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Tailor-Made Polymer Multilayers

Kerstin Schuh, Oswald Prucker, and Jiirgen Riihe*

The fabrication of multilayer assemblies from polymeric compounds is an
important tool for precise control of film architecture on the nanoscale. In
this report, a general, novel approach for the preparation of well-defined
polymeric multilayers is described. To achieve this, sulfonyl-azide group
containing polymers are first generated and deposited as thin films onto
solid (organic) substrates. Upon thermal activation, the system crosslinks
and binds to the substrate via C—H bond insertion. Through step-and-repeat
procedures, multilayer assemblies are then generated where all the individual
layers are linked to each other. As the assembly process does not require any
specific molecular interactions, the described process represents a general
strategy to generate tailor-made multilayer surface coatings with wide range

of film thickness and composition.

1. Introduction

One means of controlling the interaction of a material with the
environment is to deposit thin organic coatings onto its sur-
face. Thin surface-attached coatings are not only interesting
from a scientific point of view, but are also crucial for many
applications ranging from biological and medical technolo-
gies to technologies involved in the generation of optical and
electronic devices.'"% In the last two decades, the design and
construction of polymeric multilayers has emerged as a key
means for the preparation of functional materials with tailored
architectures and thus represents an important tool to control
interfacial properties of a material. The possibility of hosting
functional molecules, e.g., inorganic nanoparticles, dyes or bio-
logical molecules, without significant alteration of the proper-
ties of the coatings represent only one of the prospects of such
systems.37-11]

A variety of approaches to preparing polymer multi-
layers, such as the generation of self-assembled monolayers
(SAM),[1213] the Langmuir-Blodgett-technique,*15] and the
so-called layer-by-layer (LbL) assembly method,*'!] has been
developed. Thousands of publications concerning generation of
polymer multilayers have appeared—with still increasing ten-
dency. Although they have been widely investigated and used for
the fabrication of well-defined organic multilayers, the described
methods have some inherent limitations. For example, Lang-
muir-Blodgett deposition requires complex equipment, very
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stringent deposition conditions, has
restrictions concerning substrate size and
topology and may only be used for mole-
cules with a rather limited spectrum of
compositions®>® The generation of self-
assembled monolayers usually has even
stricter limitations concerning the spec-
trum of molecules and substrates which
can be employed. It is mostly restricted to
inorganic substrates and highly reactive
groups such as chlorosilyl moieties are
required for efficient surface attachment.
On the other side many functional groups
such as amine groups or alcohols do not
tolerate the presence of such groups.*®

The LbL method has generated consid-
erable scientific interest in recent years, as
it has become a convenient and versatile method for the fabri-
cation of polymer multi-layers. In this approach, film assembly
depends on specific interactions of the molecules involved,
mostly ionic interactions between polyelectrolytes?®l though,
in fewer cases, hydrogen-bonding or other interactions*®l are
also used for multilayer build-up. In the layer-by-layer process,
the substrate is exposed alternately to solutions containing
positively or negatively charged polyelectrolytes. It is usually
assumed that, upon immersion polyelectrolyte molecules from
the solution adsorb to the oppositely charged substrate in such
a way that some overcompensation occurs, even after washing
of the substrate, so that the surface of the substrate remains
constantly charged. When this process is repeated many times
multilayer stacks can be obtained.

Although the process is very simple and versatile, the depo-
sition mechanism of the layers reduces the spectrum of poly-
mers which might be used to the class of polyelectrolytes.
Some inherent problems of this method are that the adjacent
layers typically intermix quite strongly, which limits the pos-
sibility for superlattice build-up, and that the layers are typi-
cally not strongly swollen, which reduces the accessibility of
groups residing in the interior of the films.’l Under harsh sol-
vent conditions, such as high or low pH or high salt concen-
tration, disassembly might occur since the assembly process is
charge-driven.l'-1%]

To overcome these drawbacks extensive research efforts have
been undertaken on the stabilization of such films, mostly
through the establishment of covalent bonds between the layers.
These include, for example, subsequent photo- or thermal
crosslinking as well as chemical reactions.?°23 Alternatively,
polymer multilayers fabricated by direct covalent assembly of
functional polymers or small compounds with typical chemical
reactions such as esterifications, amine-isocyanate and “click”-
chemistry!!®24-26 have been demonstrated.
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Figure 1. Schematic description of the major steps for multilayer preparation by alternating (spin)coating and thermal cross-linking. A) Synthesis of
polymers with sulfonylazide groups (AIBN = Azobisisobutyronitrile. B) Multilayer formation process. C) Internal crosslinking and interconnection of
the polymer layers. After heating and the loss of nitrogen from sulfonyl azide groups, a nitrene is formed, which inserts into adjacent C~H— bonds so
that the individual layers become crosslinked and attached to the layer below.

Most of these approaches are effective and improve the
stability of the layers quite strongly. However, they are often
restricted to certain classes of molecules, which use specific
interactions to link the multilayers together.

Finally, the film thickness of the individual layers is restricted
to typically about 0.5 nm per layer. Some control of the thick-
ness is possible through influence of the environment, such as
the pH-value or salt concentration of the system.?’] Genera-
tion of systems with film thicknesses approaching the micro-
meter regime thus typically requires several hundred deposi-
tion cycles. Therefore, the development of simple and variable
strategies for the fabrication of polymer multilayers still posses
significant technological challenges.

The approach for the generation of covalently bound polymer
multilayers presented here is based on surface-attached polymer
networks generated through thermal crosslinking of sulfonyl
azide group containing polymers via C-H bond insertion,??l
Figure 1A). Similar strategies are available for photochemical
crosslinking and surface-attachment.?*-31 The general method
is shown in Figure 1B. Once the first surface-attached polymer
network layer is generated, a second polymer is spin-coated
from solution. During the heating process, crosslinking of the
polymer occurs, together with a simultaneous attachment of
the polymer layer to the underlying layer. The layer thickness
of every layer depends only on the deposition conditions, such
as the concentration of the polymer solution and the details of

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the coating process (here spin or dip casting), although other
methods are also possible. After completion of the process, an
arbitrary number of further layers, can be attached in the same
manner. The number of layers and the thickness of each layer
can be arbitrarily chosen and tailored for specific applications.
Network formation is induced by thermal decomposition of
the sulfonyl azide moieties contained in the polymers, followed
by an insertion reaction in adjacent C-H bonds (Figure 1C). If
the groups are located on the interface of the polymer layers,
attachment to the layer beneath occurs; otherwise, an internal
crosslinking takes place. The mechanism of such a C-H bond
insertion has been well described.?®3% Loss of nitrogen upon
heating leads to formation of a nitrene, and the insertion
reaction leads to sulfonyl amide groups as crosslinks.?832 In
contrast to other crosslinking methods, where two functional
groups react with each other,*l such a strategy does not require
any functional group nearby to form a crosslink. Thus, already
a very small concentration of functional groups is sufficient
yield to a stable network and the physical properties of the bulk
material are not strongly affected. The covalent attachment of
the first layer to the substrate below, was accomplished by for-
mation of a self-assembled monolayer of an appropriate silane,
which provides many C—H groups as potential binding partners
for C-H bond insertion.?l We are aware of the fact that such a
crosslinking of sulfonyl azide groups also occurs by UV-illumi-
nation, but report here exclusively on the thermal process.
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porting Information Table S2.

The sulfonyl azide groups are incorporated into the polymer
during standard free radical copolymerization of standard
monomers with styrene sulfonyl azide (SSAz), which allows
to modify a variety of different polymers with sulfonyl azide
groups and to tune the density of the crosslinker only by the
copolymerization composition (Figure 1A). The thus obtained
copolymers used for multilayer preparation are very versa-
tile concerning their chemical and physical properties. The
thermally labile groups can be incorporated into hydrophobic
copolymers such as poly(styrene) (PS), poly(methyl meth-
acrylate) (PMMA) or halogenated poly(4-bromostyrene) as well
as into hydrophilic poly(N,N-dimethyl acrylamide) (PDMAA),
poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA) and
poly(styrene sulfonate) (PSS).

Due to the insolubility of the crosslinked single layers, there
is almost no restriction in the type of solvents used in the
assembling process for the approach presented here. Therefore,
a wide spectrum of different compositions can be realized. An
assembly of an AB-multilayer generated from alternating PS
and PMMA layers is depicted in Figure 2A. Both polymers were
spin-coated from toluene and crosslinked at 160 °C for 30 min.
Lower temperatures can be used, albeit at the expense of
increased crosslinking time.?®! Depending on the polymer con-
centration, multilayers with different thicknesses of the indi-
vidual layers (Supporting Information Table S2) were obtained.
By stacking layers with identical layer thickness on top of each

Adv. Funct. Mater. 2013, 23, 6019-6023
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Figure 2. AB-Multilayer stacks from alternating PMMA and PS layers. A) Total film thickness
d as a function of the number of layers n; Film thicknesses of the individual layers d,,: O
PMMA: d,, = 101 nm, PS: d,, = 16 nm, A: d,, = 45 nm @: d,, = 29 nm, m d,, = 21 nm; the
concentrations during film preparation are given in the Supporting Information Table S2.
B) Photographs of PMMA-PS Multilayers (from Graph @ in Figure 2A). Homogeneous and
smooth surfaces are obtained, although all polymers are spin-coated from the same solvent.
C) Micrographs obtained by confocal microscopy of alternating layers consisting of PMMA
(modified with Rhodamine as a fluorescence label) and non-fluorescent PS. The interface
of the single layers in Z-direction can clearly be observed. Each visible layer consists of five
individual PMMA (c = 40 mg/mL dioxane) and five PS (c = 100 mg/mL toluene) layers. Azide
contents of the polymers and experimental details of the layer assembly are listed in the Sup-
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other, a linear increase of the total thickness
is obtained (Figure 2A) However, a gradual
increase of the thickness of the AB-multilayer
system can also be achieved by gradually
changing the concentration of the polymers
(Figure 2A). Although both polymers were
coated from the same solvent, we obtained
homogenous and smooth multilayer stacks
as is seen in the photographs of a PS-PMMA-
multilayer-assembly with an average film
thickness of 29 nm in Figure 2B. Note, that
any deviations in the film thickness would
be directly visible in the micrographs as the
interference colors are quite sensitive to
such variations. The assembly of PS-PMMA-
multilayers was also examined by confocal
microscopy. For this, we synthesized PMMA-
SSAz polymers incorporating a fluorescent
Rhodamine-group and subsequently assem-
bled them with non-fluorescing PS-SSAz
into a multilayer stack. To obtain an adequate
resolution, film thicknesses of each polymer
was chosen to be >1 um. To this, five PMMA-
layers were deposited through spin-coating
and thermally induced crosslinking onto
each other (40 mg/mL dioxane,) followed by
the deposition of five PS-layers (100 mg/mL
toluene). The resulting confocal micrograph
of these layers clearly shows the existence of
the superlattice. The layer thicknesses deter-
mined with the microscope agree with the
values obtained by profilometry (Supporting
Information Table S3).

We have extended the preparation of AB-polymer multilayers
to other polymer systems (Figure 3). Multilayers consisting
of one hydrophilic and one hydrophobic polymer (PMMA
and PMAA, Figure 3A), two hydrophilic polymers (PDMMA
and PMAA, Figure 3B) and two negatively charged polymers
(PMAA and PSS, Figure 3C) were assembled. As for the hydro-
phobic PMMA-PS multilayers, a linear increase of the film
thickness is obtained for all three cases, when appropriate con-
centrations were chosen, but other superlattices can also be
realized by adjusting the polymer concentration (Figure 3C). It
should be noted that PMAA-PSS multilayers (10 layers, d,, =
44 nm) are stable, even under rather harsh conditions, such
as when the assemblies are exposed to aqueous solutions with
high or low pH-value, or solutions having a high salt concentra-
tion (Supporting Information Figure S1).

The described approach for multilayer preparation is not
restricted to AB-multilayer systems since no special interac-
tions between the polymers are necessary to connect the layers.
Thus, a broad range of possible multilayer arrangements is
conceivable. To demonstrate this, we prepared a sample with
eight different polymers assembled onto each other. The stacks
were prepared via sequential dip coating and crosslinking of
the respective azide containing polymers. A photograph of a
sample prepared in this manner is shown in Figure 4. Here
the depth of immersion is gradually decreased from layer to
layer, so that terrace-like structures with step-wise varying film
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Figure 3. Film thickness as a function of the number of layers from
different alternating AB-multilayers. A) AB-multilayer-assembly of one
hydrophobic (PMMA) and one hydrophilic polymer (PMAA). The average
film thickness obtained from the slope is d,, = 40 nm. B) AB-multilayers
of two hydrophilic polymers. (PDMAA and PMAA) (a) d,, = 106 nm,
(m)d,, = 47 nm. C) Alternating AB-multilayer assembly of two negatively
charged polymers (PMAA and PSS). (m) d,, = 97 nm, (0) d,,(PMAA) =
94 nm and d,, (PSS) =44 nm, (A) d,, = 44 nm. Azide contents and experi-
mental details are listed in the Supporting Information Table S4.

thickness are obtained, which can be easily identified by the
corresponding interference colors. The different polymers are
also shown in the picture. In this system, interfaces between
two hydrophobic (PS-PSBr), between a hydrophobic and a
hydrophilic polymer (PSBr-PDMAA; PDMAA-PMMA, PMMA-
PMAA) and between a hydrophilic neutral and a charged
polymer are generated on one single sample, demonstrating
the versatility of the system.
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Figure 4. Photograph and schematic depiction of a silicon wafer pre-
pared with a stepped multilayer of seven different polymers, with PS as
the lowest layer and PSS as the upper layer. The layers were prepared by
sequential dip-coating and thermal crosslinking, where the immersion
depth of the wafer was reduced from layer to layer. Azide contents of
the polymers and further experimental details are given in Supporting
Information Table S5.

In summary, layer deposition followed by thermally-induced
C-H insertion reactions represents a simple method for the
preparation of polymer multilayers through consecutive depo-
sition of surface-attached polymer networks. This technique
does not require specific molecular interactions or chemical
reactions for multilayer fabrication and a wide spectrum of
polymers can be stacked onto each other. As film thickness and
composition are easily controlled by the coating process, tailor-
made polymer multilayers can be obtained. The multilayer
assemblies are very stable, since the substrate and polymer
network layers, as well as all subsequent layers are covalently
connected to each other, and the obtained multilayer stacks are
robust and survive even harsh conditions, such as extended sol-
vent exposure or high ionic strength solutions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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