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Preformed Polymers for
Langmuir—Blodgett Films—
Molecular Concepts **

Amphiphilic Polymers
Rod-like Polymers
LCPs

Stability of LB Films

By Frank Embs, Dirk Funhoff, André Laschewsky,
Ulrike Licht, Holger Ohst, Werner Prass,*
Helmut Ringsdorf, Gerhard Wegner,

and Rolf Wehrmann |

The use of preformed polymers for the preparation of
Langmuir-Blodgett {(LB) multilayers is reviewed. Principles
for polymer self-organization are outlined and the appropriate
molecular designs are discussed. Recent developments in the
different classes of polymers for LB multilayers are presented,
and their outstanding properties highlighted.

1. Stability of Langmuir—Blodgett Films

Up to now the lack of stability of Langmuir-Blodgett
{L'B) films has been a serious problem which limited their use
in scientific investigations and prevented industrial applica-
tion. Conventional LB films are unstable in many respects:
They dissolve gasily in many solvents and often have a poor
long-term stability. Furthermore their mechanical and ther-
mal stability is quite low; LB-films often decompose at tem-
peratures below 100°C,

The major concept exploited to stabilize LB multilayers is
to link the film-forming molecules together laterally. Conse-
quently, simple polymers, such as polymethylmethacrylate
and polyvinylacetate,[!] were used initially for spreading at
the air—water interface. Block copolymers have also been
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investigated 1> Although these polymers form monolayers
which can be transferred onto solid substrates by the LB
method, homogeneous and defect-free multilayers have not
been obtained.

Further development was based on amphiphiles which
could be polymerized after film formation, preserving the
structure of the initial LB flm.[*~ " Generally, the polymer-
ization is induced by irradiation.”® =7 Other means of poly-
merization such as polycondensation of films have also been
investigated™ 8111 and indeed, the polymerization im-
proves stability towards mechanical, thermal and environ-
mental attack.

Usually, the polymerization reactions induce structural
reorganizations which can induce defects in the multilayers,
¢.g. by shrinkage. These problems can be minimired by ap-
propriate molecular design !'*! However, the control of the
degree of polymerization, and the removal of unreacted
monomers and side-products is not possible using this ap-
proach.

2. LB Films by Spreading and Transfer of Polymers

To overcome these problems, polymers are required which
spread at the air—water interface forming a monoclayer that
can be transferred subsequently onto solid substrates result-
ing in a layered structure. Such polymers can be prepared
monomer-free in macroscopic quantities’ ' *) with defined
molecular weight and can be characterized by standard tech-
niques.

Two different principles are known at present, relating the
tendency of the polymers to sell-organize in LB films to
molecular design criteria, The self-organization can be in-
duced by attaching amphiphilic side chains to a polymer
backbone of conventional flexible character or by creating a
polymer backbone with a rod-like character decorated by
flexible hydrophobic side chains. The latter is an entirely new
principle in the design of molecules for LB films.



2.1, Amphiphilic Polymers
In amphiphilic polymers or copolymers a main chain hav-
ing a hydrophilic character due 1o either hydrophilic seg-

ments or side groups is rendered amphiphilic by long-chain,
n-alkyl side groups™?~'% (Fig. t). Such polymers can be
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Fig. 1. Scheme of polymers self-organizing via side chains. Lefl) Side chain
spacer. Center) Combined (side chain aod main chain) spacer. Right) Main
chain spacer.

prepared, for example, by homopolymerization of amphi-
philic monomers bearing flexible side-chain spacer units
(left). Alternatively, polymers with main-chain spacers can
be prepared eithcr by copolymerization of hydrophobic
monomers with hydrophilic monomers (right), or by poly-
condensation or polyaddition reactions,'t 7+ 181 Combination
of the two kinds of spacer units resuits in a third type of
amphiphilic polymers (center).! !

2.1.1. Vinpl Polymers

A wide variety of amphiphilic polymers have been synthe-
sized, o.g. tetraethyvleneglycol-methacrylates,!' alternating
olefin-maieic anhydride and vinylether-maleic anhydride co-
polymers,!'™ random copolymers of octadecylacrylate or
-methacrylate with hydrophilic monomers.l'?- 29211 These
polymers show improved performance in terms of homoge-
neity and stability of the multilayers. Additionally, fluidity
and mobility of the polymeric LB films can be optimized by
using alkyl side-chains of different length in the same mole-
cule, as depicted in Figure 2. Tt is a remarkable feature of
polymers, that even monaolayers in the fluid phase with con-
formationally disordered alkyl chains can be deposited to
give homogeneous, stable LB films.

The vinyl copolymers are especially suited for the intro-
duction of functional groups to tatlor desired properties. As
an example, comonomers can be incorporated which contain
chromophores to be used in nonlinear optics (Fig. 3) or for
lurther chemical modifications.[2!]
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Fig. 2. Homopolymers with side chain spacers and mixed alkyl side chains to
increase monofilm fluidity.
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Fig. 3. Amphiphilic functional copolymers bearing nonlingar-oplic-aclive
dyes.

2.1.2. Polycondensation Polymers

The use of polycondensation and polyaddition in polymer
synthesis allows the incorporation of heteroatoms and of
tailor-made main-chain spacers. Exumples of amphiphilic
polycondensatiorn polymers are given in Figure 4. Multi-
layers constructed from polvamides and polyurethanes show
a high thermal stability. Decomposition temperatures up to
200°C are observed, probably due Lo hydrogen bonding in-
teractions of amide and urcthane groups along the back-
bone.[22

2.1.3. Amphiphilic Polymery by Polyvmer Analogous
Reqctions

A number of different routes have been explored to im-
plant amphiphilic character into common polymers via poly-
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Fig. 4, Repeat units of amphiphilic a) polyamide [17] b) polyurethane <)
palyester [18] and d) liquid crystalline polyester [48].

mer analogous reactions. Examples are the functionalization
of styrene-maleic anhydride copolymers, 1251 the treatment of
poly(epichlorohydrine} to introduce a chromophore as well
as an alky! side chain by a two-step synthesis,** acid-
catalyzed acetalization of long-chain aldehydes with poly-
(vinylalcohol)?4 or reaction of poly(allylamine) with per-
fluorinated alkylisocyanates or -esterst®! to produce ure-
thanes or amides.

Special interest was concentrated on hydrophobic poly-
(siloxanes) due to the simplicity of their modification and
their etch resistance in microlithography, which is shown for
LB multilayers of an amphiphilic polysiloxane in Figure 5.
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Fig. 5. Resistance towards oxygen plasma of a 30 layer LB film built up from
ant amphiphilic polysilozane. Plasma: PQ, = 0.2 mbar, power = 20 W.

The spreading behavior of poly(dialkylsiloxanes) on the wa-
ter surface has been investigated already!®*”) including
the study of polymers in the floating process.?® Detailed
surface-pressure-area diagrams have been reported for sev-

eral iypes of conventionai polystloxanes!'*® 73 and copoly-
mers. Modification of the structure of the polysiloxanes in
order to optimize the formation of LB films has been neglect-
ed in the past.

Attempts to transfer halogenated polysiloxanes as stacked
monomolecular films on a substrate have been recently pub-
lished,"**! as well as the preparation of amphiphilic siloxanes
via hydrosilylation of poly(methylsiloxanes). These poly-
mers were functionalized with chromophores for measure-
ments of nonlinear optical properties.'** 3! This approach
towards amphiphilic functional poly(siloxanes) has been ex-
tended by the design of copolymers with different types of
side chains to obtain a variety of multifayer properties. In
particular, appropriate hydrophilic head groups have been
combined with side groups to produce poly{siloxanes) with
solid-analogue behavior at the air—water interface (compare
Figure 6). These polymers are superior in multilayer produc-
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Fig. 6. New amphiphilic copoly{siloxanes) with different functionalities.

tion compared to the often fluid-like standard products.
New functions, like chromophores useful for nonlinear op-
tics and units which provide sites for light-induced curing
reactions can be introduced in this way.

2.1.4. Lipid-Polyelectrolyte Complexes

If the amphiphiles at the air—water interface expose an
ioni¢ hydrophilic group to the aqueous subphase they must
be counterbalanced by oppositely charged counterions. An
interesting case arises if low molecular weight amphiphiles of
this type interact with high molecular weight poly-ions dis-
solved in the subphase. Anionic dizlkylphosphates and
cationic vinylpyridinium polymers for example have been
used to study such interactions by which the polymeric spe-
cies in the subphase become strongly adsorbed to the mono-
layer. The resulting polyelectrolyte-lipid complexes are easi-
ly transferred to build wp LB multilayers 12¢~4% 2! Uniform
multilayers are obtained in this way with modified physical
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properties compared to the multilayers built from the un-
complexed amphiphiles, ¢.g. different optical spectra or
modified bilayer spacing (Fig. 7).

Such complexed LB multilayers show improved proper-
ties, as illustrated here by their enhanced thermal stability.
The melting temperature of selected complexed multilayers
can be improved by as much as 100 °C.[*%1 Ag an illustrative
example, the relationship between structure and order as
measurcd by temperaturc-dependent X-ray diffraction is
shown in Figure 7. The complexation of the lipids in the
multilayers by polyelectrolytes has a similar consequence
with respect to thermal stability as polymerization of the
constitutive units of the I.B layer. A large pool of readily
accessible lipids with 1onizable groups and polyelectrolytes
can be combined in many ways to give rise to such complex-
es, saving much synthetic work. The separate synthesis of the
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Fig. 8. Spreading behavior of an amphiphilic hemicyanine complex with differ-
ent conceniralions of poly(acrylic acid) in the subphase {pH 6.0 ul 20°C.
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polyelectrolyte and of the lipid bearing the functional groups
may avoid complications in the synthetic or polymerization
procedures invelved when chemically sensitive groups such
as chromaphores have to be incorporated into the LB struc-
ture. Hemicyanines!®® show (Fig. 8) how a direct attach-
ment of a sensitive dye to the polymer backbone is circum-
vented by complexation. Although the lipid depicted in
Figure 8 does not give multilayers when used dircetly, com-
plexation with poly(acrylic-acid) enables the preparation of
transparent, deeply colored, uniform multilayers, which are
stable up to 120°C. The stoichiometric composition of such
deposited complexes has not vet been fully analyzed.1*¥1 A
recent, interesting {eature of lipid-polyelectrolyte compiexes
is their use as precursors for ultrathin polymer films, includ-
ing polyimides,*! ~*3 In the first step, multitayers of the
amine—poly(amide-acid) complex are transferred. In a sec-
ond step, removal of the multilayer-forming lipid by thermal
treatinent and a simultaneous curing process produces an
ultrathin polyimide coating on the support. i ~+31

2.2. Amphiphilic Liquid-Crystalline Polymers

The search for improved thermal stability of 1B multilay-
ers led to the replacement of the hydrocarbon chains of the
amphiphiles with fluorocarbon chains and/or aromatic moi-
eties. In particular, mesogenic aromatic moieties have been
incorporated *# *3 with the result of improved thermal sta-
bility. Whether further liquid crystalline (L.C) phases with
improved mobility of the mesogenic units can be achieved
and used to heal delects like grain boundaries in these multi-
layers is a matter of speculation at present. However, the
idea of constructing such “amphotropic LB multilayers” [?!]
which can undergo phuse transitions to thermotropic liguid-
cryslalline phases without destruction of the multilayer ar-
chitecture is intriguing. Tn addition to their improved ther-
mal behavior, many mesogenic amhiphiles are investigated
because they contain chromophores™? % of interest for
nonlinear optical studies.

Amphiphilic LC polymers 21 4% 43730 have been used to
combing the effect of the polymer backbone and of the meso-
genic side chain. As found for classical polymeric amphi-
philes, satisfying spreading and deposition behavior of the
LC polymers is observed when appropriate side-chain or
main-chain spacer groups are present!*®48-311 (Fig 34,
The copolymers are particularly suited for the preparation of
high-quality multilayers with good thermal stability, Inter-
estingly, these multilayers exhibit complex rcorganization
processes and thermochromic behavior'9: 511 which are not
yet understood. Hence, no general picture has yet emerged of
how the mesogenic groups will influence the multilayer prop-
erties in detail. Most recently it wus shown that the prepara-
tion of 1.B multilayers is not restricted to polymers forming
calamitic LC phases. Some polymers which form discotic
LCs are suitable, such as the ones shown in Figurce 9, offering
new ways to stabilize multilayers.*?: 531
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Fig. 9. Spreading behavior of menomeric and polymeric discetic LCs at 20°C.

2.3. Rod-like Polymers

Rod-like polymers can be organized in the form of LB
fitms for reasons related to the stiffness of their backbone.
Stable monolayers are formed by polymers which exhibit
groups with few or very small polar functions. Typical exam-
ples of such polymers are phthalocyaninato-polysilox-
anes,!'® several polyglutamates in the a-helix conforma-
tion,[20: 87763, 65,661 gnecial cellulose alkylethers,[54: 36,64
specifically substituted polysilanes!®® etc. These polymers
cannot be classified according to the rules developed to spec-
ify amphiphilic compounds.

Surface-pressure-area diagrams of rod-like polymers are
known for cellulose esters, ethyleellulose!®* 3! and poly-
peptides in the a-helix conformation, like poly{benzylaspar-
tate) and poly(methylglutamate).!”~%*1 The behavior of
polypeptides as monolayers at the air—water interface has
been studied extensively. However, the transfer of only one
such layer to quartz substrates with persistence of the a-helix
conformation in the transferred layer (measured using TR
spectroscopy) has been reported.[5% In the case of multilay-
ers, an hexagonal packing of the o-helix chains has been
proposed based on SAXS results.t!) Preferential alignment
of the polypeptide backbones parallel to the dipping direc-
tion was found by circular dichroism %! and polarized IR
spectroscopy.!®?

Generally, the deposition behavior of polypeptides 59~ ¢3!
and also of some cellulose derivatives®* was reported to be
very poor and therefore these materials were not considered
to be suited for formation of multilayers with a reasonable
degree of perfection.

As anew concept to overcome this problem, rod-like poly-
mers surrounded by conformationally mobile side chains to
prevent crystallization and to provide mobility of the stiff
buckbones within the monolayer 18- 203561 haye been de-
veloped. As a general route, rod-like polymers are decorated
by atkyl chains of different length wrapping the individual
backbones with a skin of liquid-like segments. Thus, (he
structure of these polymers is quite different to that of con-

ventional amphiphilic molecules forming LB films. It should
be remmembered that the stability of conventional LB layers
depends on the fact that a close packing of chains with tong-
range order within the layer can be achieved, which is not the
case for the molecules discussed in this section.

This type of polymer is represented best by an unsymmet-
rically substituted phthalocyaninato-polysiloxane.!'®! More
than 200 layers of these molecules can be transferred casily
onte hydrophobic substrates. Stable LB films of high quality
are formed in which the backbones are oriented preferential-
ly parallel to the dipping direction. The spreading, compress-
ing, transfer and packing in layers of these molecules is sche-
matically depicted in Figure 10.

Fig. 10. Rod-hke polymer-forming ordered LB multilayers. 1) Spreading of
dilute polymer solution and evaporation of the solvent. 2) Compression of the
melecules to form a dense monolayer. 3) Transfer of the monolayer to a solid
substrate with simultaneous alipnment of the polymer backbones and align-
ment of the molecules vu the subsirate.

High-quality multilayers of o-helix  poly(alkylgluta-
mates) 2% 3757 can only be built up when the side chains
are disordered. This is achieved by selecting copolymers with
an appropriate ratio of long and short alkyl side chains. A
detailed investigation was carried out for poly(methyl-co-
octadecylglutamate) where a ratio of methyljoctadecyl of
3/10 te 6/10 wus found to be the optimum.

Recent experiments with cellulose ethers are in agreement
with these results. Good transfer properties are obtained
when cellulose is etherified to contain partly methoxy and
partly lauryloxy side chains. Alternatively, the cellulose




ethers of a branched alcohol like isopentanol show excellent
performance in the preparation of multilavers.

Substituted poly(diphenylsilanes) are rod-like polymers
found to form LB films.!*® The backbone of these poly-
silanes is stiffened by two phenyl residues per repeat unit and
the attraction to the water surface is provided by alkoxy-
groups, The shape of the surface-pressure—area diagrams
(Fig. 11) indicates that defined monolayers are not obtained
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Fig. 11, Surface-pressure—ares diagram of polysilanes with different substi-
tuents. 1) Poly[bis-(p-butylphenyl)silane]. 2) Poly[methyl-(p-butoxyphenyl)si-
lune]. 3) Poly[bis-{ p-butoxyphenyl)silane].

for completely hydrophobic polysilanes (1) or partly polar
polysilanes with only one phenyl ring per repeat unit (2).
However, poly(bis-butoxyphenylsilane) forms stable mone-
layers and can be transferred to hydrophobic substrates to
provide well-ordered multilayers. The multilayers formed by
these rod-like poylmers generally show order with regard to
alignment of the backbone to the dipping direction, (Fig. 10).
This orientation of the polymer backbones can be improved
by annealing at 120 °C subsequent to the deposition.

3. Summary and Perspectives

Polymers arc versatile materials for LB multilayers. The
structural variety of useful polymers seems to be unlimited,
stretching from ciassical vinyi polymers via polycondensates,
polyelectrolyte complexes, and LC polymers, to rod-like
macromolecules. Polymers offer increased thermal stability,
and simple functionalization of the resulting multilayers
compared to low molecular weight compounds. In particu-
lar, phase separation, which often appears in monolayers
prepared from mixed compounds, can be overcome when the
layers are linked together covalently. Also, different func-
tionalities can be combined at will. In contrast to low molec-
ular weight analogues, polymeric monolayers are useful even
in the fluid state, Furthermore, novel principles, such as rods
in {Tuid matrices, can be realized using polymers. In this way,

unusual multilayer properties, like in-plane anisotropy, are
accessible. Because of these outstanding properties, poly-
mers are facing a bright future in LB-work.
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