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CHAPTER 3

Longmuir-Blodgett films of amylose-acetate / dye
mixtures.
Monolayer behaviourof mixtures of amylose-acetate and a chiral
pnitro-azobenzene dye.

SUMMARY
The monolayer behaviour at the air water interface of a chiral NZO-dye was
evaluated. The dye alone, an ester of palmitic acid and 4-nitro-4'-[(3R)hydroxygyrrolidine-1-mbenzene, did not form a stable monolayer at 23 "Cat the
air water interface. However mixtures of the dye with amylose-acetate formed
stable monolayers when the amount of the dye did not exceed 50 mo2 %.
The suvace structure of monolayers of the dye alone and of the mixtures was
studied by transmission electron microscopy. This showed that molecular mixing
of amylose-acetate and 2Ddid not occur. The mixtures are composed of domarmarns
crystallites of the dye molecules. The domains of the dye behave like Haggregates. It is argued that boundary lines between the crysrallites of the dye
and amylose-acetate might play an important role in the stabilization process. As
far as this study goes, the stabilization of the dye in mixed systems is only found
for amylose-esters as matrices.

INTRODUCTION

Organic materials with large second order non-linear optical properties might lead to novel
applications in optical communication Is2. Maximum effects can be expected from specially
designed dye molecules situated in a non-centro-symmetric structure in the material.
One way to obtain the necessary non-centro-symmetric structure might be the use of chiral dye
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molecules. To our best knowledge, no systematic study of the effect of chiralty on the
appearance and value of the second order non-linear optical effect has appeared in the literature
in the case of thin films. Zyss and Oudar summarized single crystal properties, including chiral
molecules leading to NLO-materials

394

A well known method however to create non-centro-symmetric structures is the Langmuir-

Blodgett technique

'. Either by the Z-transfer mode or by the alternate layer transfer, suitable

structures can be prepared

69718.

In order to fabricate LB-films which are stable over long periods of time, it is preferable to
employ polymers. Polymeric films are stronger and may have higher damage thresholds than low
molecular weight ultra thin organic films 9.
Combining suitable properties of low molecular weight compounds can be done by simply
mixing the compounds in the spreading solution, by attaching the active dye chemically to the
polymers, or by making alternate layers of polymers and low molecular weight species. Mixed
systems were already described by Gaines

lo,

whereas Gabrielli et al.

"?I2,

Pugelli et

have studied mixed monolayers extensively . Stroeve et al. also
have mixed a NLO-dye with a polymer on the water surface 15. They have investigated a

al.,13 and also Wu et al

l4

system of a merocyanine dye with an aliphatic chain and poly(methylmethacry1ate) (PMMA).
They have found deviations from linear behaviour when the specific area per molecule or
molecular unit versus composition was measured. The films showed no evidence of aggregate
formation, suggesting that the PMMA-chromophore mixtures were miscible. However, the
merocyanine molecules were not stable in air resulting in a poor second order nonlinear
response.
In the present study we mixed the ester of palmitic acid and 4-nitro-4'-[(3R)-

hydroxypyrrolidinel-azobenzene,an enantiomerically pure compound containing a DTA system,
with amylose-acetate. This dye is an example of a new class of dyes specially designed for NLOapplications

16.

The structure of the mixed monolayers is characterized by surface pressure

area isotherms and transmission electron microscopy including electron diffraction.
The LB-properties of amylose-acetate have been studied before (Chapter 2)

17.

Amylose-

acetate appeared to have a helical conformation at the air water interface which was retained in
the multilayers. Transfer of the monolayers to substrates was occuring in the Z-mode, a very
desirable phenomenon for the preparation of interesting films for second order NLO
experiments.

Monolaver behaviour o f mixtures of amvlose-acetate and KMES16.

EXPERIMENTAL
Materials

The synthesis of the ester of palmitic acid and 4-nitro-4'-[(3R)-hydroxypyrrolidine-]-ai&emene
(Fig.3.1, code KMES 16), will be reported separately 16. The synthesis of the amylose-acetate
polymer was described before (Chapter 2) 17. The number average molecular weight of the
amylose-acetate polymer is M,=20000, D =2.1.

AAC

KMES 16
0

Figure 3.1 Structural formulas of amylose-acetate and the dye molecule KMES16.
LB-measurements
Monolayer properties were studied by using a computer controlled Lauda Filmbalance FW2. The
surface pressure could be measured with an accuracy of 0.05 mN/m. The subphase was water,
purified by double distillation or reversed osmosis and subsequent filtration through a Milli-Q
purification system. Monolayers were spread from chloroform solutions (Uvasol quality) with
a typical concentration of 1 mg of total solute/ml. Isotherms were measured with a standard
compression speed of 10 A* molecular unit-' min-'.

Transmission electron microscopy.
Samples for transmission electron microscopy (TEM) were prepared by transfemng monolayers
onto grids covered with Formvar by a manual horizontal lifting method. The samples were Pt-
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shadowed at an angle of 20". It was confirmed by electron microscopy that Formvar itself was
smooth. To avoid misinterpretations about the absolute height of the surface structures, onto one
of the samples latex spheres (0.176 pm) were sprayed before shadowing. Transmission electron
micrographs were taken with a Jeol JEM 1200EX microscope.
Electron diffraction patterns were obtained from monolayers transferred to Formvar/carbon
covered 400 mesh grids. Selected area ED patterns were taken with a Philips EM400 using an
acceleration voltage of 120 kV. The camera length was calibrated on gold.
UVIvisible light spectra.

UVIvisible light spectra were taken from monolayers deposited on both sides of glass slides. A
Pye-Unicarn SP8-200 UVIVis spectrophotometer was used.

RESULTS AND DISCUSSIONS
The pressure-area isotherms of monolayers of KMES16 at different temperatures are presented
in Figure 3.2A. It can be seen that the area per molecule depends very much on the temperature.
At a temperature of 6 "C (curve A) the area per molecule is 31
temperature up to 41 "C, the area per molecule decreases to 17

A2. Upon increasing the

A2.

According to the CPK( Corey-Pauling-Koltun) model of KMES16, the occupied area is in the
order of 25

A2 when

the molecular axis is oriented perpendicular to the surface. Nakahara et

a1. l8 have measured the area for 4-stearylaminoazobenzene and bis-stearylarninoazobenzenes.
These compounds are comparable with KMES16 concerning the dimensions of the molecules.
They reported an occupied area of 28 A2 for 4-stearylaminoazobenzene in the condensed state.
This area corresponds with an orientation of the molecules perpendicular to the water surface.
Considering the area of KMES16 at lower temperatures (6 and 11 "C ) the areas might be due
to a similar orientation as found for 4-stearylaminoazobenzene.
The detected molecular areas for the isotherms in Figure 3.2A higher than 17 "C do not fit to

a model of a real monolayer. Another observation in the isotherms at lower temperatures is the
transition at

T

= f 25 mNIm, mostly observed by a dip (a drop in the surface pressure upon

compression the monolayer). The transition is also dependent on the compression speed. Figure

3.2B shows the isotherms of KMES16 at 17 "C as a function of compression speed (Fig. 3.2B).
When the compression speed is increased, the transition shifts to a larger molecular area and is
somewhat more pronounced. The dip probably marks a transition of the molecules upon
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compression. The transition process takes place on a time scale of the same order as the
measuring time at low temperatures. When the temperature is raised, the transition has already
taken place in the expanded state and is not observed in the isotherm by a dip but by a small

area per molecule.
From these experiments it can be deduced that the transition at low temperatures is induced by
the applied pressure. At higher temperatures the monolayer reorganizes spontaneously.
This transition will be discussed further later on in this paper.
80

Figure 3.2A Temperature dependence of the su#ace pressure-area isotherms of
KMESl6. A = 6.0 ° C, B = ll.O ° C, C = 17.0 °C, D = 23.0 ° C, E = 41.0 ° C.

Figure 3.3 shows the hysteresis of a monolayer of KMES16 at 23 "C. The monolayer was
compressed up to 30 mN/m (compression speed 10 A* molecule min -I) and decompressed
to an area of 50 A2 /molecule. When the same layer was compressed again, the KMES16
molecules started to build up pressure at an area much smaller than at the first run, 20A2 and

15A2 respectively. At subsequent runs the area wkre pressure starts to built up was reduced
further every run. When pure amylose-acetate is compressed under the same conditions, the
original curve is obtained by subsequent compression runs.
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Assuming the formation of molecular aggregates, the hysteresis suggests that these aggregates,
once formed, do not melt when the layer is decompressed and the aggregation process is going
on when the layer is compressed again. To explain the small molecular area, the formation of
three dimensional aggregates has to be proposed.
80

AREA A

Figure 3.2B

2

/molecule

Surface pressure-area isotherms of KMESI6 at 17.0 ° C with

d e r e n t compression speeds. A = 10 A2 molecule-' min.-', B = 20 A2 molecule-'

min.
Figure 3.4 shows the stability of a monolayer of KMES16 at different temperatures and
pressure. As might be already obvious from the above mentioned measurements, KMES16 does
not form a stable monolayer at the air-water interface at a temperature of 23°C (curve A). An
area of 24 A2 is found initially for one KMES16 molecule and after 200 minutes this is reduced

A2. When a monolayer is compressed to 7 mN/m at 11°C a stable monolayer is obtained
(curve B). In that case each molecule occupies 24 A2. When the monolayer pressure is raised
to 13

above the transition point an instable layer results (curve C).
Generally accepted causes for instability include film dissolution, evaporation and collapse of
the film into the bulk phase of the surfactant. Dissolution effects were checked and can be
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excluded. In our case we suggest that a surface crystallization process is causing the instability
of the monolayer. This can be regarded as a special case of a collapse as is described by Gaines
lo. As is shown in Figure 3.2A, at a temperature of 23 "C the crystallization process starts
immediately after spreading, at lower temperature the crystallization process is induced when
the monolayer is compressed to a certain pressure. Below that pressure a real monolayer is
assumed to be formed. The monolayer of KMES16 cannot be transferred by the vertical dipping
method under any of the investigated circumstances.

Figure 3.3

Hysteresis of a monolayer of KMES16, temperature 23"C,

compression speed 10 A2 molecule-I min:',

pause time 3 minutes, maximum

pressure 30 mN/m. A =first run, B = second run.
In order to obtain monolayers which could be transferred, KMES16 was mixed with amyloseacetate (AAC). AAC forms a stable monolayer within 10 minutes and can easily be t r a n s f e d
in the Z-mode.
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TIME (min)

Figure 3.4 Stabilization curves of KMESI6 at the air water interjiie at dzflereru
temperatures and surjiie pressures. A, T
'K

=

23OC,

'K

=

7mN/m; B, T = 11 OC,

= 7 mN/m; C, T = 11 "C, T = 30 mN/m.

Figure 3.5 shows the hysteresis of a mixture of AAC and KMES16 (70 base mol% AAC). The
monolayer starts to build up surface pressure at an area of -40 A2 /molecule (calculated with

an averaged molecular weight of 288). The first run shows a dip at about 15 mN/m. When the
monolayer had reached a pressure of 30 mN/m, the compression was stopped for 3 minutes and
decompression followed. First the pressure drops sharply and no reversible behaviour of the
monolayer was found. A reversible behaviour can not be expected from a system with AAC
when the surface pressure exceeds the 23 mN/m, because at that pressure the AAC reaches a
bilayer state which is not completely reversible (Chapter 2)". The second run shows a
completely different behaviour. No dip can be observed and the areaJmolecule at which pressure
starts to build up can be explained by the additivity of the properties of the components. When
a third run was wried out no further change was found.
The dip observed in the isotherm of the mixture (Fig. 3.5) is strongly dependent on the
compression speed. Decreasing the compression speed reduces the depth of the dip. This is
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comparable with the behaviour of the KMES16 layer alone. However, the difference between
the KMES16 layer alone and the mixture (AAClKMES16) is the behaviour after the first run.
When the origin of the dip is ascribed to a surface crystallization process as is done for the dye
layer, this process apparently is influenced by AAC.

AREA A 2/rno~ecu~e

Figure 3.5 Hysteresis of a mixed monolayer of KMES16/AAC 30/70,temperature
23"C, compression speed 10 A2 molecular unit-' min.-', pawe time 3 minutes,

maximum pressure 30 mN/m. A = first run, B = second run.
Extrapolating the results of the hysteresis of the AAClKMES16 system to stability experiments
of monolayers one would expect a stable monolayer. Figure 3.6 shows the stability of mixtures
of KMES16 and AAC of different molar mixing ratios. These stability curves were recorded at

23 "C and a surface pressure of 7 mN/m. For comparison the curve of AAC is given (curve A,
Fig. 3.6) which shows a complete stability after 10 minutes, every unit occuping 38 A2. Mixing
ratios up to 50 mol% KMES16 give completely stable monolayers (curves B-D). When the ratio
of KMES16 exceeds the 50 mol% a small deviation from complete stability is observed.
Apparently the stability of the mixed layers is not a linear addition of the stabilities of the two
materials.
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Monolayer miscibility can be studied by analyzing pressure-area diagrams as functions of
A complete additive behaviour of
specific areas or collapse pressure versus composition
properties of the compounds can demonstrate either an ideal behaviour or complete
-'~.
immiscibility. Deviations of additive behaviour suggest molecular m i ~ c i b i l i t ~ l ~ Two
dimensional miscibility can be expected when the chemically similar parts of the molecules are
arranged side by side. For instance in a monolayer at the air-water interface where the
hydrophilic parts of the molecules are oriented towards the water surface and the hydrophobic
parts are oriented away from the water surface. It is conceivable that this orientation brings the
chemically similar parts into close contact and facilitates intermolecular interactions

l4

. So

molecules can be compatible at the air water interface and incompatible in the bulk. In spite of
this plausible theory there are systems known in the literature that do not fulfill the above
mentioned conditions but that are considered to be mixed

12'15.

TIME (min)

Figure 3.6
Stabilization curves of mixtures with diferent ratios of
KMESl6,temperantre 23 OC and sulface pressure of 7 mN/m. A = 100% AAC,
B = AAC/KMESl6 70/30 (mol%),C = AAC/KMES16 60/40, D = AAC/KMES16
50/50, E = AAC/KMES16 40/60, F = AAC/KMESl6 30/70, G = 100%KMES16.
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Table 3.1 lists the limiting areas for KMES16 in the different mixtures, assuming the occupied

area for one AAC-unit as constant (38 A2).
Table 3.1 Surface areas for KMESI6 in mixtures AAC/KMES16. AAC unit

occupies 38 A2.
Mixtures AAC 1 KMES16
(mol%)
(w%)

Surface Area KMES16
(after 200 min.)

The KMESl6-AAC mixtures are not expected to fulfill the conditions for two-dimensional
mixing regarding the molecular structure. The amylose-acetate chains form helices and the
KMES16 seems to aggregate. Nevertheless the amylose-acetate and KMES16 can form stable
monolayers as is demonstrated in Figure 3.7.
Figure 3.7 shows the stability curves of mixed monolayers AAC-KMES16 70-30 spread
differently. Curve A is the result of a stabilization experiment of a mixture of KMES16 (30
mol%) and AAC (70 mol%) spread from a chloroform solution (ca 1 mg of total solutelml).
Within an hour a stable monolayer is formed with an area of 23 A2 for every KMES16 molecule
when AAC is considered to occupy 38 A2 per molecular unit. ( Area one KMES16 molecule =
[33.5A2 - 0.7 x 38

A*] 1 0.3) Curve

B is the stability curve measured when first the same

amount of AAC was spread (out of chloroform, 1 mglml) on one half of the trough and
separately the appropiate amount of dye from a solution of KMES16 (also out of chloroform,
lmglml) was spread on the other half of the trough. To avoid the possibility of mixing during
the spreading a barrier was placed in between. After the spreading the barrier was removed.
Both curves are isobaric measurements at 7 mN1m. Curve B does not reach complete stability
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within three hours. So, spreading the two components from one solution results in a stable film,
whereas spreading from two solutions results in additivity of a stable monolayer of AAC and an
instable layer of KMES16.
It was checked if this remarkable behaviour of mixtures of KMES16 with AAC is special for
these components or is a more general behaviour of the dye mixed with different polymers.
Polymers of which the properties at the air water interface are known and which were available
in our laboratory were taken as test samples. The results of the stability measurements of the
mixed systems composed of KMES16 and different polymers are given in Table 11. The molar
ratios were kept constant.

TIME (min)

Figure 3.7 Spreading condition dependence of the stabilization curves of a
mixture of 70 mol% AAC and 30 mol% KMES16. Temperature 23°C and a
surfQce pressure of 7 mN/m. A fill line) = mixed solution was spread, B (dashed
line) = Jrst an equal amount of KMES16 compared to curve A was spread on
one half of the trough, followed by a solution of AAC on the other half of the
trough (concentrations of all the solutions - 1 mg/ml.). During spreading a
barrier was placed between the pan where the AAC was spread and where
KMESI 6 was spread.
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Table 3.H. Stabilization behaviour of mixtures of 30 mol% KMESI6 with
dzgerent polymers. Su@ace pressure 7mN/m, T=23OC.
SYSTEMS

w%

AAC

55/45

AP

71/29

AB

60140

PLO

58/42

POMA

59/41

PLLA

23/77

sPMMA

30170

Stability
1IA
dA/dt
103min-'

AREA

monomer

AREA
KMES16

unit
A2.

A2.

AP = Amylose palmitate
AB = Amylose butyrate

PLO = Poly-octadecyl lauryl methacrylate
POMA = Poly-octadecyl rnethacrylate
PLLA = Poly(1)lactic-acid
sPMMA = syndiotactic poly methyl methacrylate

From Table I1 it can be deduced that only amylose-esters stabilize the KMES16 domains and that
the other polymers investigated do not show this behaviour. For the other polymers an additive
behaviour of the components was observed as far as stability is concerned.
This might be considered as an indication for interactions between the boundaries of AAC and
KMES16 domains. The nature of this interaction is not known at this moment. To study the

structure of the monolayer of the mixed systems, transmission electron microscopy was carried
out, as well as electron diffraction studies. The horizontal lifting method was used for preparing
samples for the electron microscope.
A monolayer of the composition under investigation was kept under pressure (7mNlm) and a

grid covered with Formvar was used as the substrate. Figure 3.8A represents the surface of a
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Electron diffraction revealed a crystalline structure. Figure 3.8B shows the diffraction pattern
as detected and Figure 3.8C shows schematically the deduced pattern. The diffraction pattern
coincides with the plane group pg19i20which is projected in Figure 3.8D. The unit cell
corresponds with an a-b plane with the following dimensions: a = 5.54 A, b = 9.03 A, surface
area

=

50.0

A2 with 2 moleatlles in the unit cell. Every molecule in the crystalline state as

revealed here, occupies 25 A2.
The observed symmetry in the ED-pattern reveals a screw-axes dong the b-axis. Only an
antiparallel arrangement of the molecules coincides with the observed ED-pattern. This observed
crystalline packing correspond$ with the known crystalline structure of a di-ester of acetic acid
and (3R,4R)-3,4-dihydroxy N-phenyl pyrrolidine 16. In this case the long aliphatic chain is
replaced by an acetate group and an extra acetate group is attached to the pyrrolidine ring at C4.
Two azobezene molecules are located in an anti-parallel non-centro-symmetric orientation in the
unit cell. Diffraction patterns of a stable monolayer of KMES16 (at 11 "C, r = 7mNlm) are
hard to obtain indicating a non-crystalline packing in that case.
Figure 3.9A shows the surface of a monolayer of 70 (mol%) KMES16 and 30 (mol%) AAC
picked up at 23 "C and a surface pressure of 7 mNlm. The micrograph shows different domains
that have distinguished heights. The lower areas have been identified as AAC whereas the higher
domains represent crystallites of KMES16. There is a large variation in size of the domains. The
values vary from 0.2 pm to 3.0 pm with an average of about 1.0 pm. The domains of
KMES16 seems to be real 2D crystallites that do not pile up as they do in the pure KMES16
layer. Figure 3.9B shows the micrograph of a surface of a stable mixed monolayer composed
of 30 (mol%)KMES16 and 70 (mol%) AAC obtained at 23 "C and a pressure of 7mNlm. The
same kind of domains can be observed in this mixture as in the mixture of Figure 3.9A. The
higher domains represent the KMESl6 domains which vary again in magnitude. The average
size of the domains is estimated as 0.6 pm, hardly smaller than the domains shown in Figure
3.9A. The higher percentage of AAC is clearly demonstrated by the larger domains of AAC in
Figure 3.9B, compared to Figure 3.9A.
Electron diffraction studies were also carried out on the domains of AAC and KMES16 in the
mixed systems. The results are given in Figure 3.10A. For AAC domains no ED-pattern could
be obtained. KMES16 crystallites in a mixture show diffraction patterns, the mixed system is
more sensitive to electron beam damage than the KMES16 crystallites in the pure KMES16
layer. Two distinguishable ED-patterns could be observed, assigned as type A and type B. Type
A coincides with the ED-pattern of the KMES16 layer in pure form. Type B deviates and
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Figure 3.11 Electron micrograph of a momlayer of pure AAC. Temperauw

23°C su4cfce pressure 7 mNlm.
The electron microscopy data demonSmte that molecular mixing is not causing the deviatians
from additive behaviour of the mixed systems investigated here. In a Iayer of EXES16 alone,
three dimensional crystallites are formed, whereas two dimensional crystdlites are revealed in
a matrix of AAC. It is suggesaerl that the boundary lines between the polymer and KMKS16

domains play a rok in [he crystallization process. The bormdary lines prevent a three
dimensional crystalliati~n.This is supported by the experiment shown in Figure 3.7.When the

dye domains are not mixed on a micron scale with AAC, additional khaviour of the both

components is found.
Returning to the isotherms, we can conclude that af bw temperatures and pressures a real
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monolayer is formed of the dye alone and that the dip observed can be ascribed to a surface
crystallization process. The symmetry elements found in the ED-pattern of the crystallites of
the dye reveal an anti-parallel packing of the molecules in the unit cell. The interaction with
water apparently can not compensate for the thermodynamically favoured anti parallel packing
caused by the strong dipole-dipole interaction that can be expected for this kind of molecules.

Wavelength (rm)

Figure 3.12 UV/visible light spectra. A = absorption spectrum of a monolayer

of KMESl6/AAC 30/70 deposited on both sided of a glass slide. ( deposition at
23°C p = 7 rnN/m.), B = absorption spectrum of a solution of KMESI6 in
chloroform.

UVIvisible light absorption measurements were carried out in order to obtain more information
about the orientation of the chromophore unit of the dye molecule. Figure 3.12 shows the
UVIvisible light absorption spectra of the dye KMES16 in chloroform (spectrum B) and a
spectrum of a monolayer of KMES16IAAC 30170 (A) on both sides of a glass slide. The
absorption maximum of the dye in solution is at 470 nm. The absorption maximum of the dye
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incorporated in the monolayer shifts to 393 nm. A shift to lower wavelengths together with a
narrowing of the bandwith suggests the formation of H-aggregates.
In a number of investigations, the formation of aggregates could be observed in LB-mono and
multilayers of the compounds and not in their solutions

21922,23p24.

In molecular

aggregates exciton effects may be observed when a sufficiently strong electronic interaction
exists in the molecular sub-units 25. According to the exciton theory strong spectral shifts can
appear in the absorption spectra. When only a blue shift is observed it can be argued that the
transition moments must be parallel aligned in the aggregate. The spectrum shows a very narrow
absorption band what can be descibed to H* aggregates as discussed by Herz 26. The structure
of such aggregates is not well known but is suggested to arrise from agglomerates or
microcrystals, i.e. large ordered structures. This would be consistent with the present model of
crystallization. From the absorption spectrum of the mixed monolayer in spectrum A, Figure
3.12 it is clear that not all the dye molecules are in the aggregated state because the monomer
band with a maximum at 470 nm still can be observed. Further structural studies will be the
subject of Chapter 4.

CONCLUSIONS
A remarkable behaviour of a mixed monolayer of AAC and KMES16 has been observed.

KMES16, a possible candidate for a NLO-dye does not form a stable monolayer at the waterlair
interface itself at temperatures above 15 "C. Surface crystallization in three dimensions is talung
place causing the instability.
Upon mixing the dye with amylose-acetate a stable monolayer can be obtained when the amount
of KMESl6 molecules does not exceed 50 mol%. The stable monolayer consists of a matrix of
amylose-acetateand crystalline domains of KMES16. The 2D-crystallites of KMES16 are formed
in situ. One KMES16 molecule occupies 22-24 A2 as is found in the stabilization curves of the
mixtures as well as from the electron diffraction pattern. The dimensions of one plane of the unit
cell is determined as a = 5.54

A and b

= 9.03

A . In the unit cell, the molecules are packed

anti-parallel. The domains of KMES16 behave like H-aggregates.
It is argued that boundary lines between the AAC and KMES 16 domains play an important role
in the stabilization process. A stabilization mechanism cannot be given yet.

Chapter 3
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