
S, where S =|E2m, /IEw|4- Substituting for E, in the expression for-§.

2w
by using equation 8.24:

o 2
-IE.Zw‘(Ll).I.,_+ N |E,, (BL) |
e, I2 e, I
ot - S(Ll)i' + N. S (BL)i (8.25)

A plof-Of sizvéréus N‘éhould the;efqré yield a straight lime whose
gradiéhtfis5eQUal to the average valué of“.Si fof a bilayer.

The arguments of the preceeding paragraph could.alsqibe applied to
alterqate>layer systems containing only one éctive componént,_in:order

to remove the effects of the first (unpaired) layer, which arise from

the use of  hydrophilic substrates. Figure 8.4 'shows a plot of SL

against N for the PP signal obtained from the

amidonitrostilbene/cadmium arachidate system discussed in section 8.3.1.

The data (extracted from figure 8.1) give a good fit to a straight line,

and the gradient yields a value of Tp*p (BL) of {0.019 * 0.004) x 10-27

m2 V_z. This figure is more than an order of magnitude less than that

given for a monolayer of amidonitrostilbene in section 8.2; this change
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in.efficiency may partly be accounted for by the age of.the sample (as
discussed ip;secfion 8.5.1), with a further raduction arising from the
film qﬁaiity dégradipg wi;h increasing thickness,

The TP+P sign;lé obtained from the amidonitrostilbene/hemicyanine
alterngte layef system gave rise to a graph of Sa versus N (figuré 8.5)
wﬁich'could-be-fitted moderately well to a straight line, whose gradient
ﬁeided the value TPP (BL) = (13 t 3) x 10727 w2 v™2. Once again the
probleﬁ}of thicker films_éuffering from'pporer quality has apparently
arisepyaéiqée the first few points-ihAfigure 8.5‘Eou1d be fitted to a
much'steeper line than that enforced by.the points.gt higher values of
N. EvenAét>N=10, the films are still very thin (< 100nm) and tﬁereforé
probléﬁs of phase mis-match between the second harmonic radiation
genérated_ap various points in the multilayers are unlikely to account.
foritﬁié behéﬁiour.

Data for a system in which hemicyanine was alternated Qith an inert
material (w-TA) could ﬂave been obtained from reference 5; however,
since data were only available for N=1-3, any reduction in efficiency at
higher values of N would not be seen. An alternative approach which
could have been taken 1s to simply take the difference in Si values
between regions of say N=1 and N=2, or betwgen N=2 and N=3, to calculate
values of S(BL) for each system. -Comparisons could then have been drawn
between the data obtained for a given thickness range. Hcwever, in the
case of the D2/w-TA system the errors invclved ir taking such a
difference would have been prohibitively large, whilst the values of
Rp+p, TS+p and RS+p for the D5/cadmium arachidate system described in
section 8.3.1 were so small that they cculd not be measured accurately.

Further calculations were therefore based on rhe data given in section

8.2.1 for monolayers of D2 and of *D5. The correspending data for the

A
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D2/D5 system were obtained by taking the difference in Si values between
regions of N=0 and N=1 (for which the error was significantly less than

that in the case of D2/w-TA) and squaring the result.

RP7P Ts*p’ and R°7P for a single bilayer over

Average values of s
the range N=O-10 were obtained by making Sb versus N plots (figure 8.6)
analogous to that given in figure 8.5 for PP, The RP’P curve
deviated markedly from linearity for N>3, whilst the 757P plot displayed
some curvature for N>5; in these cases the average signal strength was
qalculated from the linear portion. A good straight line fit was
obtained for the R° P data. This average set of data for the first ten
bilayers was used alongside the figures obtalned for the N=0-] interval
for comparison with the monolayer values (table 8.3). However, greater
emphasis was placed on the N=0-1 information since it was obtained from
a film whose thickness resembled that of the layers with which it was
being compared.

The signal strengths given in the first few columns of table 8.3
were analysed in terms of the second harmonic surface susceptibilities
(;(2)) for the thin organic layers using the approach offGirliﬁg.ep
al(s); This required phe linear dielectric constant components normal
to the subst;ate to be known for each of the films at frequencies of
both w(gi): ana '2@(;2). . éince the values of £ and €, were not
accurafeiy knbwﬁ, they were substituted into thehequations at the latest
possible stage; |

_ Girling'et al(s) sélved Maxwell's equations in the vicinity of the
filﬁAby-aésuming’thatjthe second harmonic polarization, generated in the
dye b?l thevlfuﬁdamentall inciden; 'radiation, was confined to an
.vinfinitéSim;l-surfacé layer. The e#pregsions obtained for the Tpfp’

Rp+p’ 7P and RS+p-signal strengths are given as equations 8.26 below,
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Figure 8.6
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R P (x) second harmonic signal strengths versus the
number of hemicyanine/amidonitrostilbene bilayers in an

~alternating layer structure.
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in which the film normal is taken to be the z-axis,and the x-axis is
defined as the direction of the s~polarized radiation.- .The s+s and p+s

signals were extremely small for either detection geemetry.

2y b 2
wo ~sin0 (e~ sin=6)* 1'
TP7P - . t__(T) cosb . Pt 8 ~— . P
2¢ ¢ PP € € - Y
o 2 g
(8.26a)
9 2 ; \7
wo sin (e - sin“8) -
Rp*p = t (R) cosH 'Pz + - . P
2e ¢ PP £ € o
o _ 2 g !
(8.26b)
wo t (T) -sin6 (e - sinzﬂ)b 2
Ts+p - . sp BZXX + 8
2e ¢C cosb € g, yxx
o 2 g !
(8.26¢)
. wo tg (R) sind 8 + (e - sinze)i 2
R P . P ZXX B
2e ¢ cos® € € yxx
2 8
(8.264d)

In all equations 8.26, 6 is the angle of incidence, Cg is the
dielectric constant of the glass substrate, and the transmission
coefficents (t) correct for reflection of both w and 2w radia;ion a; the
air—film;glass interface. In terms of the surface density; o, of the.

dye, the second order surface susceptibility is:

a(2) L '
4Xijk‘—jo Bijk“' A » (8.27)
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where Bijk are the components of the molecular hyperpolarizability,
inclusive of any in-plane local field corrections.

. The polarizations, Py and Pz, are given by

o e sin® . g ég? Sinzﬁ
Py.= B, = 2By, - 47 Tizz —————— (8.28)
ST Plyy iyz o 2.4 2, 2
: el(eg sin” @) £ \eg sin~0)
. I o
Assuming that Bzxx ~ Bzyy (i.e. films are isotropic within the

plane,:as described in section 8.2.2), and that Byxx v 0 (negligible s+s
sighal), substitution of equation 8.27 into equations 8.26c and 8.26d

accompéﬁied by rearrangement gives:

M2) 2€ ¢ cos® (Ts¢p)i )
2y - -0 (8.29a)
€, w siné tsp(T)

(2) 2€ ¢ cos® (Rs+p)§

2y - 2 (8.29b)

w sin® t (R) : :
sp

2’ Byyy’ snd Byzz v ¢ (isotropic film

with negligible s+s and p+s signals), equation 8.28 yields

Similarly, assuming that Bzy

€ sin6
P = =28 and
y . Tyyz L oaan2 3
el (eg sin” )
€g2 sinze
P = + B
z Bzyy 222 2 (e - sin26)

1 % | \

which, when substituted into equations 8.26a and 8.26b, give:
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p-py 4 _ 2 .3 :
.2€Oc (T ) ) sin6 Q(Z) i Eg sin” 0 ;(2)_
ot zyy 2 2. zzz
w cosf tpp(T) | & | 8251 (eg sin” 6)
2sin6 )
S — “X'}('?) (8.30a)
R yz :
1
popyd o 2 .3
ZEOC (R -5)°. _ sinb .%(2) . Eg sin™ 0 ;(2)
. R . Zyy 2 _ 2 ZZ2Z
w Cose“tpp(R)i | €2 T ezel (Eg sin” 6)
2sin6 - T
. n
- -xy(Z) (8.30b)
. yz .
1

where.use-has been made of equation 8.27. Addition of eqﬁatiqn548.30a

and 8.30b followed by rearrangement gives:

;;;i .' N (TP*P)i (Rpép) 5}
= + ' (8.31)

Id \ {

€ 2w sin® cosh . tpp(T) tpp\R, .J

The correéponding relation for ;(2) can be obtained by subtracting

222

equation 8.30a from 8.30b, and is :

;ﬁi; €.c (eg - sin29) (Rp*p)i (Tp*p)ﬁ
€, € 2" We 2 cos® sin36 t (R) ) t (T)
271 8 PP PP
(e - sinle) Y&
_ g XY (8.32)

€ 2 sin29 €
g _




-157 -

where the value of ;éi;/e can be taken from equation 8.Z9a or b.

2

For Corning 7059 glass, the refractive index is 1.530 (at 589.3 nom,
although it will be assumed to be this value at w and 2w as well),
therefore eg = 2.341. Contributions to the transmission coefficients
arise from reflection of both w and 2w radiation at each interface; care
has to be ;aken in selecting the appropriate factors, bearing in mind
that the LB film is extremely thin and therefore the air-film-glass
interface effectively behaves as a single boundary, across which the
tangential components of the electric fields at w and 2w must be
continuous, The individual component transmission coefficients
contained within each overall coefficient, t, can be calculated for the
appropriéte polarizations using the Fresnel formulae(B). However, these
factors only deviate slightly from unity, and do not represent a
significant contribution when the errors in the experimentally
determined signal strengths (and in the values of the dielectric
constants used in subsequent calculations) are considered. This 1is
exemplified by the s»p signals in table 8.3; according to equations

5/(Rs+p)i

8.29, (Ts+p) tsp(T)/tSp(R), and thus the ratio of thg two
signals should be constant from orne row of the table to the hext; whieh
in-préctice ié clearly not the case (for insx;ance,TS-‘\p < RS-*p for D2
whereas TS+p.>>,.RS+p for fhe D2/D5 system). In the calculétions which
follo&iit has_fﬁergfore been assumed that tnl.

Vélués of ;§§;/e2 were calculated (see tablé 8.3) for monolayers of
D2 and DS, and for D2/D5 bilayers (for both the first bilayer and the
ave:aée over.ten bilayefs). This was achieved by using the s+p signal
strengthlaata iﬁ’equations 8.29 and averaging the resuits cbtained for
the tfaﬁsﬁissioﬁ énd réfiection ggqmg;riest Similarly, the p-=p data -

o . : - ) e
were substituted into equation 8.31 to generate values of xéil/sl, and



(2)
zyy/EZ

data already calculated, in order to obtain the figures for ;ﬁii/ezelz

the same information was used again in conjunction with the ;

from equation 8.32,
On the assumption that the underlying molecular
hyperpolarizabilities are dominated by single components (B) along the

long molecular axis, Bijk can be rewritten as:

(8.33)

Biyk = B %y Iy Tk

where_f = (sinE cos¢, sina sing, cos@) and @, ¢, are the average polar
angle and azimuthal angle, respectively, of the dye relative to the film
normal (z-axis).

The absence of any anisotropy in the films indicates that any
degree of local molecular orientation has been averaged out over the
area of the incident beam (diameter ~290 pm). An isotropic ¢ average
may therefore be used in the analysis of the results. Fﬁrthermore, if
any local orientation is over areas smaller than the ~ lum wavelength
then the electric fields themselves must be averaged, reéulﬁiﬁg iﬁ thg‘
replacement.of Bijk by ;ts ¢ average in equations 8.26. This averaging
over the figlq'stfengths:leaves bnly two distinct~BiJk,cOmponents(S?

(equations 8.34 and 8.35), the rest being zero; it also results in zero

s-polarized second harmonic signal.

Beosd § (8.34)

>
]

222 -

Bzyyf. Bzxx = % B cosy sin” ¥ o (8.35)
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Note thqt'equation 8.35 applies for all sequences of the zyy and zxx
| v(2)

subgcyipts, .and hence the ﬂijk (and therefore ¥ ijk) coefficients
should be symmetric to such permutations. A comparison of the
v(2) o (2) :

zyy/EZ and X yyz/el columns of table 8.3 therefore leads to 62 >
281. This 1is not inconsistent with the second harmonic energy being

.close to the lowest electronic molecular excitation, since under such

circumstances €, would be resonantly enhanced. Taking a reasonable, non

2
resonant value €l=2 for all three systems, the above symmetry condition
yields the values of €, shown in .table 8.4. Note that the value of €,

for D5 (3.9%0.8) is approximately what would be expected from a
consideration of the corresponding quantity at a wavelength of 632.8 nm

3.2 * 0.4), as determined by surface plasmon resonance (section

(e
6.3).
Returning to equation 8.35, substituting for B from 8.34 gives a

relation from which the average polar angle can be found:

. 4.
} v(2) :
_ 28 1 2(x /€.)
tany = _zyy = — =TT zyy 22 ) (8.36)
Bzzz ' 1 .(Xzzz/EZEl )

Similarly, substituting for cosE in equation 8.35 using 8.34 gives:
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Replacing the Bijk terms with surface susceptibilities:

M2) W2) 32 w2 \

2 €
- Yy 222 2 zZz 2
3 - + . 7 & 5 5 el -_— (8.37)
2 2%1 251 o

The values of E and’B shown in table 8.4 were calculated for each system
by applying equations 8.36 and 8.37 to the data given in table 8.3
 (assuming €1=2). In view of the similar areas occupled by molecules of
D2 and D5 (0.28 nm® and 0.27 nm?, respectively) at the deposition
surface pressures, the surface density was taken to be the same for both
dyes (o = 3.64 x 1018 m_z).

A good agreement can be seen between these figures and the results

of preliminary calculations(4), and also with the data given by Girling

) for an alternate bilayer of D2/w-TA (which required a more

et al
complex analysis due to the observation of a significant s-polarized
signal). The measured hyperpolarizabilities of D2 and D5 are somewhat
smaller than the theoretical values given in chapter 6, although they
are both of the expected order of magnitude. it is interestiﬂg toAnQLQA
thaf .then value of E-_(26.4°)' obtained for the mounolayer of D5 is
considerablyLléssAthan that obtained by RHEED in Eh;pter-7:(54° * ld)?
and mafvbe dug to differepces in the structure of the films on glass ;nd
'silicoﬁ substfateé.

It is evident that the bilayer is a much superior second harmonic
material théﬁ is predicfed-by a simple addition cf the 8 coefficients of
the separéte léyérs. - Even if the bilayer data averaged over N=0-10 are
used, the;valpé of B obtéine& ié as good-as"for the sum of the B's for .

thevDZ”andtDS monolayers'(assuming that the f's are in complementary



TABLE 8.4 Derived hyperpolarizabilities (B), average polar
» . angles (), and dielectric constant components

- normal to the substrate at a frequency of 2w (82),
for LB monolayers of D2 and D5, and for a D2/D5
-bilayer. . :

A'éystem - €, 8 (10—50'03 m3 J_z) ¥
b3 3.9 £ 0.8 32 £ 15 26.4°
(monolayer) A
D2 5.1 £ 0.4 " 134 £ 26 25.6°
(monolayer)
- D2/D5 : |
bilayer 7.9 ¢ 1.2 410 * 140 19.2°
(N=0-1)
D2/D5
bilayer 5.4 1.6 160 * 130 24.6°
(average over
N=O?10)
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directions). Since the "effective 8" 1s likely tc be much greater in
thinner'léyéfs (as was observed for the first bilayer), the monolayer
daté Qill Hé the optimum achieveable for the individual materials and
heﬁce the superadditivity in the bilayers is clear.

Although the chromophores in ghe bilayer are in close proximity and
might be expected to interact strongly, the active ‘groups in the
separate Silayers and in the initial hemicyanine monolayer are separated
by 'passive" alkyl chains. Thus the second harmonic intensity is
expected to increase quadratically with tﬁe number cof bilayers, and
figures 8.4 and 8.5 reveal that this is apéroximutely the case.
However, comparison of the value of B for a "typical" bilayer (obtained
by using these plots to produce figures averaged over the first ten
bilayers) with the one for the first bilayer alone i1llustrate the
deviations from ideality which can occur with dincreasing thickness.
Such behaviour may be due to a progressive degradation of film quality

(5)

as the number of layers is increased. Girling et al attributed a
similar phenomenon in D2/w-TA alternate layers to changes 1in the
in-plane order, but the relatively small s-polarized signais obtained
for even a éingle D2/D5 bilayer renders such an explanation unlikely in
the present case.

The major source of errors in the measurements of 8 and y arise
from uncertainties in the values of the dielectric constants. Perhaps a
more accurate result would be obtained if this parameter could be
determined for each material at both w and 2w in an independent
experiment. Such an investigation wight dinvolve ellipsometry or

depositing the dyes onto a silver substrate and observing the resultant

shifts in the SPR curves, using scurces of the approprizte wavelength.



8.4.3. Conclusions

Optical non-linearity in an alternating donor-acceptor : inverted
donor-acceptor dye multilayer has been AemonstraCed. The second-order
hyperpolarizability for a hemicyanine/amidonitrostilbene. bilayer was
found to be much greater than that expected by simply adding the
hyperpolarizabilities for the individual dye monolayers. When the
amidonitrostilbene dye was substituted by aﬁ aminonitrostilbene, there
was a slight decrease in the SHG efficiency of the bilayer.

8.5 SHG From Heterogeneous Monolayers

8.5.1 . The D2/cadmium arachidate system

Not all substituted dye materials willbform hemogeneous LB films;
some have to be diluted with a fatty acid by up to & factor of ten in
order to render them suitable for deposition by the LB technique. It
was therefore of interest to use the hemicyanine dye (b2), ;hich could
be deposifed in homogeneous films and which élso had a particularly high
value of B (see sections 8.2 and 8.4), as a model sys&em to study the
effects of dilution on non-linear behaviour.

SHG investigations of mixed monolayers of hemicyanine and cadmium
arachidate with mole fractions of hemicyanine ranging from ~ 0.1 - 1.0
were undertaken. For each monolayer, the fractional film area, F,
constituted by hemicyanine was calculated from the mole fraction of
hemicyanine present in the spreading solution. It was assumed that a

hemicyanine molecule occupies a surface area of approximately 0.35 nm?

2

and an ionized arachidic acid molecule an area of 0.20 nm“ (values

measured from surface pressure-area isotherus of the materials) at the
- : g -1 o
deposition surface-pressure of 30 oN m ~. If it is assumed that the

dielectric cohstants of the film at @ and 2w, and the values of Bijk for

the hemicyanine molecules, are unaltered as a resuit of the dilution,




then replacing ¢ with o F (where o, is the surface density of a pure

H H

hemicyanine monolayer) in equations 8.26 predicts a linear increase in
S5 (for p*p and s+p polarizations) with F, reaching a msximum for a 100%
hemicyanine monolayer. This is also true for the s»s and p»s signals,

since they too are quadratic in 0(5). Figures 8.7 and 8.8 show plots of

Si versus F for the Tp+p and TS+p

signals; the dashed lines represent
the theoretical linear response described above. It is very interesting
to note that, for example, the TP*P gecond harmonic signal is a factor
of four times greater for a mixture containing equimolar quantities of
hemicyanine and arachidic acid than for a pure hemicyanine monolayer.
All of tﬁe other possible combinations\of‘polarization and detection
geometry gave signals which were also a4 maximum (out of the range of
concentrations studied) for the equimolar mixture, although the ratio of
these signals to that for the pure hemicyanine were not always as great

as with the Tp+p

signal.

Examination of figures 8.7 and 8.8 reveals that S% does 1indeed
increase linearly with F for mixtures containing rather less than an
equimolar quantity ﬁf dye, although the gradient of this line is much
greater than that of the hypothetical one. The same was found to be
true for the other polarizations and detection geometries, although the
scattef'of the points was much worse for s-polarized second harmonic
signals.' Table 8.5 summarises the values obtained for the ratio of the

slope of the initial linear regions of the S£ against F plots to the

theoretical gradients.

One possible explanation for the enhanced signals might lie in the

loﬁer dielectric constant for cadmium arachidate compaved to hemicyanine

at a frequency of 2w. This would be in accordance with the observation

that the linear region -of the Si versus F nlote does not extend beyond
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" TABLE 8.5 Comparison of the gradient, (dSi/dF) , of the initial
linear portion of the plots of the sguare root of the
second harmonic signal strength versus the fractional
arei/ﬁonétituted by dye, with the theoretical slope,

(ds /dF) , predicted if the signals were not enhanced
by dilution.
Signal (S) (dSi/dF)m/(dSi/dF)t~
TP”P 3,83 £ 0.32
RP7P  2.58 % 0.66
787P 4.33 t 0.39
RSP 4.06 * 0.16
7S 2.87 * 0.26
RS7S 3.32 t 0.73
TP”S 2.30 * 0.45
RP”S 2.00 * 0.29
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the 1:1 molar ratio point, where the dye molecules would cease to be
coprdiﬁated solely by arachidate species (assuming an intimate mixture
of dye .and .ionized arachidic acid molecules). In order to test this

theory} the most convenient signal to ‘use is TS+p, since 1if it {is

s p Q
4" =

constant of proportionality, and only involves terms which will be the

(where C 1is the

same for both mixed and homogeneous monolayers; see equations 8.26c and
8.29a). Taking the limiting case for the mixed monolayers, in which the

only contribution to €, is from cadmium arachidate (i.e. assuming the

2

pertinent €, is that of the local environment of an active molecule and

2
is not that of the molecule itself), then the ratio of the gradients for
the full and dashed 1lines in figure 8.8 should bz equal to
ez(hemicyanine)/e2 (cadmium arachidate). Now, € (cadmium arachidate)
wiil not be resonantly enhanced at 532 nm, and its value (2.5 * 0.1) is
known quite accurately(g). However, .62 (hemicyanine) has not been
determined precisely, the best estimate available being 5.1 * 0.4 as
determined in section 8.4. Using these values the ratic of the slopes
is predicted to be 2.0 * 0.2, which is far smaller than the measured
value of 4.33 + 0.39 given in table 8.5. ‘

A second factor which might be opefating is a change in packing of
the dye molecules upon forming a significantly diluted monolayer,
. resulting in a better alignment relative to the electric fields of the
incident and second harmonic 1light. This would contribute to the
observed fact that the enhancement is not perfectly uniform for all
geometries and polarizations, although to a certain extent the

dielectric constant argument would do the same; since different factors

of € and Ez_appear in the various terms in equations 8.Zo.
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One further mechan;sm which could expiain the superior second

harmonic signals from the mixed monolayers is the enhancement of 8
“itself. In section 6.1.7 the bathochromic shift and increase 1in

absorbance of the first absorption band of the dye upon forming a mixed
monolayer was reported. This was interpreted in terms of the reduction
of dipolar interactions in the heterogeneous layer, the molecules
behaving more as they would do in a solution. The changes in the charge
transfer characteristics of the molecules which give rise to these
spectral shifts are also likely to have a great influencze on 8. Indeed,
the larger value of g which could be assoclated with hemicyanine
molecules in mixed monolayers would be closer to the theoretical value
predicted in section 6.5 for the "free" molecule than the figure
calculated for a pure monolayer in section 8.4. This effect is
analogous to the solvent dependent hyperpolarizabiliéy of the
merocyanine (D1) discussed in section 6.1.1.

In conclusion, it is 1likely that all three of the mechanisms
discussed above will contribute, in varying degrees, to the enhanced SHG
observed from mixed monolayers of hemicyanine. These findings may have
important implications for improving the efficiencies of any non-linear
optical device which utilises LB films.

8.5.2 Other heterogeneous monolayer systems

Compounds D7 and D8 could not be deposited as howogeneous layers
(see chapter 5), therefore systems in which the dyes were mixed with
cadmium arachidate were investigated. A further monolayer of interest
was formed by mixing the two active dyes D2 arnd D5. SHG investigations
of pure D2 monolayers alternated with pure D5 monoiayers were reported
in section 8.4; it was hoped that Eg would have the same direction (with

respect to the hydrocarbon tails) for both molecules, so that g8 would be
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oppositely airected and therefore additive in the multilayer arrays. By
studying a mixed D2/D5 monolayer it was aﬁticipated thét the situation
might Become a little clearer. A monolayef in which D5 was mixed with
cadmium arachidate was also investigafed,'inxorder to see whether the
second harmonic generation was enhanéed in thé. same manner as that
observed with D2 in section 8.5.1.

D7/cadmium arachidate monolayers with molar ratios cf dionized
arachidic acid to dye of 1:1, 2:1, 3:1 and 5:1 were studied. Out of all
these concentrations and all the possible combinations of polarization
and detection geometry, the only detectable signal was the extremely low
TP?P = (0.04 * 0.02) x lO-27 m2 V.2 obtained for the 2:1 mixture. In’
vieﬁ of theAfact that the theoretical B for D7 (chapter 6) is greater
than that for D5 (from which significant SHG has been observéd),.thgg
would imply that the molecules of D7 are arranged 1in antiparallel
aggregates.ﬁithin the 1éyérs. Suéh a process was pos;ulated in chapter
5 to explgiﬁf the low values of area per molecule observed inz
préssufe-érea‘isoﬁﬂerﬁs of the homogenéous monolayer; clearly the use of
heterogeneous.@onolayérs does not overcome the problem, indicatiné that
the dye dqeé:nét form an intimate mixture with the cadmium arachidate.

Negligible . SHG was observed from a monolayer containing arachidate
ions éhd iDS in a 2:1 mélér ratio. It .seems, therefore, that the
dilution o§fthe active dye has resﬁlté& iﬁ a corresponding reduction»in
non-iinearity, unlike the case of D2 where enhancgment was observed.
This wouid:éppear to give more weight to the argument thaf1a change in.B'
itself was responsible for the effects in hemicyanine, since éhe other
: ﬁechanisms could be equally well applied to D5 (although alignment might

also be significant, in view of the highly ordered structure exhibited
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by even homogeneous monolayers of D5 - see chapter 7). 1In chapter 6 the
absorption spectrum of D5 was seen to be unchanged in profile as a
result of dilution (which was not the case with D2), indicating that the
charge~transfer process had not been greatly affected, and therefore
lictle change in B would have been expected.

A summary of the second harmonic signals obtained from monolayers
containing 5 moles of lonized arachidic acid to one mole of R8, and 1.02
moles of D5 to one mole of D2 (corresponding to a fractional area of
hemicyanine of 0.57), is given in table 8.6.

The signal strengths given by the D8/;admium arachidate monolayer
were larger'than those exhibited by a pure ﬁonolayer of D5 (section
8.2), although not as great as those from D2. It is not possible to say
whether the dilution process has effectively enhanced or reduced the
signal strengths from what they would have been in a homogeneous
monolayer of D8, since such a film could not be deposited. However, the
production of a high quality LB layer in which the dye molecules are not
aligned in an antiparallel manner has clearly been demonstrated. It
should be noted that compound D8 is the same as that used by Aktsipetrov

(10) in their letter on "second-harmonic generation on reflection

et al
from a monomolecular Langmuir layer'", although the authors make no
reference to the need for employing a heterogeneous system.

Temporarily vneglecting the non-linearity of D5 (since it 1is
significantly smaller than that of D2), the D2/DB5 system gave Siénala
which were(enhanced.(for example, by a factor of ~2 in the case of

.(TP*P)Q)_relapive to thosé expected by simply allowing for the reduction
in thé  surfacé density of D2 molecules. However, the signals were
smallefitﬁan:those qbtained for the corresponding dye densipy'in the

. Tp*p)b »

D2/cadmium arachidate system (where the enhancement in ( was by a
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féctor;of & 3.8). This could be due paxtially‘to'the polar-nature-of D5
(ifvgg is ‘in the same difection for both dyas), the higher value of €2
for D5 compared to cadmium arachidate (but iower than that for D2), apd-
thé'partial'cancellation of the B's of the hemicyanine moilecules by
those of the amidonitrostilbene. Had Eg been in opposite directions for
D2 and D5, then the favourable influence on charge tfansfer would
probably have resulted in greater enhancement than.was in fact observed;
furthermore, the B8's of the two species would have had the same
direction and therefore been additive. However, the wuncertainty
surrounding the level of importance to attach to €y for the diluting

material means that this interpretation is only tentative.

8.6 Summary

Second harmonic generation has been observed from a variety of
different monolayer and alternating multilayer LE films. O0f the
materials studied in homogeneous monolayer form, compounds Di and D2
gave particularly large signals, whilst those obtained from D5 and D6
were not insignificant. The absence of any signal from mono%ayers of A8
and A9 is indicative that the anthracene nucleus is less suitable as a
conjugated system than, for example, a stilbene bridge. In general, the
effects of any in-plane anisotropy in the films were found to be
negligible;' When the non-linear material was deposited on both sides of
a glass slide, varying the angle of incidence of the fundamental was
found to produce maxima and minima in the second harmonic signal
strength, arising from interference effects. For thin alternating layer
films, in which coherent addition of the signals produced by each
bilayer can be assumed, the square root of the second harmonic signal
strength would be expected to increase 1linearly with the number of

bilayers, and in practice this was approximately the case.
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Noncentrosymmetric arrays were produced in which an active material
was alternated with an inert spacer material or a second active material
(whose donor and acceptor groups were reversed with respect to the
hydrophobic tails, 80 that the second—order molecular
hyperpolarizabilities of the molecules in adjacent layers added
constructively). One such doubly active system consisted of the
hemicyanine (D2) and amidonitrostilbene (D5) dyes; in fact -the bilayer
was found to be a much superior second harmonic material than is
predicted by a simple addition of the B coefficlents of the separate
layers. The signal strengths obtained from this structure were aﬁalysedA
in terms of second barmqnic surface susceptibilities, and the value of B
obtained wasu(éio + 140) g lO—50 C3 ﬁ3 J—2 for ﬁhe firse biléyer.

Oﬁ-dilutiﬁg a monolayer of hemiéyanine with cadmium arachidate, the
secqnd>ﬁafmoﬁic signals were found to be significantly enhanced. This
change.waslattributed to changes 1in the charge-transfer characteristics
of the dye, és well as fo a more favourable film dieledtric constant and
possiblg éhaﬁgéé.in the pa;king of the molecules. LB ﬁonolayers of the
amidoﬂ}ﬁféstilﬁéﬂé: did nét' display ;heb same effects. However, the
sigificant SHG displayed by another méterial (D8) in highly diluted form
suggesfs thét heterogeneous layers may have an important ?qle to‘play ip
improving ;he non~linear efficiency of LB films; é further aiscussion of

this point is given briefly in the "suggestions for further work"

section of chapter 9.
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CHAPTER 9

CONCLUSIONS . AND SUGGESTIONS FOR FURTHER WORK

Many organic materials are composed of molecules possessing large
seéond-qrdér hyperpolarizabilities (B), yet this inherent non-linearity
is frequently not manifested at a mac;oscopic level due to a tendency
for these molecules to pack in centrosymmetric crystalline structures.
The Langmulr-Blodgett technique -is an elegant method of assembling
amphiphilié organic molecules into layers of a well defined thickness
and alignment. Moreover, non-cenprosymmetric cupermclecular arrays may
be fabricated by alternating layers cf different materials; hence the
method provides a means to exploit the non~-linrear optical properties of
the individual molecules.

In general, large values of B are exhibited by molecules which
contain a conjugated system of bonds, polarized by the addition of
electron donor and acceptor groups. A series of such compounds has been
adapted for LB film formation by the incorporation éf hydrophobic tails
into the molecules. The materials fall into three categories: (i)
modified commercially availablé substances; (ii) 9,10 disubstituted
anthracenes; (1ii) dipolar chromophores. The water-éurface monolayer
and, where appropriate, LB deposition properties cf all of lthese
materials héve been characterized. None of the group {i} cowpcunds were
found to give films of a satisfactory quality; and most of the
anthracene derivatives were found to be tou soiubie in the subphase;
however, several of the dipolar‘chromophores and two of the'énthracenes
could be deposited in high quality homogenecus or heterégeneous LB

films.
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Once the deposition of a new materiai had been successfully
accomplished, the films Qére extensively characterized by a variety of
techniques.'70ptical absorption spectra of LE films and solutions weré
used to determine the wavelength range over which the material could
usefully be applied, and to gain an insight into the charge transfer
processes occurring 1in the molecules. Studies of- aSsorbance and
capacitance as a function of film thickness were 'used to check the
uniformity of deposition from one monolayer to the next, whilst surface
plasmon resonance techniques were employed to estimate the relative
permittivity of amidonitrostilbene layers. Several materials were
assessed for bulk second-order éptical non-linearity using the Kurtz
powder technique, but this method proved to be inappropriate for LB film
materials and was subsequently replaced by theoretical determinations of
B.

The physical properties of LB films are strongly influenced by
their structural order. In order to dinvestigate this phenomenon,
extensive reflection high energy and transmission electron diffraction
" gtudies have been performed on a variet}- of different \films. C4
anthracene multilayers exhibited a high degree of crystalline order, and
a detailed structural analysis of them was perfarmed. Similarly,
amidonitrostilbene monolayers displayed an exceptional 1level of
structural ‘Order (probably stabilized by hydrogen bonding), although
this was not propagated through to thicker films. By comparing the
RHEED. patterns ob;ainéd from wvarious different monolayers of
amidonitrostilbene, the effects of changes in the deposition conditions
on the quality of the layers was shown,

The optical non-linearity of several differen: LB film systems was

demonstrated by the observation of second harmonic generation on both
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reflection from, and transmission through, the layers. Homogeneous
.monblayers of hemicyanine (D2) and merocyanine (D1) gave particularly
large signals, whilst those obtained from the nitrestilbemes (D5 and D6)
were not insignificant. Although the B of merocyanine is nearly three

03 3 52 n

times that of hemicyanine (calculéted as (134%26) x 10
Chapter 8), the dielectric constant of the former is strongly resonantly
enhanced at the frequency of the second harmonic, thereby reducing the
efficiency of the conversion; furthermore, the merccyanine readiiy
undergoes protonation to a form with lower 2, thereby restricting its
use to basic environments. The absence of a signal from two of the
anthracene derivatives was taken as an indication that, as a conjugated
system intended to give rise to a large value of B, th{ anthracene
nucleus is inferior to many other candidates, such as a stilbene bridge.

Non-centrosymmetric arrays were ﬁroduced in which an active
material was alternated either with an inert spacer material, such as a
fatty acid;'or with a second active material. In the latter case,Athe
positions of the donor and acceptor groups in the two species were
reversed, with respect to the hydrocarbon chains, so that the
hyperpolarizabilities of the molecules in adjacent layers would be
additive. Optical non-linearity was demonstrated in such a system for
the first time by alternating the hemicyanine (D2) and
amidonitrostilbene (D5) dyes. The signal: strengths obtained from this
strUctﬁre were analysed 1n terms of sccond harmonic' surface
suscéptibilities, and the value of B obtained for the first bilayer
0—50 -3 3

[(410 * 140) x 1 C" m J—z] was much superior to that expected by

the simple addition of the B coefficients of the separate layers.
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Heterogeneous monolayers of hemicyanine’ and cadmium arachidate were
found to givg rise to enhanced second harmonic generation, relative to a
homogeneous monolayér of the dye. This phenomenon was attributed to
changes 1in thé charge-transfer charaqte:istics of the dye (also
reflected in its absorption spéctrum), accompanied by alreductiou in the
dielectric constant of the film and possibls changes in the packing of
the molecules. These findings may have important implications for
improving the efficiencies of any non-linear optical de§icev which -

utilises LB films. .

. -~ Suggestions for further work

LB vfilms_-displaying large second-order optical non?linéarities
should exhibit the Pockels effect (as described in chapter 2), in which
the - ref;active vindex at the optical frequency is dependent on an
electric fieldléppliéd across the film. This phenomenon could be used
in coﬁj;nétion .wi£h surface plasmon:_resqﬁance te preduce an optical
.modﬁlééé%. g

Figure: 9,1 shows a schemaﬁic diagram of such a device. » An
eiectnical-contact should not be evaporated directly onto:the.Lviilm,
since a metallic layer .so close to the silver would be likely to
interact with the evanescent field assoclated with the surface plasmons.
One  possible way of overcoming this #roblem is iilustrated in the
diagram; a Mylar washera(% 10um thick) can be used as a spacer between
the LB film and an aluminium block. Electrical'contact is made to the
block and a regioh of the silver layer remote from ‘the point of
incidence of the laser beam; if a voltage is then applied, some of the

field will be dropped across the air-gap, and the rest across the film.

This electric field should cause a change in refractive index, which in
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- 174 —

turn will;pfdduce a shifﬁ in the resonance angle (cf. figure 6.17 in
chapfe?:§); if;fhe_léser beam is directed at an angle corresponding to
the iniﬁi&l{resoﬁamcg poéition, then "this angle of inéidence will no
l&née;A éér?eépond to a feflec;ance ninimum. The electric field
therefore gives riseito a change in reflectance>which willsmodula§e~the
signal reaching the .photodetector. In pracfice the changes 1in
;efractive'index are extremely small, and therefore an a.c. voltage has
to be,'émblé&ed, with a lock-in amplifier used as a phase sensitive
depécfor to ﬁonitor the changes in the photodetector output occurring in
phése with' the applied field. A further improvement in tbe sensitivity
can be made by positioning the laser at an angle corresponding to a
lpoint halfway up the resonance minimum, since the change in reflectance
for a given shift in resonance aﬁgle will be greater 2t this point than
at the minimum itself.

Preliminary investigations of such a modulator, incorporating three
bilayers of a doubly active LB film of hemicyanine and
amidonitrostilbene, are currently being undertaken in collaboration with
Drs. M. C, Petty and J. P. Lloyd. AAsmall degree of modulation has
already been observed, and has been shown to be a function of the
electric field applied across the film. When the angle of incidence of
the laser was changed so that it corresponded to a point halfway up the
ofher side of the resonance minimum, the output from the phase sensitive
detector was reversed in sign and altered in magnitude (relative to the
level with the laser light blocked off), as illustrated in figure 9.1.
This was to be expected in view of the asyuwmetrical nature of the
reflectance curve. Furfher experiments are recuired, &nd in particular
the optimum.thickness of the LB film needs té be determined; thicker

films should produce a greater resonance angle shift for a given change
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in refraétivé-. index (sge figure 6.17), but will give rise to the
de;etefipdsveffec£ of a broadening of the reflectance curve. Cross et
al(l) have uséd a similar technique to &emonstrate the linear Pockels
effecﬁ in'a.ﬁgnolayer of hemicyanine.

_AIt‘ié'suggeéted thatvsome effort be placed into the development of
a_compﬁfe; prdgrém forjthe:éccurate curveffitting'of experimental SPR
"dgté,,in{o§aer that‘accuraté estimé£gé Sf réfracfive index (and hence
dieleétric “constant) can be obtained.. The measurements themselves
should be>§érformed uéing sources of the appropriate waveiehgth,‘in éasé _
any réSonance enhancement of the dielectric constants cccurs at optical
ffe§uehcigs{

. fﬁfther:ﬁork is also required on the behaviour of heterogeneous LB
films, following the obéervation of enhanced second harmonic generation
from monoléyers of hemiéyanine in which the active dve was mixed with
passive cadmium arachidate. As well as. studying the effects of dilution
on the non~linearity of other dyes, experiments are required in related
fields; for example, to determinre whether multilayers of such systems
will cause greater or less scattering of light propagating in the plane
of the filﬁ, compared to that which occurs in conventional, homogeneous
assemblies.

The materials studied in this thesis rvepresent a minute fraction of
the interesting structures which can be envisaged, and it is anticipated
that a continuation of the programme of screening will reveal many more
highly efficient non-linear materials suitable for deposition in LB
films. Theoretical modelling of molecules, to predict values of B prior
to lengthy chemical synthesis and characterization, is likely to play an
ever more important role in this process. Tﬁe gengral requirements for

a large molecular hyperpolarizability "~ (i.e. a pelarized conjugated
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system) shbuld be remembered, and some specific ldeas are as follows:
(1) Increase: fﬁe ébnjugation length, e.g. by dintroducing an extra
ét;féqe unif-into-a-étilbene bridge. |
u(ii)fiﬁ;ésfigate no&el stfong donor and acceptor groups, such as
p&rrolidine and —SOZCF3, and try to produéé pairé of.compounds in
yhich the hydrocarbon tails are attached to opposite ends éf the
chromophore, in | anticipation of forming doubly active

_gﬁperlattices.

(iii)fInvestigate the use of more than one hydrocarbon tail per
| molecule, in order to bring about a better match of the
cross-settiqnal areas of the hydrophobic and chromophore regions,
and thereby improve the structural order of the films. Adjusting
the positions and lengths of these substituents could also
engender a degree of control over the orientation of the chromogen

in the film(2’3).

One further point on the subsect of materials concerns the already
characterized merocyanine (D1). The main drawback to this highly
non—linear material lies in its great susceptibility to protonation (see
chapter 6), a process which reduces its efficiency so greatly that it
can only be used in an atmosphere of ammonia vapour. Any procedure
which could render the dye stable inAair would therefore be of interest.
One possible way might be to deposit layecs in which the material is
mixed with a long chain amine (in the'light of section 8.5 this 1s a
process which might not be deleterious to its non-linearity), so that
the latter component will react preferentially with any acid adsorbed by
the film. Y-type multilayers of Dl mixed wiih docogylamine have been
deposited énd the dyé'did, indeed, display an increased lifetime in its

unprotonated form, although this dimprovement was by only a factor of
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two. A structure in which mixed layers of docosylamine and D1 were
alternated with layers of pure docosylamine exhibited a further increase
in stability, but the dye still became protonated eventually. Another
step which may be taken is to deposit many Y~type layers of the amine on
top of the alternate layer structure in the hope that ‘any carbonic acid
from the air will not penetrate through to the dye. One pcssible doubly
active alternate layer structure could be formed by hemicyanine (D2) and
mixed layers of Dl/docosylamine; the dimethylamino donor group of D2
might help to stabilize the molecules of D1 (élthough it is uncertain
whether the directions of the RB's of the two-species are such as to add
constructively or destructively).

In conclusion, much work remeins to be performed in this field, and

the future holds great promise.
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ABSTRACT

Both reflection -and transmission high-energy electron diffraction patterns
obtained from Langmuir-Blodgett (LB) films of a lightly substituted anthracene
derivative are interpreted in terms of a quasi-crystalline molecular packing, or
secondary structure, which is consistent with the known primary structure of the
molecule. The unit cell is orthorhombic, contains four molecules and probably has
space group Pba2. The long axis of the aromatic nucleus lies at an angle of 60 + 1° to
the substrate normal in the LB film. Y

§1. INTRODUCTION

1.1. Molecular electronic applications of LB films

Many proposed applications of organic molecules in high-performance
information-processing technologies involve conjugated molecules arranged into a
stable organized structure with nanometre precision (Aviram and Ratner 1974, Carter
1983, Kuhn 1983, Williams 1984). The LB technique (Gaines 1966, Roberts 1985) is one
of the few methods for fabricating such a structure. However the molecules of most
existing LB film materials are not of the required type, being dominated by a large
saturated moiety. In some applications, such as non-linear optics (Kajzar, Messier and
Zyss 1983, Girling, Kolinsky, Cade, Earls and Peterson 1985), this merely results in a
dilution of the active part of the molecule without completely destroying the desired
effect. However in applications involving the transport of charge or excitations, it has a
drastic and deleterious effect on the exchange integral for hopping between active
centres. This accounts for the great interest shown recently in LB films of lightly
substituted porphyrins (Jones, Tredgold and Hoorfar 1984) and phthalocyanines
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Middlesex HA9 7PP, England.

1 Present address: Department of Engineering Science, University of Oxford, Oxford
OX1 3PJ, England.
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(Batey, Petty, Roberts and Wright 1984, Baker, Petty, Roberts and Twigg 1983).
Unfortunately, several structural studies (Vickers 1984, Tredgold, Vickers, Hoorfar,
Hodge and Khoshdel 1985) have revealed that thick films of porphyrins recrystallize
rapidly after deposition and display little trace. of the organized anisotropic layer
structure required. One LB film material which is known to exhibit significant
conductivity and, in addition, to retain its as-deposited layer structure is 9-butyl-10-
anthrylpropionic acid, otherwise known as C4 anthracene (Roberts, McGinnity,
Barlow and Vincett 1980, Roberts and McGinnity 1979) the molecular form of which is
shown in fig. 1. In addition to these desirable propertics its films have long-range
orientational order (M. F. Daniel, 1985, personal communication) and good electrical
properties (Roberts et al. 1980). Furthermore, the water surface monolayer is much
more fluid than typical aromatic LB film materials and is capable of deposition rates of
80 ums ™! (Vincett, Barlow, Boyle, Finney and Roberts 1979) without the addition of
the ‘lubricants’ necessary with other lightly substituted aromatics (Baker et al. 1983,
Schoeler, Tews and Kuhn 1974).

These benefits of C4 anthracene are to some extent offset by slight solubility of the
monolayer on the water surface, and by its tendency to oxidize to anthraquinone. The
latter fact makes it desirable to exclude ultraviolet radiation during the deposition
procedure, and means that devices such as electroluminescent displays (Roberts et al.
1980) and novel, inexpensive thin-film switches (Roberts 1985) must be hermetically
sealed. An understanding of the relationships between its structure and properties
might lead to the development of an alternative material with similar electronic and
water-surface behaviour but with greater stability under ambient conditions. A study of
some aspects of the film structure has been published (Vincett and Barlow 1980).
However the techniques employed in that investigation were not capable of determin-
ing the molecular orientation within the film to a high degree of precision or of
distinguishing between different possible space groups. In the model proposed by
Vincett and Barlow, the unit cell combined two molecules located in adjacent
monolayers and the long axis of the anthracene nucleus was tilted at 55—-65° to the
substrate normal.

The present study is based on high-energy electron diffraction patterns obtained
from LB films of C4 anthracene. These were recorded both in transmission (TED) and
reflection (RHEED) and they provide significantly more information about the film
structure than has been reported previously. Firstly, they enable the crystalline

Fig. 1
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Primary structure of C4 anthracene molecule.
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Comparison of TED and RHEED data for (hk0) d-spacings.

d-spacings (nm) d-spacings (nm)
Miller indices (TED pattern) (RHEED pattern)

(020} 0775 —

(100) 0-500% 0505
(110) 0490 0485
(120) 0430 0420
(040) : 0-385 0-390
(130) 0365 0-360
(140) 0-295% 0295
(200) 0-250% 0-245

T Systematic absence—inferred value.
I Value deduced from extrapolation.

The area per unit cell in the substrate plane (ab) is 0-78 nm?2. Comparison with the
area per molecule of ~0-40nm? in the monolayer at the collapse point (Vincett et al.
1979) indicates that the unit cell contains two molecules in any cross-section and, since
it extends over two layers, it consists of a total of four molecules.

4.2. Molecular orientation within the unit cell

In a previous paper we have shown that it is possible to deduce the orientation of
rigid moieties in an LB film without carrying out a complete structure determination
(Earls et al. 1986). The method involves comparison of the experimentally determined
RHEED pattern (fig. 2 in this case) with a computer-generated intensity distribution of
the diffraction pattern of a single moiety. Reasonable values for bond lengths, angles
and atomic scattering factors for this moiety were chosen (Kitaigorodskii 1961, Weast
and Astle 1980, Vainshtein 1964) and were used to compute the intensity distribution
shown in fig. 4. This distribution is plotted on the same scale as fig. 2 to facilitate
comparison. It is important to note that not all of the atoms in the molecule have been
included in the computation, but the combined low-angle scattering factor for the
moiety considered in this particular case is more than 14 times that of the remaining
ones. Further the moiety is expected to display more spatial periodicity so that the
features of the pattern will be dominated by it.

There are two possible matches between the experimental pattern and the
computed distribution. In the first of these, the computed peak in intensity near (0, 8) is
identified with the bright spot in the experimental pattern at (0, 8-2) and the computed
peaks near (+2,4) with the patches of intensity centred on coordinates (+2-4,4) in
fig. 2. This match is consistent with tilt angles Y of the anthracene long axis to the
substrate normal in the range 0—13°. The broad nature of the computed peaks, the
fourfold degeneracy of most of the streaks in the RHEED pattern and the presence of
four molecules within the unit cell make it difficult to deduce any other details about the
molecular orientation or to determine {y more accurately.

There is a second good match at =60+ 1° This arises from the hexagonal
symmetry of graphite from which the anthracene molecule may be considered to be
derived. This match corresponds to the range of i from 55—65° which was previously
reported for C4 anthracene by Vincett and Barlow (1980). Again it is difficult to
determine other aspects of the molecular orientation.
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Fig. 4
.. 9, 10~dicarbon anthracene
2.0 1 ] ] J 1 1 1 J 1
Ll o i
1. 2+ —

-1.0 ~0.6

X AXIS #10
Y AXIS =10

Computer-generated diffracted intensity distribution for the beam incident normal to the
anthracene nucleus with its long axis vertical (compare with fig. 2).

4.3. Stereochemistry and symmetry considerations

On the basis of Kitaigorodskii’s theory of packing of molecular crystals
(Kitaigorodskii 1973), it is possible to exclude the presence of mirror planes as, in all
practical situations, these may be replaced by glide planes to achieve denser packing. In
addition, the known orientation of amphiphilic molecules by dispersion, dipolar and
hydrogen bonding forces in LB films, leads to the exclusion of certain symmetry
elements which would imply the presence of oppositely oriented molecules within the
same monolayer. These include n-type glide planes in the (100) and (010) orientations
and 2, screw axes in the [001] orientation.

Further information may be obtained from a consideration of systematic absences
such as those indicated by arrows labelled S in the TED pattern of fig. 3. The condition
for allowed reflections along the [h00] axis is h=2n and along the [0k0] axis is k=2n,
where n is an integer. There are no systematic absences apparent along the [00]] axis
(the central normal row of spots) in the RHEED pattern of fig. 2. On its own this
observation is inconclusive because of the greater likelihood of double diffraction in
this case. However it is consistent with the result of earlier shallow-angle X-ray
scattering studies of this material (Vincett and Barlow 1980).
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The relationship between the observed systematic absences and the translational
symmetry operators giving rise to them has been tabulated for the orthorhombic
system crystal by Henry, Lipson and Wooster (1960). Taken in conjunction with the
experimental observations, this implies the presence of only a- and b-type glide planes
in the (010) and (001) orientations respectively and excludes the possibility of the
presence of screw axes. Considering all of these restrictions, only one acceptable space
group remains and this is Pba2 (Henry and Lonsdale 1952).

Having determined the space group, it is now possible to return to much more
specific stereochemical considerations in order to establish which of the two previously
mentioned ranges of molecular tilt is valid. As the 0-34 nm van der Waals thickness of
the aromatic nucleus is the only molecular dimension smaller than the 0-51 nm a lattice
parameter, the one-dimensional ‘chains’ of molecules separated by this distance must
be in close, face-to-face contact with no intervening molecules. A ‘chain’ with 0-51 nm
spacing and a molecular tilt angle y in the range 0— 13° is possible if the projection of a
onto the aromatic plane is parallel to its short axis. However, consideration of three-
dimensional models shows that there is no obvious correspondence of ‘bumps’ and
‘hollows’ as is required for a stable packing (Kitaigorodskii 1961). To fit the resulting
molecular chains into the observed unit-cell dimensions requires n-type glide planes in
the (100) orientation so that the two non-equivalent sets of molecules in the monolayer
are at different distances from the water or substrate surface. Hence, for these reasons, it
is possible to reject the structure with a value of  in the range 0—13°.

Only one possible range of molecular tilt remains, namely y ~ 60°. Models of such
‘chains’ can be built with the projection of the unit-cell vector a onto the aromatic plane
lying almost parallel to its long axis. With a repeat spacing of 0-51 nm, the alkyl
sidechains of adjacent molecules are in van der Waals contact, so that this corresponds
to a local energy minimum. These chain models have been stacked to form a bulk
packing with Pba2 orthorhombic symmetry and it has been shown that the unit-cell
parameters can be adjusted to correspond to the observed values. Hence this packing
provides a unique fit to the experimental results.

Close inspection of the bulk-packing model revealed that there is a considerable
range of possible values for the blattice vector spacing. Changes in b are readily effected
by contrarotating the a-axis ‘chains’ around their axes. Taken in conjunction with the
dense packing in the a direction, it follows that on the water surface, dislocations must
be highly mobile along the associated glide planes (Friedel 1964).

4.4. Structure—property relationships

The LB film materials that are most well behaved on a water surface are the long-
chain fatty acids. It is believed that their fluidity is largely due to the fact that they form
two-dimensional rotator phases (Losche, Rabe, Fischer, Rucha, Knoll and Méhwald
1984, Peterson and Russell 1985). These are analogous to three-dimensional plastic
crystal phases (Sherwood 1979) which are readily deformed. However, because of the
face-to-face contact of the anthracene nuclei, free rotation of molecules is clearly not
possible in monolayers of this material. It is therefore proposed that their fluidity is
related to the high mobility of dislocations along the (100) orientation glide plane.

It has recently been shown (Peterson 1986) that the defects responsible for
conduction in LB films of fatty acids are associated with disclinations of the hexagonal
symmetry water-surface structure. The present study indicates that the packing of C4
anthracene has only twofold rotational symmetry, so that the lowest energy
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disclination has a ‘Burgers angle’ of 180°. it is suggested that disclinations in C4
anthracene monolayers are too energetic to be created during spreading thereby
explaining the observed low incidence of defect conduction in the resulting films.

§5. CONCLUSIONS

Both the RHEED and TED patterns obtained from LB films of C4 anthracene are
in good agreement with each other and with the accepted multilayer model of Y-type
films. The consistency of the results of the two different electron diffraction techniques
indicates that the structure of C4 anthracene LB films is the same on both Al,O; and
SiO, substrates. The present study confirms the conclusion of Vincett and Barlow
(1980) concerning the molecular orientation in these films and narrows the probable
range of long-axis molecular tilt to 60+1°. It supersedes their investigation by
demonstrating that there are four molecules per unit cell, and extends it by defining the
unit-cell parameters and space-group symmetry.

It is considered that the proposed connections between film structure and
properties, both in relation to monolayer water-surface fluidity and metal-LB-metal
conduction will be of great importance in guiding the design of molecular assemblies to
perform electronic functions.
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ABSTRACT

The synthesis of a new amphiphilic molecule, &4-heptadecylamido-4'-
nitrostilbene, 1s described together with the formation of stable, high
quality Langmuir-Blodgett multilayers. The material is suitable for the

investigation of non-linear optical effects in organic 5upef1attices:

* Present Address: Department of Engineering Science, University of
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Introductiqn '
'D§§i¢eéf§roce$sing.optical signals require a range of materials with
:qéll'dgfined préperties; both conventional linear low loss materials and
thosg exhibifing various kinds of non-linear behaviour are necessary. If
such deviégé are to .be realized in a useful form the purity
specifications will have to be stringently defined so as to ensure
.abéoiﬁféi repioducibility;  furthermore,' the materials will need to be ..
.;sqfficiénfly stable to ensure consiégénf'performaﬁce-during a long device
lifétime,' It has been known for some time :hat'inorganic dielectrics
such aé: iithium ﬁiobate and potassium dihydrogen ﬁﬁdsphate- éxhibit
non—iinear optical effects and are stable. More recently it has been
sﬁown.that>certain organic materials also display non-linear behaviour
aqd i£ has:been demonstrated that their non-linear coefficients can be
ﬁuch larger than those of inorganics(l). These organics generally
consist bf a polarizaﬁle delocalized m-electron system with donor and
acceptor _substituent groups. at its extremities;
4-dimethylamino-4'-nitrostilbene is a good example of the genre. A
necessary condition for the observation of a finite second order
non-linear susceptibility i1s that the env;ronment of the molecule in the
solid state does not possess a centre of symmetry; this condition isbnot
guaranteed in a molecular crystal. The Langmuir-Blodgett (LB) technique
provides an elegant method for fabricating multilayers of amphiphilic
molecules(z). Multilayers‘of different materials can be constructed in a
predetermined sequence allowing superlattices to be prepared in which the
overall thickness, the symmetry properties, and the direction of the
molecular dipoles are precisely defined. In order to investigate the

properties of such superlattices it would be desirable to have a range of

amphiphilic molecules available which form stable well ordered LB




-3 -

multilayers and display appropriate non—}inear optical behaviour.

Examples of molecules which have been reported to fulfil these

(4)

3
requirements are the merocyanine dyo(3' (i) and the hemicyanine dye

(2).

N\ /7 N\t

In this paper we describe the synthesis uf 2 new compound having nitro
scceptor -and alkylamido donor groups, and report its LB multilayer

forminé characteristics.

Experimental

4-N-heptadecylamido-4'-nitrostilbene (4HANS) was synthesised via a three

step route from 4-nitrobenzylchloride. 4,4'-Dinitrostilbene was prepared
and reduced to give 4-amino-4'-nitrostilbene following established

(5)

procédures “Acylation with octadecanoyl chloride in pyridine and
CH2C12 gave the target compound in 507 overall vield after purification.
4t-N-heptadecylamido-4'-nitrostiltere, an  orange/ved compound, was
purified by recrystallizaticn from chlorcform followed by column

chromatography (neutral alumina/chlercform): it wes essential to shield

the material from light during these manipuletions. 4HANS was shown to




be a single component by hplc. The infrared spectrum was recorded as a

1 (N-H stretch in trans

KBr disc and displayed absorptions at 3280cm
secondary amide), 2960-—2820cm_l (aliphatic C-H stretch), 1660 and
1590cm‘-1 (secondary amide -I and II bands), and 1510 and 1345cm—1
(respectively asymmetrical and symmetrical stretching bands of aromatic
nitro group). Monolayer studies were conducted using a constant
perimeter trough which has been described previously(z). The material
(4HANS) was spread from an approximately 2x10-3 M solution in chloroform
("Aristar" grade) onto a water subphase at a-temperature of ‘approximately
20°C, The water was purified by . reverse osmosis, followed by
deionization through a Millipore Milli-Q system; the subphase pH was

adjusted by addition of HCl or NH,OH, and where appropriate "Analar"

4
grade CdClé was added to give an approximately 27(10_4 M solution,
Surface pressure/area isotherms were obtained by .compressing the
monolayer at a constant rate and simultaneously recording the surface
area and pressure. Monolayer stability studies were éerformed by
maintaining the surface pressure at a constant value and monitoring the
surface area as a function of time. During LB film deposition the
substrates were raised and lowered through the flbating monolayer of
4HANS at a speed of approximately 2mm min_l, whilst the surface pressure
was maintained at a value of 32mN m-l. A variety of different
substrates were used with different surface properties; silicon wafers
and glass slides (Corning 7059) were thoroughly cleaned to provide
hydrophilic' surfaces and in some cases they were further treated with
dichlqré&imethylsilane to provide hydrophoblc surfaces; a layer “of
aluminium approximately 100nm thick was evaporated onto hydrophilic glass

slides to provide an aluminium oxide surface.




Results and Discussion

A typical surface pressure versus surface area isotherm for 4HANS is
shown 1in Figure 1,' which also shows the molecular structure of the
material. The isotherm was reproducible in the pH range 3.7>t0 9.3 and
was unaffected by the presence or absence of,'Cd2+ ions. Repeated cycles
of compression at rates of approximatelv Zcﬁzsf}.gqfa surface pressure of
30mN m—l followed by expansion did not givgléﬁy dpéreéi;ble change in the
isotherm. The surface area of a monolayer compréssed to a surface
pressure of 32mN m-.l was observed to_decreése with time, ‘see Figure 2.
The effect of the nature of the subphase on the rate of decrease in area
was studied by monitoring the change in area over a period of several
hours for. a varlety of different subphase conditions. It was observed
that - the mést stable monolayers were obtained in the pH range 5.5 to 9.0.
These decay curves could not be fitted to standard decay models, such as
Area = Ce_kt (where C, k are constants, and t = time) for simple
dissolution, since the t=0 position could not be accurately Aefined. The
general appearance of the curve is typical of a good LB film forming
material "and monolayers were sufficiently stable fcr transfer to a
substrate, LB multilayers were readily produced on a variety of
surfaces: hydrophilic and hydrophobic glass and silicon, and aluminium
oxide., Film transfer was Y-type with a deposition ratio very close to’
unity. Absorption spectra were recorded using ~a Cary 2300
spectrophotometer for multilayers of different thickness, see Figure 3.
The speétra’were recorded in transmission sc that layers on both sides of
the glasé slide contributed to the absorption. The spectrum of QHAﬂéuis
shown as an inset in ‘Figure 3; ghe material is essentially transparent
above SOOnﬁ; which is appropriaie for signal processing‘apﬁlicationsvfor

most of-.the visible spectrum. The straight line fit to the plot of




absorbance at 370nm versus number of layers is indicative of good LB
multilayer formation; the fact that the points derived from hydrophilic
and hydrophobic substrates lie on the same line indicates that 4HANS has
wide applicability. The absorbtion spectrum of a sample containing 46
layers of 4HANS was unchanged in profile or intensity over a period of
several months indicating the stability of the dye in the LB multilayer
form; in diiute chloroform solution 4HANS is bleached within a few weeks.

The donor capacity of the -alkylamido group in 4HANS is lower than
that of the tertiary amine group present in the hemicyanine dye(2) and
consequently it might be anticipated that 4HANS would display a somewhat
feduced capacity for secénd harmoﬁic generation; neverthéless, it was
hoped that the secondary .amide function might convey a measure of
stabilitf to the ordered films via intermolecular hydrogen bonding and
that this might offset the reduced non~linear effect. Second harmonic
generation has now been demonstrated from monolayers and from multilayer
structures produced by alternating 4HANS with layers of an "inert" fatty
acid spacer (cadmium arachidate). A structure has also been produced in
which the 4HANS is alternated with the hemicyanine dye. 1In the latter
material the donor and acceptor groups are positioned in the opposite
sense with respect to the hydrocarben chain, see (2) above. Thus the
second order non-linear molecular polarizsbilities should be additive;
the results of this investigation will be described elsewhere(6).
Conclusions

4-N-Heptadecylamido-4'-nitrostilbene 1is a new LB film forming
material which shows excellent multilayer forming pfoperries. Thg
moleculé contains a delocalized m~electron system substituted with donor
and acceptor groups and displays non-linear optical behavioﬁr. Det#iiéd

studies of supermolecular arrays containing 4HANS are proceeding.
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Figure Captions

Figure 1

Figure 2

Figure 3

Surface pressure-area isotherm for 4HANS c¢n a subphase of

aqueous CdC1,_,2x10 M at pH 5.8 and a temperature of 23°C.
Inset, the molecular formula of 4HANS

Plot of area (relative to initial value) versus time for a
4HANS monolayer maintained at a surffce pressure of 32mN m = on
a subphase of aqueous CdC12,2x10 M at pH 5.7-5.8 and a
temperature of 23°C.

Absorbance at 370nm versus number of monolayers for LB films of
4HANS on glass substrates; x~hydrophilic glass, o~hydrophobic
glass. Inset, absorption spectrum for a 46 layer specimen,
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A HIGHLY ORDERED LANGMUIR BLODGETT
MONOLAYER OF AN AMIDO NITROSTILBENE
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There is an increasing interest in the exploitation of thin films
of organic non-linear optical materials for signal processing
applications(l). Such layers may be produced in a variety of ways; one
particularly elegant technique is the method pioneered by Langmuir and
Blodgett(z). This allows amphiphilic organic molecules to be assembled
into layers of a very precisely defined symmetry and thickness,
Langmuir-Blodgett (LB) multilayer films of a wide range of materials can
now be easily produced, with thicknesses up to a few micrometres.
However, the success of the deposition and the quality of the films
depend critically on the structure of the first monolayer(3). -Recently,
it has been shown that monolayers of certain materials can bé imaged
directly by transmission electron microscopy(é). In this work we report
on the exceptional degree of structural order revealed by reflection
high energy electron diffraction (RHEED) studies of monolayer films of
4-N-heptadecylamido-4'-nitrostilbene (4HANS), a materialAwith potential
non-linear optical applications(5’6). Similar studies showed that
monolayers of an amine analogue of 4HANS were noticeably less well
ordered. It 1s inferred that, in the case of 4HANS, the monolayer
structure is predoﬁinantly stabilised by hydrogen bonding.

A typical 80kV RHEED pattern obtained from an LB monolayer of 4

HANS (molecular formula shown in figure 1la), deposited with the

* Present Address: Department of Engineering Science, University of
Oxford, Parks Road, Oxford, OX1 3PJ.




chromophore adjacent to the {111} Si substrate, is shown in figure 2.
The high degree of structural order is remarkable for an LB film and
significantly better than has been observed for simple fatty-acid

(7-9). Identical patterns were recorded over a range of

assemblies
subphase conditions and also when {100} Si substrates were used.
Further, it 1is important to note that the pattern obtained was
independent of the direction of the incident electron beam in the plane
of the film. The latter observation indicates that the layer 1is
comprised of a mosaic structure of grains in which the long axes of all
the chromophores have a common tilt angle away from the substrate
normal, but in which the tilt azimuth varies from grain to grain. The
pattern contains a rectangular matrix of reflections in which the
diffraction spots located along the substrate normal and parallel to the
shadow edge of the substrate correspond to interplanar spacings of
1.24nm and 1.28nm, and sub-multiples of these, respectively. However,
due to systematic absences, it should be noted that the- largest
d-spacing measured in the direcfion along the substrate normal 1is
0.62nm. The d-spacings for planes lying parallel ‘to the substrate
should correspond to some intramolecular periodicity, whereas the
spacings for planes perpendicular to it should correspond to
intermolecular distances:. It seems likely that the monolayer structure
will be stablize& by hydrogen bonding between the hydrogens and carbonyl
oxygens of amide groups in adjacent molecules.

During the course of this investigation, monolayers of an analogue
(molecular formula given in figure 1b) of 4HANS were also studied using
RHEED; a typical diffraction pattern, also recorded at 80kV, is shown in
figure 3; Although this pattern is similar to that of figure 2

(indicating the same basic packing arrangement), most of the diffraction




spots are of a significantly lower intensity than are the corresponding
reflections obtained from monolayers of 4HANS. The essential difference
in the molecular structure of 4HANS and the analogue is that the amide
group in the former material has been replaced by a simple amine. Thus
the possibilitj of hydrogen bonding between the adjacent chromophores in
the monolayer is substantially reduced. We therefore conclude that such
interactions play a dominant role in the in-plane ordering of the
molecules in monolayers of 4HANS.

The diffraction pattern in figure 2 indicates that the chromophores
are extremely well-ordered; howgver, the reverse is true of the
hydrocarbon tails. RHEED patterns from LB films of fatty acids display
clear arcs due to the ordering of the hydrocarbon chains(7); in
corresponding positions, diffraction patterns of &4HANS show.at best only
faint diffuse rings. This is to be expected when considering the
difference in cross—éection between the chromophore and the tail; even
when the chromophores are close-packed, there is still room for motion
of the tails, thereby reducing their order. In contrast to this
behaviour, the RHEED patterns from monolayers of the analogue of 4HANS
display clear arcs (as at A in figure 3) corresponding to orderiné of
the hydrocarbon tails. This suggests that the removal of the carbonyl
group reduces ghe effective size of the chromophore and enables tﬂe
closer approach of the tails. Thus, although the molecules may be
slightly closer packed in monolayers of the analogue, in 4HANS the order
of the chromophore section of the molecule is more regular due to the
stabilizing influence of intermolecular hydrogen bonding.

Multilayer films of 4HANS can be built up using the conventional
Langmuir-Blodgett technique, the bonding between the first and second

layers being tail-to-tail, and that between the second and third layers




(5)

being head-to-head, etc. From previous work on the epitaxial
deposition of LB layers(B), it might be expected that the exceptional
degree of order in the first monolayer of 4HANS would give rise to a
very high quality multilayer structure. Therefore RHEED studies were
performed on a number of LB films of 4HANS (over the thickness range 3
to 15 monomolecular layers); However, the resulting diffractiog
patterns were indicative of progressively poorer crystalline order with
increasing thickness. This effect is perhaps not surprising when one
considers the relatively poor order of the hydrocarbon tails in the
4HANS monolayer. iﬁolecules with a more uniform cross section would
probably be more desirable for high quality multilayer formation.

In conclusion, we have reported on the excellent crystallinity of
an LB monolayer of a substituted amido nitrostilbene. The RﬁEED pattern
obtained from it can be explained in terms of a structure which {is
highly stablized by hydrogen bonding. A more rigorous analysis of the
diffraction patterns 1is currently being undertaken to deduce the
orientation of the rigid chromophores by matching the RHEED patterns to
a computer generated intensitf distribution of the diffraction pattern

(10’11), and to explain the origin of the very large

of a single moiety
d-spacings both normal and parallel to the substrate plane.
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FIGURE CAPTIONS

Molecular formulae of
(a) 4HANS
(b) Amine analogue of 4HANS

80kV RHEED pattern obtained from a monolayer of 4HANS deposited on
a {111} Si substrate. -

haY

80kV RHEED pattern obtained from a monolayer of the amine analogue
of 4HANS deposited on a {111} S1 substrate.
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SECOND HARMONIC GENERATION FROM
LB SUPERLATTICES CONTAINING TWO
ACTIVE COMPONENTS

Indexing terms: Semiconductor devices and materials,
Langmuir—Blodgett films

Second harmonic generation has been observed from
Langmuir-Blodgett multilayer arrays containing two active
components. Both materials were based on long chain
donor-acceptor dye compounds, but were designed with the
donor-acceptor groups in opposite senses with respect to the
hydrocarbon chain. Preliminary results indicate a significant
enhancement of the second-order polarisability for this type
of supermolecular array.

The Langmuir-Blodgett (LB) technique provides a means to
exploit the nonlinear optical properties of certain organic
materials. In previous publications second harmonic gener-
ation from monolayers and multilayers of merocyanine!*? and
hemicyanine® dyes has been described. Whereas these studies
involved the dye layers spaced by inert fatty acid layers in
order to produce noncentrosymmetric structures, in this letter
we report on second harmonic generation from a multilayer
system in which two different dyes are alternated. One of the
materials is the hemicyanine® (Fig. la); the other, a long chain
nitrostilbene (Fig. 1b), has been engineered with its donor-
acceptor groups in the opposite sense, with respect to the
hydrocarbon chain, to those of the hemicyanine. Thus, when
the two dyes are alternately transferred to a substrate using
the LB process, the individual second-order nonlinear molecu-
lar polarisabilities should be additive.

H,C  CHj
N 7
N NO,

®

N N

N
®

IBF
NH
Cotlis |
C=0
|
CizH3s
a b

Fig. 1
a Hemicyanine dye
b Nitrostilbene dye

The 4-heptadecylamido-4'-nitrostilbene was synthesised fol-
lowing the method of Calvin and Buckles* and derivatised by
reacting with the appropriate acid chloride. LB films were
prepared using a constant-perimeter-type trough, and using
procedures that have been discussed previously.' Fig. 2
shows the ¥ample configurations that were used in this investi-
gation. To prepare the alternating structures (Fig. 2b), the
hemicyanine dye was spread as a 42 x 1073 M solution in
chloroform on to an aqueous subphase (temperature ~20°C,
pH ~9-0); the film was compressed to a surface pressure of
35 mMm~! and subsequently transferred to the substrate at
2 mmmin~! on each upstroke. The nitrostilbene material was
spread as a 2 x 107> M solution in chloroform {subphase
dondition as for the hemicyanine), compressed to a surface
pressure of 32 mN m™ ", and then deposited at 2 mm min~"
on each downstroke of the substrate. Monolayers of the nitro-
stilbene (Fig. 2a) were deposited at 2 mms~! on withdrawal
of the substrate from the subphase (at pH ~55). All films

ere built up on hydrophilic Corning 7059 glass microscope

slides.

—O =hemicyanine

—@ -=nitrostilbene

Fig. 2 Schematic diagrams of sample configurations used in experiments
described in text

For the second harmonic measurements, light (Q-switched
Nd YAG, 1:064 um, 25 ns FWHM), polarised either parallel
(p) or perpendicular (s} to the plane of incidence, was directed
at a 45° angle of incidence on to the sample.> The second
harmonic radiation (532 nm) was detected in both reflection
(R) and transmission (T) geometries. Pulse energies of up to
2 mJ with a beam diameter of approximately 200 um were
used for all the measurements on the LB films. Absolute
values of the electric field at 532 nm [E(2w)] were obtained by
calibrating the system against the d,, nonlinear coeflicient of
a y-cut quartz wedge.’

All the LB film samples studied in this work exhibited
second harmonic generation. Regions of the substrates free of
film gave no detectable signal, confirming that the observed
radiation was a property of the organic layer. The second
harmonic signals, being quadratic in incident laser energy,
were normalised by dividing by the square of the incident -
laser energy. These are summarised in Table ! in terms of the
incident [E(w)] and signal [EQ2w)] electric field strengths.
Thus T?7? = | E"Qw)|*/| E*(w)|* represents p-polarised inci-
dent and signal intensities in the transmission geometry; a
corresponding notation is used for the other polarisation and
geometry. It should be noted that the T°~” and R*”” inten-
sities were of the same order.

Table 1 CALIBRATED SIGNAL STRENGTHS
(10727 m?V~2 4+ 10%) OBTAINED FOR
SAMPLES SHOWN IN FIG. 2

5(2) F(2) F2)
TP~ Kz Loy I
Sample TPP  RPTP R gl g £,
Fig. 2a 0-7 01 01 30 20 47
Fig. 2b 73 1-0 03 110 44 160
(region 1)

Fig. 2b (2) 796 111 43 380 150 520
Fig. 2b (3) 3505 247 161 91-0 300 980

Derived  second  harmonic  surface  susceptibilities  (7'*))
(10732 Cm V~2), which still include the dielectric constants normal to
the film, were obtained using the analysis of Girling et al.

In all cases the p-polarised transmission signals were
approximately ten times greater than those measured in reflec-
tion. This is consistent with an almost perfect vertical align-
ment of the dyes, which is also suggested by the weaker
signals obtained for the s-polarised incident radiation. The

. absence of significant (<0-1 m?V~2) s-polarised second har-

monic radiation indicates that the tilt of the dye molecules
relative to the substrate normal is averaged out within a
second harmonic wavelength, resulting in no observable
macroscopic anisotropy.

The data have been analysed in terms of the second harmo-
nic surface susceptibilities (**) for the thin organic layers
using the approach of Girling et al.® This requires knowledge
of the linear dielectric constant components normal to the
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substrate in each of the films; the values are required at fre-
quencies of both o (¢,) and 2w (g,). Because of the sensitivity
of the results to the dielectric properties, the susceptibilities
given in Table 1 include these quantities. On the assumption
that the underlying molecular polarisabilities are dominated
by single components along the long molecular axis, then the
7% coefficients should be symmetric to permutation of the
subscripts. A comparison of the last two columns of Table 1
therefore leads to &, ~ 3¢, not inconsistent with the second
harmonic energy being close to the lowest electronic molecu-
lar excitation.® Taking a resonable, nonresonant value ¢, = 2
for both dyes, the above symmetry condition gives &, = 4-7
and ¢, = 7-8 for the nitrostilbene and hemicyanine, respec-
tively. These values are similar to those deduced from an
observation of shifts in the surface plasmon resonance curves
for the dyes deposited on to silver. Using an approximate
surface density of 4 x 10'® cm~? for both molecules, the
second-order microscopic polarisabilities f and their average
polar angle relative to the substrate normal, ¥, could be calcu-
lated;® these are shown in Table 2. The values for the
nitrostilbene/hemicyanine bilayers were obtained by subtrac-
ting the figures given in the last two rows of Table 1.

Table 2 DERIVED POLARISABILITIES 8 AND
AVERAGE POLAR ANGLE y DEDUCED
FROM DATA IN TABLE | AND ASSUMING

g, =2
p ¥
10-50 CSmJJ—Z
Nitrostilbene 21-°5+5 30°
Hemicyanine 116 +20 24°
Bilayer 316 + 60 23°

The figure obtained for the hemicyanine dye is in good
agreement with that obtained previously.> The f coefficient
for the nitrostilbene is slightly smaller than the value obtained
for the parent (unsubstituted) molecule.® This may well be
explained by the decreased strength of the donor group in our
material (being an amide rather than an amine). It is clear that
the bilayer is a much superior second harmonic material than
is predicted by a simple addition of the f coefficients of the
separate layers. In the measurements reported here the second
harmonic intensity is expected to increase quadratically with
the number of bilayers; ignoring the effect of the first hemi-
cyanine layer, Table 1 reveals that this is approximately the
case. However, data for a much larger thickness range are
clearly required before a detailed discussion on this aspect of
the work is undertaken.

For the first time optical nonlinearity in an alternating
donor-acceptor:inverted donor-acceptor dye multilayer has
been demonstrated. The second-order polarisability for the
bilayer is found to be much greater than that expected by
simply adding the polarisabilities for the individual dye mono-
layers.
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Abstract

Second harmonic generation has been observed
from Langmuir-Blodgett monolayers and alternating
multilayers of a hemicyanine and each of two
nitrostilbene dyes. The non-linear response of a
hemicyanine/nitrostilbene bilayer i1s shown to be
greater than that expected from the simple addition
of contributions arising from the individual
(separated) monolayers. The unexpected enhancement
of the second harmonic intensity upon diluting a
monolayer of an active dye with a passive fatty
acid material is also described.

1. 1Introduction

Certain organic materials exhibit 1large
non-linear optical coefficients, often considerably
larger than displayed by '"conventional" inorganic
diellectrics such as lithium niobate or potassium
dihy|drogen  phosphate [1]. The second-order
non-|linearities displayed by bulk organic crystals
can be traced back to the second-order
hypefrpolarizabilities (B) of their constituent
molecules, which usually contain donor and acceptor
groups separated by a conjugated system. However,
in organic single crystals the inherent molecular
non-[linearity is often not manifested at a
macrpscopic level due to a tendency to crystallize
centyosymmetrically and thereby cancel the 8's (8
is a|third rank tensor and therefore has properties
similar to a vector). The Langmuir-Blodgett (LB)
techpique 1s an elegant method of assembling
amphiphilic organic molecules into layers of a well
defined thickness [2] and alignment; it thus
provides a means to exploit the non-linear optical
properties of the individual molecules. Moreover,
by alternating layers of different materials,
supermolecular arrays may be fabricated possessing

the , requisite non-centrosymmetric crystal
structure.
Previous publications [3,4] have detailed

studies of second harmonic generation (SHG) from
alternate layer structures in which the active dye
layers are spaced by inert layers of a fatty acid.
Recently [5] we have reported on SHG from
structures in which the fatty acid was replaced by
a second active dye material; the two dyes used
were a ‘Themicyanine (I, figure 1) and an
amidonitrostilbene (II, Figure 1). Dyes I and II
were engineered with their donor-acceptor groups in

opposite senses with respect to their hydrocarbon
chains so that when the two dyes are alternately
transferred to a substrate using the LB process,
the individual second order molecular
hyperpolarizabilities should be additive.
Preliminary results on very small numbers of layers
seemed to indicate that the effective B for a pair
of molecules of I and II in a bilayer was much
greater than that expected by simply adding the B's
for the individual molecules {5]; in this paper the
investigation has been extended to greater numbers
of layers.

(I:ans
P

<|322Hz.s NH

I Ir
Hemicyanine Amidonitrostilbene Aminonitrostilbene

Figure 1 Molecular formulae of the dyes employed
in this study

The strength of the donor group {n II is
likely to be reduced by the presence of the
adjacent carbonyl group; compound III (figure 1)
was therefore synthesized in which the amide group
of 1I is replaced by an amine group. Studies of
SHG from monolayers of III, and also from
multilayers in which III is alternated with I, were
performed and the results are contrasted with those
from IT, . )

Not all substituted dye materials will form
homogeneous LB films; some have to be diluted with
a fatty acid by up to a factor of ten in order to
render them suitable for deposition by the LB
technique. It was therefore of interest to use the
hemicyanine dye (which could be deposited 1in
homogeneous films and which also had a particularly
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h value of B) as a model system to study the
ects of dilution on nonlinear behaviour. We
e therefore undertaken SHG investigations of
ed monolayers of hemicyanine and cadmium
chidate with mole fractions of hemicyanine
ging from 0.1 - 1.0.

2. Experimental

I and Il have
The LB films

been
were

The
rribed

of dyes
[4,6].

syntheses
elsewhere

» prepared using a constant perimeter type trough of

the

> diss
sprgiad onto
subphase in the trough using a microsyringe. At

form described 1n reference 2, The dyes were
solved in a volatile solvent (chloroform) and
the surface of the ultrapure water

thig stage the dye molecules should be held at the

airtwater interface,

3 by
the
mol

Aftdr allowing the solvent to evaporate,

encllosed by
driwing the barriers with a motor.

in a rather disordered manner,
the halance of forces between the attraction of
subphase for the polar chromophore end of the
cule and the hydrophobic nature of the tail.
the area
slowly reduced by
The surface

the barriers was

pregsure of the monolayer was monitored using a

Wilhelmy plate connected to a microbalance,
out%ut of which was taken to the barrier drive via

© af
sur

the

This arrangement allowed a preset
to be achieved and subsequently

edback loop.
ace pressure

mainjtained as monolayer was removed and deposited

»  1is

more
condlensed phase
solid.
compfress the monolayer too much,
buckile and collapse.

can

time
order to do this,

onto
is dqompressed,

the substrate. As the water-surface monolayer
the area occupled by each molecule
teduced and they begin to pack together in a
ordered fashion, until they eventually form a
analagous to a two-dimensional
Care has to be taken at this stage not to
or else 1t will
A monolayer of the material
now be transferred to a solid substrate each
the air-water 1nterface 1s traversed. In
the substrate 1is mounted on a

motog~driven micrometer screw which drives it at a
constant speed in a vertical direction.

in

A summary of the structures produced 1s shown
fiigure 2, and the deposition conditions are

summarized in table 1. All of the films 4were
transferred at a rate of 2 mm min

" m,,&ilili&ii_ﬁ
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Figure 2
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—o 1T
—ao =Cd arachidate
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Schematic diagrams of sample
configurations used in the
described in the text

experiments

+
Cd2 (aq) subphase (temperature ~ 20°C), The

spreading solutions for the mixed monolayers of I
and cadmium arachidate (figure 2e) were prepareg by
mixing appropriate volumes f 4.57 x 10 M
hemicyanine and 4.07 x 10 - M arachidic acid
solutions.

The substrates wused for all of these
experiments were hydrophilic Corning 7059 glass
microscope slides. In the investigations described
here, the alternating layer structures were
fabricated by alternately spreading, compressing
and removing the different monolayers from the
subphase surface; a very time consuming procedure,
even for small numbers of layers. In future work
requiring greater thicknesses we would hope to use

equipment that we have specially developed to
produce alternate layer systems [7], since such
considerations will be of importance for the

eventual fabrication of optical devices based on
such supermolecular arrays.

Structure | Dye | Surface pressure | Subphase pH
Fig. 2(a) 11 32 5.7
(b) I1I 30 5.7
() 1 35 9.0
(c) 11 32 9.0
(d) 1 35 9.0
(d) IT1 30 9.0
(e) I/CdAr2 30 5.6
1
Table 1 : Deposition conditions for structures
giveglin figure 2 (surface pressures in
N m )

The equipment used for the second harmonic
measurements has been described, in some detail, in
a previous publication [4]. Linearly polarized
1ight (Q-switched Nd YAG, 1.064 upm, 25ns FWHM),
polarized either parallel (p) or perpendicular (s)
to the plane of incidence, was directed at a 45°
angle of incidence onto the vertically mounted
sample. The second harmonic radiation (532 nm)
resolved into s- and p-polarized components was
detected in both reflection (R) and transmission
(T) geometries using photomultiplier tubes at 90°
and 180° respectively to the pumping direction.
The total energy of each fundamental pulse was
measured using a transmission type energy meter
(GEC TF series). Infrared blocking filters and 532
nm interference filters were used to ensure that
only second harmonic radiation was detected. Pulse
energies of up to 2mJ with a beam diameter of

approximately 200um were wused for all the
measurements on the LB films.
Results were obtained by averaging over

several pulses taken on appropriate areas of the
sample. Absolute values of the electric field at
532 nm (E(2w)) were obtained by calibrating the
system against a y-cut qtartz wedge and relating
both the second harmonic signals and incident
energy to the d non-linear coefficient of quartz

11
[8].
3. Results and Discussion
There was no detectable signal from regions of

the substrates which were free of film, confirming
that the organic layer was responsible for the

second harmonic radiation observed from all of the
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LB film samples in this study. In addition, the
radiation was clearly identified as second harmonic
by 1its narrower bandwidth (using interference
filters at 520 nm and 540 nm) and dits narrow
temporal profile. The second harmonic signals were
normalised by dividing by the square of the
incident laser energy. The notation employed when
describing gpe signals can be expmplified as
fdllows: T° P lEp(Zm)’ /IE (w) | represents
ptpolarised signal intensity from ' s-polarised
incident radiation in the transmission geometry; a
carresponding notation 1s wused for the other
palarisations and geometry.

In all of the structures 1investigated, the

TP signals were approximapgly an order of
malgnitude greater than the R ones, which is
cojnsistent with the film being effectively
isjotropic within the plane. The much weaker
silgnals obtained with s-polarized incident
raldiation provide further evidence for this
deduction. The very small s-polarized second

harmonic signals observed were indicative of the
azimuth of the dye molecules relative to the
substrate plane being averaged out within a second

harmonic wavelength, resulting in nuegligible
macroscopic anisotropy.
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Figure 3 P p£§) second harmonic signal
(107°'m?v"2?) from structure shown 1in

figure 2c plotted against the square of
the number of bilayers. Dashed curve
represents theoretical signal (see text)

In figure 3 the PP signal observed from the
various thickness regions of the structure shown in
figure 2c is plotted against the square of the
number of bilayers (N) of I and II deposited on a
basb layer of I. Also plotted on the same scale is
a dashed curve which represents the theoretical
response if the two dyes were to behave totally
independently. This curve was calculated by
summing the contributions from two hypothetical
structures5 one consisting of N+1 layers of I
(B=120x10 "~ C3w®J 2 [5]), and 5he other consisting
of N layers of II (8= 22x10° c®m®J72[5]), both
alternated with an inert spacer material; the
expected signal from each of these "substructures"

was calculated by multiplying the measured signal
from a monolayer (figures 2a and 2c, N=0)} by the

square of the number of dye 1layers in the
substructure, The theoretical curve assumes a
perfect behaviour on increasing thickness,

something which 18 rarely achieved in practice
[3,4]. The measured second harmonic signals are
clearly larger than even this ideal model would
predict, which {implies that there 1s some
cooperative phenomenon occurring which renders the
bilayer a much superior second harmonic material
than would be predicted by the simple addition of
the second order hyperpolarizabilities of the
separate layers. The behaviour of a bilayer as a
discrete unit 1s perhaps to be expected, since the
chromophores within a bilayer are 1n close
proximity and are therefore 1likely to interact
strongly, whereas the active groups in the separate
bilayers and in the initial hemicyanine monolayer
are separated by ‘"passive" alkyl chains. In
addition, this strong interaction 1is also likely to
result in some changes in packing.

Sample P’P PP 1S7P RSP
2a 0.69+0,05 [0.0740.02 | 0.0820.02 | 0.0810.02
2b 0.42+0.03 [0.015£0.01 | 0.11#0.01 | 0.05£0.01
2c(N=2){ 20914 14,1:0.8 7.7 #0.5 |7.2 #0.6
2d 173+11 8.2#0.7 | 7.6 0.8 |5.9 #0.5
Table 2 : Calibrated signal strengths (10_27 m?y~2)

obtained for monolayers of II and IIT and
for alternate multilayer structures
containing three layers of I and two of
II or III (see figure 2).

A summary of the second harmonic signals from
monolayers of II and III and from alternate layer
structures containing two layers of II or III
alternated with three layers of hemicyanine (I) is
given in table 2. From this comparison it 1is clear
that the attempt to enhance the non-linear
properties of the nitrostilbene by removing the
carbonyl portion of the amide donor group in II has
failed. In fact dyes 1I and III show very similar
second harmonic generation efficiencies, with II
being perhaps the slightly superior, possibly due

to the better film quality (as revealed by
reflection high energy electron diffraction
studies).

Some typical results from the investigation of
second harmonic generation from mixed monolayers of
hemicyanine and cadmium arachidate are presented in
figure 4. The fractional film area constituted by
hemicyanine was calculated from the mole fraction
of hemicyanine present in the spreading solution
and assuming that a hemicyanine molecule occuples a
surface area of approximately 0.35 nm? and an
ionized arachidic acid molecule an area of 0.20 nm?
(values measured from surface pressure-area
isotherms of the wmaterials) aty the deposition
surface pressure of 30 mN . It 1is very
interesting to note that the T second harmonic
signal 1is a factor of four times greater for a
mixture containing equimolar quantities  of
hemicyanine and arachidic acid than for a pure
hemicyanine momolayer. All of the other possible
combinations of polarisation and detection geometry
gave signals which were also a maximum (out of the
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Filgure 4 TP*P(x) andzys*s(o) second harmonic
signal (10 “'m?V ?) from mixed monolayers
of T and cadmlum arachidate (figure 2e)
plotted against fraction of film area
constituted by I (arrow indicates
fractional area corresponding to an
equimolar mixture).

range of concentrations studied) for the equimolar
mixture, although the ratio of these signals to
that for the pure heq}cyanine were not always as
great as with the TP signal., This enhancement
cap be accounted for by two possible mechanisms:
(ib a change in packing of the active hemicyanine
dye, resulting in a better alignment relative to
thé electric fields of the incident and second
harmonic 1light; or (ii) the local optical fields
experienced by the active dye are enhanced by the
decreased shielding provided by the more distant
neighbouring dye moieties. Since enhancement with
dilution 1is observed for all geometries and
polarisations the second mechanism 1s perhaps
favoured. Nevertheless, because this enhancement
is not perfectly uniform for all geometries and
polarizations, the first mechanism almost certainly
makes some contribution. These findings may have
important implications for improving the
efficiencies of any non-linear optical device which
utilises LB films. Further investigation of this
phenomenon 1s currently underway.

4, Conclusions

In this paper we have discussed the possible
application of LB film technology in the field of
non-linear optics. Second harmonic generation from
monolayer and alternating multilayer LB film
structures has been employed to characterize a
number of materials which may be suitable for
devjice fabrication.

Alternating donor-acceptor inverted
donjor-acceptor dye assemblies have been shown to
posjsess a greater optical non-linearity than that
explected by simply adding the non-linearities of

the individual dye layers. An attempt to improve
the contribution made by one of the components by
increasing 1its donor capacity was unsuccessful,
possibly due to poorer film quality in the modified
material,

A study was made of the effect on second
harmonic generation intensity from a monolayer of
an active dye material of diluting the dye with a
passive fatty acid. It was found that an equimolar
mixture of dye and acid led to enhancement of the
second harmonic signal for all combinations of
incident and signal polarisations, and for both
transmission and reflection detection geometries,
In the case of p-polarised incident and signal
radiation in transmission, this enhancement over
the pure dye monolayer was by better than a factor
of four. The origin of this phenomenon 1is probably
in the local filelds experienced by the dye
molecules, although some change 1in molecular
orientation may also be a contributory factor.
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