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Self-Regenerating of Functional Polymer Surfaces by
Triggered Layer Shedding Using a Stimulus-Responsive
Poly(urethane)
Zhuoling Deng and Karen Lienkamp*

Regeneration of functional surfaces after damage or contamination could
extend the life time of devices. Such regeneration can be achieved by layer
shedding (like a lizard shedding its skin). In this work, triggered
self-regeneration of functional surfaces by an external stimulus is presented.
Polymer multilayer stacks are assembled alternatingly from discrete
20–300 nm thick functional layers and depolymerizable interlayers, which are
used as sacrificial layers. The sacrificial layers are depolymerizable poly(benzyl
carbamates) end-capped with 4-hydroxy-2-butanone. Their depolymerization
is triggered by alkaline pH, at which the end-cap is cleaved. This initiates a
1,6-elimination cascade of the polymer backbone, during which CO2 is
released. Thus, the layer shedding is driven synergistically by mass transport
and buoyancy forces. Proof-of-concept is achieved using poly(styrene) as a
model functional layer, and also studied for hydrophilic, antimicrobially active
poly(oxanorbornene) layers. The multilayer assembly and disassembly
process is monitored by ellipsometry, Fourier transform infrared spectroscopy
(FTIR), optical microscopy, and atomic force microscopy. FTIR spectra taken
after degradation are confirmed the regeneration of the surface functionality.

1. Introduction

Solid materials with interfaces to polymers are abundant and
comprise polymer composites, laminates, blends, and polymeric
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coatings. A representative example for the
latter are polymer-based anticorrosion coat-
ings on metals. These find applications
in aerospace engineering, microelectron-
ics, packaging, as well as the biomedical
industry.[1] Recent work on polymeric an-
ticorrosion coatings focuses on identifying
and characterizing the failure mechanism
at such interfaces on the molecular level,
and on strategies to enhance the coating
durability,[2] for example, for use in a mar-
itime environment.[3]

Damages at interfaces are often induced
by property mismatches of the materials in-
volved, e.g., by a mismatch of their thermal
expansion coefficients, Young’s moduli, or
Poisson ratios. When changes in environ-
mental conditions (for example, in temper-
ature or humidity) cause significantly dif-
ferent property responses, adjacent layers
often buckle at the interface, leading to
mechanical failure.[4] In many industries
including aeronautics, composites that do

not have the required dimensional stability to prevent such de-
lamination cannot be used.[5]

There are two different scenarios for failure at interfaces: In co-
hesive failure, an interlayer between two adjacent materials is dis-
integrated, i.e., the cohesive forces between the interlayer compo-
nents are overcome by an external event. This is the case when
two materials glued together are pulled apart, and the break line
goes through the glue phase. The other scenario is adhesive fail-
ure. In the above example of the glued materials, the glue layer
would separate as a whole from one of the adjacent materials, i.e.,
the break line is located at the glue-material interface. Whether
adhesive or cohesive failure takes place depends on the relative
energies of cohesion and adhesion of the system.

In systems where delamination is a desired event, either the
energy of adhesion or of cohesion needs to be altered. Examples
for such systems are molting reptiles and crustacean in nature,
cell sheet detachment from a cell culture dish in tissue engi-
neering, sacrificial layers used in microsystem engineering, or
the disassembly of layer-by-layer systems.[6] The epidermal re-
newal of reptiles is a cyclic process with simultaneous forma-
tion of new skin layers under the old skin layer. An in-between
layer is degraded to facilitate the shedding of the old skin.[6a]

This detachment is assisted by external mechanical forces, e.g.,
when a snake rubs between stones during molting.[6b] In tis-
sue engineering, cell sheet detachment from culture dishes can

Macromol. Chem. Phys. 2021, 222, 2100127 2100127 (1 of 10) © 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmacp.202100127&domain=pdf&date_stamp=2021-09-13


www.advancedsciencenews.com www.mcp-journal.de

Figure 1. a) Structure of a poly(benzyl carbamate) with a 4-hydroxy-2-butanonyl end group (PU), and mechanism of depolymerization of under alkaline
trigger conditions; b) Poly(benzyl carbamates) with different end groups susceptible to various triggers: a benzyl amide end group that can be cleaved
by penicillin-G-amidase, a trimethylsilyl end group removable by fluoride, and a disulfide end group that is cleavable by reduction (PDMA = poly(N,N-
dimethylacrylamide)).

be triggered by thermo-responsive poly(n-isopropylacrylamide)
(PNIPAM), which undergoes a conformational transition at its
lower critical solution temperature (LCST). When cells are cul-
tured on PNIPAM, changing the temperature below the LCST
disturbs the cell adhesion at the PNIPAM-cell interface, and the
mature cell sheet can peel off as an intact sheet without previ-
ous enzymatic degradation.[6c-g] Another example of desired de-
lamination events are ultrathin polyelectrolyte multilayers ob-
tained by the layer-by-layer (LbL) method, which can be disas-
sembled using electrochemical triggers, pH-triggers, or changes
in the ionic strength. These affect the polyelectrolyte charge
and thus either weaken the interphase cohesion or interface
adhesion.[6h,7,8]

In these systems, a mismatch of certain material properties in
response to external conditions is deliberately sought to induce
buckling and delamination. On the microscopic or molecular
level, this can be caused by different processes, e.g., confor-
mational changes of molecules, or changes of the interfacial
properties. Additional external mechanical forces can then help
to break the connection between the different layers.

In our group, we developed a sacrificial layer approach for in-
tentional delamination of polymer layers from multilayer stacks.
Instead of thin LbL systems, we are working with discrete, rel-
atively thick layers (20–300 nm). These resemble a nanoscale
stack of pancakes, unlike the LbL architectures which are more
like scrambled eggs. These stacks consist of alternatingly applied
functional layers and sacrificial layers. By disintegration of the
sacrificial layer, the functional layer on top of it is intentionally
delaminated, and a new functional layer further down the layer
stack in uncovered. Thus, the function of the material could be re-
generated after contamination or damage of the top layer—like a
lizard shedding its skin. In one previously reported system, an
interlayer made from poly(sebacic acid anhydride) (PSA) posi-
tioned between two polymer networks made from antimicrobial
poly(oxanorbornenes) was degraded under acidic conditions and
shed the top layer to regenerate the antimicrobial functionality.[9]

Other studies with PSA, poly(adipic anhydride), or poly(salicylic
acid-co-sebacic acid) demonstrated that the degradation kinetics
are key for a success of this process.[10] If the process is too slow
the loosened top layer has sufficient time to re-form adhesive
interactions with the remaining stack, which prevents delami-
nation. With fast disassembly kinetics, for example by the trig-
gered depolymerization of poly(ethyl glyoxylate), delamination
was successful.[10b]

In this work, we explore the potential of another stimulus-
responsive polymer to achieve intentional delamination from
polymer multilayer stacks, namely poly(benzyl carbamates.
These polymers were chosen for two reasons: first, their depoly-
merization can be triggered, and second, carbon dioxide is re-
leased during depolymerization (Figure 1a). We anticipated that
when such a layer is depolymerized in a multilayer stack, gas
evolution can help to lift the upper functional layer and thereby
impede its re-attached to the function layer underneath. Only
very recently, oxygen development was used to release micro-
and nanofabricated structures from a rigid substrate, and a
poly(pyrrole) film was delaminated from carbon electrodes with
the help of chlorine gas.[11] Both studies indicate the feasibility of
our concept.

Like poly(ethyl glyoxylate), poly(benzyl carbamate) belongs
to the group of self-immolative polymers (SIPs).[12] SIPs are
polymers that can be triggered to disassemble sequentially
after a single triggering event by which their stabilizing end
group is removed. Some SIPs have a ceiling temperature below
the temperature of application and depolymerize head-to-hail
when their stabilizing end group is cleaved.[12] This process
can be triggered by UV light, a change in temperature, or a
chemical stimulus. Depending on the structure of the polymer
backbone and its length, the depolymerization of SIPs can take
place in seconds up to minutes.[13] Thus, SIPs disassembly is
faster by at least one order of magnitude than the hydrolysis
of degradable poly(anhydrides).[10a] This increases the mass
transport of molecules at the materials interface, which seems
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to assist the delamination process. The degradation cascade of
poly(benzyl carbamates) is based on a 1,6-elimination process
(Figure 1a), which can be triggered by various stimuli depending
on the nature of the stabilizing end-group. For example, end
groups could be cleaved by penicillin-G-amidase, fluoride, or
reduction (Figure 1b).[12,14] In this work, we used poly(benzyl
carbamate) with a 4-hydroxy-2-butanonyl end group (called PU
in the following) as a sacrificial layer.

2. Results

2.1. Study Design

The aim of this study was to demonstrate triggered delamina-
tion of a functional layer from polymer multilayer stacks using
the poly(benzyl carbamate) PU (Figure 1a) as a sacrificial layer.
The triggered depolymerization of PU should induce sufficiently
fast diffusion of the depolymerization products out of the con-
tact zone of the layers, and thereby enable detachment of the
functional layer. This process should be further assisted by CO2
release during depolymerization (Figure 2a). The synthesis of
PU by a combination of literature procedures is shown in Fig-
ure 2b. We first tested the feasibility of the concept by shedding
a polymer layer from a two-layer model system with PU as sac-
rificial layer, and then investigated several two-layer and three-
layer systems which contain functional layers with antimicro-
bial activity. The polymers used, as well as their acronyms, are
shown in Figure 2c. Poly(styrene) (PS, with co-repeat units carry-
ing the cross-linker benzophenone) was chosen as a model com-
pound because of its hydrophobicity and charge-neutrality. It was
cross-linked with benzophenone for additional mechanical sta-
bility of the layer. With this, we could establish a proof-of-concept
of the combined depolymerization/gas evolution assisted delam-
ination process and demonstrate its efficiency in removing an at-
tached polymer layer in a two-layer system (Figure 2d). We then
investigated a two-layer system consisting of a PU bottom layer
and the antimicrobial polymer poly(guanidium oxanorbornene)
(PGON, with 10% diazoester cross-linker repeat unis), and a
three layer system consisting of PU-PS-PGON (Figure 2d).[15]

An additional three layer system consisting of functional lay-
ers made from the antimicrobial poly(carboxyzwitterion) (PZI,
also with 10% diazoester cross-linker) and PU (PZI-PU-PZI, Fig-
ure 2d) with varying PU layer thickness has also been tested to
examine the effect of the sacrificial layer thickness on the sys-
tem delamination. Unlike PGON, which is positively charged,
PZI is polyzwitterionic.[16] Thus, its surface charges should inter-
fere less with the delamination process than the surface charge
of PGON.

The multilayer stacks used for these experiments were as-
sembled by spin-coating using orthogonal solvents for the
different layers. The PS, PGON and PZI layers were UV
cross-linked to obtain stable hydrogels. The multilayer stacks
were studied by ellipsometry, Fourier transform infrared spec-
troscopy (FTIR), and where applicable also by microscopy
and/or atomic force microscopy (AFM)—both before and af-
ter the delamination process—to determine their thickness, the
presence of functional groups, and to observe morphological
changes.

2.2. Polymer Synthesis and Multilayer Studies

2.2.1. Polymer Synthesis

The synthesis of the polyurethane end-capped with 4-hydroxy-
2-butanone (PU) is shown in Figure 2b, and the details are de-
scribed in Section 1 (Figures S1–S4) of the Supporting Infor-
mation. A PU with a number average molecular mass (Mn) of
2300 g mol−1 was obtained according to end group analysis by
1H-NMR; according to gel permeation chromatography, Mn was
3000 g mol−1, with a polydispersity index of 1.3.

Poly(styrene-co-4-methacryloyloxybenzophenone) (PS),
poly(guanidium oxanorbornene) with diazoester co-repeat units
(PGON), and the poly(carboxyzwitterion) with diazoester co-
repeat units (PZI) were synthesized as reported previously.[15–17]

2.2.2. General Considerations for Polymer Multilayer Assembly and
Disassembly

The polymer multilayers shown in Figure 2 were assembled on
silicon substrates by spin-coating from orthogonal solvents. In
this process, the solvent of the layer applied should be a non-
solvent for the layers underneath, so that disintegration of these
layers is avoided.[10b] Details of the exact assembly conditions
(solvents, polymer concentrations, surface pretreatment, etc.) are
given in the Experimental Section and Section 2 of the Support-
ing Information.

2.2.3. PS-PU Layer System and PGON-PU Layer System

Assembly. The characterization data obtained during the assem-
bly of the PS-PU layer system with PU as sacrificial layer and PS
as model functional layer on top is shown in Figure 3a. A thin
layer of PU with a layer thickness of 21 ± 0.5 nm (determined by
ellipsometry) was obtained. The thickness of the resulting PS-PU
system was 78± 0.5 nm, i.e., the PS layer had a thickness of about
57 nm. A comparison of the FTIR spectra of the PS-PU system
and the PU layer alone indicated the presence of an additional
peak at 1668 cm−1, which can be assigned to the carbonyl group
in the diaryl ketone group of the benzophenone cross-linker (blue
arrow in Figure 3a).[18]

Data obtained from the PGON-PU layer system consisting of
PU as sacrificial layer and PGON are shown in Figure 3b. The
thickness of the PU layer was 14 ± 0.5 nm (from ellipsometry).
The thickness of the resulting PGON-PU system was 96 ± 3 nm
(PGON thickness: about 82 nm). In the FTIR spectrum of the
PGON-PU system, two additional peaks at 1709 and 1674 cm−1

appeared compared to the pure PU spectrum, which could be
assigned to the imide carbonyl, and the C═N imine of the guani-
dinium group, both of which are components of PGON (arrows
in Figure 3b).[18]

Disassembly. NaOH at a concentration of 0.1 mol L−1 was used
to trigger depolymerization of PU. In previous work, depoly-
merization of a similar poly(benzyl carbamate) with a 4-hydroxy-
2-butanone end group was initiated by bovine serum albumin
(BSA) in NaHCO3 buffer at pH 8.3;[12,19] however, these reaction
conditions did not trigger PU depolymerization in our hands. Po-
tential reasons for this are the only partial end-capping of PU with
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Figure 2. a) The aim of this work was surface regeneration of a functional layer from a polymer multilayer stack. Like a lizard shedding its skin, this was
achieved by a combination of a sacrificial layer with mechanical forces. Here the sacrificial layer undergoes triggered depolymerization, which is combined
with buoyancy forced due to gas evolution. b) Synthesis of the poly(benzyl carbamate) PU with a 2-butanonyl end group; c) Polymers used: poly(benzyl
carbamate) PU, a UV cross-linkable poly(styrene) with 5% methacryloyl-4-oxy-benzophenone repeat units (PS), a UV cross-linkable poly(guanidinium
oxanorbornene) (PGON) with 10% diazoester cross-linker groups, and a poly(carboxyzwitterion) (PZI), also with 10% diazoester cross-linker repeat
units. d) System design: PS-PU two layer system consisting of PU as sacrificial layer and PS as a model functional layer; PGON-PU two layer system
consisting of PU as sacrificial layer and PGON as functional layer; PGON-PS-PU three layer system made from a PU bottom layer, a PS interlayer and
a PGON top layer; PZI-PU-PZI three layer systems made from a PU interlayer with varying thickness (300, 220, and 20 nm, respectively) between two
cross-linked PZI layers. The PU layer used had different morphologies, the checkered orange layer in the figures refers to a rough, 14–20 nm thin layer;
the solid orange layer refers to homogenous and thick layer. Photograph in (a) adapted with permission.[9] Copyright 2015, American Chemical Society.
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Figure 3. Assembly and disassembly of a) the PS-PU and b) PGON-PU layer systems studied by ellipsometry and FTIR. For the PS-PU system, the CO2
evolution was documented in photographs and in a video (see Supporting Information).

Figure 4. Photographs of the delamination of the A-B system: a) in the dry
state, b) after 20 min in NaOH, and c) after 60 min in NaOH.

the BSA-cleavable 2-butanonyl groups (57%, as described in Sec-
tion 1 of the Supporting Information), and second, the structural
variation of PU compared to the poly(benzyl carbamate) used in
the literature. The latter had ortho-acrylic acid substituents and
thus a potentially better solubility in aqueous buffer. Therefore,
a stronger base was used for the here presented PU.

For layer shedding, the PS-PU system was immersed in
NaOH, and the degradation was documented by photographs
(Figure 4). After 20 min, the appearance of gas bubbles on the
edges of the sample indicated the onset of depolymerization.
Over time, the bubbles grew larger and started to appear all over
the sample. After 30 min, the PS layer rolled up from one edge,

was lifted up by buoyancy forces, and was obtained as an in-
tact layer. This process was recorded in a video (Section 3 of the
Supporting Information). The entire delamination process took
about 60 min, leaving behind a blank substrate (Figure 4c).

Unlike the PS-PU system, the PGON-PU system did not de-
laminate when immersed into NaOH for 60 min, nor was any
gas evolution detected. According to ellipsometry, the thickness
of the PGON-PU system stack was only reduced from 96 ± 3 nm
to 77 ± 19 nm (the large measurement error of the second value
reflects a significant increase of the layer roughness). While all
FTIR signals were reduced in intensity after NaOH treatment,
the characteristic PGON peaks at 1709 and 1674 cm−1 were still
present (Figure 3b). This indicated extraction of the some non-
cross-linked parts of the PGON, but no layer shedding.

2.2.4. PGON-PS-PU Layer System

The results of the PS-PU layer and PGON-PU layer systems
demonstrated that PU can be used as a sacrificial layer, but that
its function seems to be compromised by the presence of PGON,
possibly by ionic interactions between polycationic PGON and
the negatively charged PU intermediates that form after trigger-
ing. These interactions possibly quench the depolymerization
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Figure 5. Assembly and disassembly of the PGON-PS-PU system, studied
by ellipsometry and FTIR.

cascade. This hypothesis was tested with a PGON-PS-PU three-
layer system with an additional PS interlayer, i.e., with no direct
contact between PU and PGON.

Assembly. Data taken during the assembly of the PGON-PS-
PU three-layer system with a PS interlayer are summarized in
Figure 5. The layer thickness of the PU layer was 14 ± 0.4 nm.
The PGON-PS bilayer had a total thickness of 72 ± 1 nm, i.e., the
PS layer was about 58 nm thick. A characteristic PS layer peak
at 1668 cm−1 (carbonyl signal of the diaryl ketone of the cross-
linker) was observed in the FTIR spectrum (Figure 5). The three-
layer PGON-PS-PU system with PGON as a top layer had a thick-
ness of 149 ± 3 nm, indicating that PGON was about 77 nm thick
(all layer thickness data were determined by ellipsometry). Opti-
cal microscopy and AFM images indicated that the PU layer on
the substrate had a mesh-like morphology, possibly due to dewet-
ting from the substrate (see Figure S5 in Section 4 of the Support-
ing Information).

Disassembly. To disassemble the PGON-PS-PU layer system,
it was immersed into NaOH solution for 150 min. Photographs
taken after different time intervals document significant changes
of the sample appearance (Figure 6), with gas evolution at the
edges starting at about 60 min, gas bubble formation in the mid-
dle of the sample after 120 min, and visible delamination of the
top layer at 140 min. In this experiment, the top layer ruptured
and could not be obtained as a whole piece. Overall, PU in the
PGON-PS-PU system seemed to depolymerize more slowly than
in the PS-PU system. In the FTIR spectrum taken after depoly-
merization, the peaks at 1706 cm−1 (carbonyl signal from PGON),
1531 cm−1 (amine signal from PGON), and 1223 cm−1 (amide
signal from PU) all vanished. The spectrum also contained a sig-

nal at 1063 cm−1 which can be assigned to the C–O single bond
of the depolymerization product of PU, 4-aminobenzyl alcohol,
indicating that traces of delamination product of the former PU
layer remained on the substrate.

2.2.5. PZI-PU-PZI Layer System

The PU layers used in the above-described systems were inhomo-
geneous and mesh-like. To obtain thicker, more homogeneous
layers, the spin-coating conditions for PU were adjusted, result-
ing in discrete layers with a thickness of up to 300 nm. Since the
successful disassembly of the PGON-PS-PU layer system con-
firmed the strong interaction of PU with PGON, a different func-
tional polymer was used in all further systems (PZI, Figure 2).
Three PZI-PU-PZI layer system were assembled with PZI as top
and bottom layers, respectively, and PU interlayers with different
thickness (20, 220, and 300 nm, Figure 7a–c). All systems were
studied by ellipsometry, FTIR and AFM.

Assembly. Optical micrographs taken during the assembly of
the PZI-PU-PZI layer system are shown in Figure 7. The ana-
lytical data is summarized in Figure S6 in Section 5 of the Sup-
porting Information. The FTIR spectra obtained for these three
systems were similar, showing additional signals of N–H bond
in-plane bending vibrations of PU at 1533–1527 cm−1, in addi-
tion to the signals corresponding to PZI.

Disassembly. To disassemble the three-layer PZI-PU-PZI layer
system with a 20 nm PU layer, it was immersed into NaOH aque-
ous solution for 120 min. Just as with the PS-PU system, delam-
ination was observed after roughly 60 min. The substrate thus
obtained seemed blank (Figure 7a), and ellipsometry indicated a
remnant layer thickness of be 25 ± 1 nm, which is much lower
than the layer thickness of the PZI bottom layer measured dur-
ing assembly (264 ± 3 nm). The FTIR spectra obtained in the
process are summarized in Figure S6a, Section 5 of the Support-
ing Information; the AFM is shown in Figure S7, Section 6 of the
Supporting Information. To compare the PZI-PU-PZI systems a)
and b), they were both immersed in NaOH for the same length
of time, i.e., 120 min. For system a), delamination was already
finished after 60 min, and the longer reaction time unfortunately
also reduced the layer thickness of PZI of that system due to ex-
traction of its gel content.

The three-layer system PZI-PU-PZI b) with a 220 nm thick
PU layer remained stable until the 120th min. No delamination
was observed. In the wet state, it could be optically observed that
the adhesion between the layers was weakened (buckling). When
gently rinsed with water, the loosened upper layer was partially
sheared off. Thus, the upper layer, possibly with PU depolymer-
ization products was “exfoliated” macroscopically under external
force. The remaining layer thickness was 284 ± 9 nm (similar to
the value 280 ± 4 nm for a single layer of PZI), which indicates an
almost clean removal of the upper PZI-PU layer. The FTIR spec-
tra taken after degradation (Figure 8 and Figure S8 in Section 7,
Supporting Information) showed a strong signal at 1032 cm−1,
which can be ascribed to the C–O–C bands from PZI. Based on
this retained functional group, we conclude that both PZI-PU-
PZI layer system could shed the topmost antimicrobial polymer
layer in consequence of sufficiently fast depolymerization, as-
sisted by gas development. Thus, the system with the 20 nm PU
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Figure 6. Degradation of the PGON-PS-PU system: a) dry, b) wet, after 0 min, c–h) after 20, 60, 120, 130, 140, and 150 min treatment with NaOH. The
blue arrows indicate significant events during the degradation process which are described in the text.

Figure 7. Overview of the design and appearance of the three PZI-PU-PZI stacks during assembly and disassembly. a) PZI-PU-PZI system with a thin
PU interlayer between a PZI bottom and top layer, b,c) PZI-PU-PZI layer system with thick PU interlayers.
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Figure 8. FTIR spectra of the PZI-PU-PZI layer systems with a) 20 nm PU
layer and b) 220 nm PU layer after degradation, compared to the spectra
of PZI and PU single layers.

layer was self-regenerating, since no additional external force was
needed to remove the top functional layer. The system with the
220 nm PU layer needed additional shear forces to enable a com-
plete removal of the top layer.

The PZI-PU-PZI layer system with the 300 nm thick PU
layer, system c), was immersed into NaOH aqueous solution for
150 min. The sample was then removed, rinsed, and dried. It was
observed that the sample started to peel, and that the coating color
changed, thus indicating a change in thickness. To check if longer
immersion time would induce further shedding, the sample was
placed back into the NaOH solution up to the eighth hour. How-
ever, this shedding process did not complete. The thickness of the
sample was about 446 ± 9 nm on most of the sample area, which
indicates that the top layer was gone and the PU layer and lower
PZI layer were still present. In other word, the system with the
300 nm PU layer could not regenerate. The FTIR spectra of the
degraded multilayer confirmed this by showing a reduction of the
peak intensity by half, while the position of the signals remained
mostly the same (Figure S6c in Section 5 of the Supporting In-
formation). The AFM images are shown in Figure S9, Section 8
of the Supporting Information.

3. Discussion

In this work, triggered delamination of polymer layers from a
polymer multilayer stack was investigated. Using the PS-PU bi-
layer system, it was demonstrated that the combined forces aris-
ing from mass transport of the degradation products at the layer
interfaces, and buoyancy due to gas development within the PU
layer during depolymerization were sufficient to delaminate the
PS layer. This confirmed the suitability of PU with 2-butanonyl
end groups as a sacrificial layer for triggered delamination. How-
ever, the strong interactions between PU and the polar, overall
positively charged PGON apparently shut down the depolymer-
ization process, i.e., the 1,6-elimination cascade. A similar phe-
nomenon was also observed when poly(adipic anhydride) (PAA)
and poly(salicylic-acid-co-sebacic acid) were used as sacrificial
layers with PGON as functional layer.[10] To explain this phe-

nomenon, three possible factors were considered back then: co-
valent binding between the layers through side reactions with
the cross-linker; interdiffusion between the layers due to the slow
degradation rate of the sacrificial layer; and third, complexation or
more generally, intramolecular interactions between functional
and sacrificial layer due to their charges or polarity.[10b] For the
here presented systems, side reactions with the cross-linker can
be ruled out, because the cross-linker in PGON and PZI was the
same, yet the layer shedding behavior of the two materials was
different. Too slow depolymerization can also be excluded, or else
the model bilayer system PS-PU should not show delamination.
Also, the depolymerization of PU was faster than the degrada-
tion of PAA and poly(salicylic-acid-co-sebacic acid) by at least one
magnitude. Additionally, PU depolymerization releases CO2 and
thereby prevents reattachment by polymer interdiffusion during
degradation. Thus, the ionic interactions between PGON and the
sacrificial layers used seem to be responsible for the inability to
shed layers from systems involving PGON, unless an uncharged
interlayer like PS is used to shield them.

It should be noted that the PU layers fabricated from a mixture
of DMF and THF suffered from dewetting and where thus not ho-
mogeneous but structured (Figure S5, Supporting Information).
The surface roughness was about 102 nm. However, once they
were coated with PS and later with PGON, the surface rough-
ness decreased by 67%, and they were of sufficient quality for
proof-of-concept.

In the PZI-PU-PZI systems, PU interlayers with three differ-
ent thicknesses (20, 220, and 300 nm) were used. In the PZI-PU-
PZI layer system a) with 20 nm of PU, a rapid and clean delami-
nation was observed, indicating that PZI did not adversely affect
the shedding process. When PU was applied onto PZI bottom
layer, also from a mixture of DMF and THF, and the average sur-
face roughness was only about 10 nm (Figure S7, Supporting In-
formation). The assembled three-layer system before degradation
had an average surface roughness of about 15 nm. This system
demonstrated the intended self-regeneration.

For further systems, PU was applied from N-methyl pryrroli-
done (NMP), which improved the layer quality, i.e., the layer ho-
mogeiety. The PZI-PU-PZI layer systems b) with a thicker PU
interlayer of 220 nm was assembled to see if thick and homoge-
nous PU layers have the same potential as the thin and inhomo-
geneous one to serve as sacrificial layer. The relatively thick PU
layer out obtained from NMP had an average surface roughness
of 2.3 nm (Figure S8, Supporting Information). The PZI-PU-PZI
assembled using this material had an overall surface roughness
of 4.6 nm.

When exposed to layer shedding conditions, this multilayer
system remained stable for two hours, much longer than the PZI-
PU-PZI layer system with the thin layer. Thus, the layer thick-
ness affects the onset of visible depolymerization and layer shed-
ding, possibly due to the time it takes for the aqueous medium
to diffuse through the entire layer. While the PU layer also de-
graded in this system, as demonstrated by FTIR data, delamina-
tion of the upper functional layer started only when the sample
was subjected to shear forces during rinsing. In the PZI-PU-PZI
layer system c) with the thickest PU interlayer of 300 nm, the PU
layer seems too thick and too smooth to facilitate delamination of
the PZI top layer (roughness of only 0.35 nm according to AFM,
see Figure S9, Supporting Information). Thus, there seems to be
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strong adhesion between PU and PZI. In summary, the three-
layer PZI-PU-PZI system a) and b) can serve as proof-of-concept
for triggered layer shedding, in which a functional layer (upper
PZI layer) is shed and another functional layer (lower PZI layer)
is revealed.

Another key difference between the depolymerizable PU sac-
rificial layer and the previously reported degradable PSA,[9]

poly(adipic anhydride), or poly(salicylic acid-co-sebacic acid)[10a]

sacrificial layers, or the water-soluble polymeric sacrificial layers
use in microelectronics, is the mechanism of shedding. Both for
the degradable and soluble layers, the contact time with the aque-
ous medium (i.e., the dissolution and degradation kinetics) de-
termine the time point of layer disassembly, i.e., it is a passive
process. On the other hand, the depolymerizable PU could be
stored in aqueous medium at lower pH for a long time without
changes to the system, and only the high pH triggered the depoly-
merization and thus disassembly process. Thus, active triggering
is required, which makes surface regeneration on demand acces-
sible.

4. Conclusion and Outlook

In this work, we demonstrated the triggered delamination of a
functional layer from polymer multilayer stacks using the self-
immolative polymer PU, a 4-hydroxy-2-butanonyl end-capped
poly(benzyl carbamate), as a sacrificial layer. Its depolymeriza-
tion can be triggered by alkaline pH of the surrounding medium.
With PU interlayers, the functional layer of a polymer multilayer
stack could be regenerated by immersing the system into aque-
ous NaOH solution for a certain induction time, which depended
on the thickness of the depolymerizable PU layer. The crucial
factors contributing to the success of layer shedding were the
sufficiently fast degradation kinetics of PU, and the additional
buoyancy force due to gas evolution during depolymerization. In
one case, an additional shear force was needed to obtain layer
shedding. The data also showed that a variation of the sacrificial
layer thickness within a certain range allows to control the shed-
ding/regeneration time-point of the system after exposure to the
trigger. By using polymers with triggered depolymerization, it is
possible to store the sample in aqueous conditions, and switch
on the process by a change of pH.

With further work dedicated into exploring more stimuli-
responsive polymers with orthogonal trigger conditions, more
sophisticated multilayer stacks capable of sequential shedding
and multiple regeneration of functional layers can be envisioned.
This kind of self-regenerative system is not limited to the regen-
eration of the functional surfaces as presented here, but may be
applied to other functional surfaces, for example, anti-icing, su-
perhydrophobic, or biosensing surfaces. By shedding the defec-
tive or contaminated surface, new functional surfaces emerge,
with can prolonged the service life of a device.

5. Experimental Section
Materials: All chemicals used in this work were obtained from Carl

Roth (Karlsruhe, Germany), Euriso-Top (Saint Aubin, France), Sigma
Aldrich (Munich, Germany), or TCI (Tokyo, Japan), and used as received.
Monomers, polymers, and surface functionalization agents were synthe-

sized as described in the literature.[10b,15–17] Polymer solutions were fil-
tered using CHROMAFIL hydrophilized polytetrafluoroethylene (h-PTFE)
syringe filters (pore size 0.2 μm, diameter 13 mm) from Macherey-Nagel
(Düren, Germany) prior to application. Silicon substrates were cut into
1.5 × 1.5 cm2 pieces from double-side polished silicon wafers (525 ±
25 μm thick standard Si (CZ) wafer with [100] orientation) from Si-Mat
(Kaufering, Germany).

Methods: Thickness of polymer films was determined by a multiple
angle laser ellipsometer SE400adv from Sentech Instruments (Berlin, Ger-
many). Film morphology was imaged in PeakForce Tapping Mode on a
Dimension Icon AFM from Bruker (Billerica, MA, USA). Microscope im-
ages was taken using the integrated digital camera with five mega pixels
on AFM. FTIR spectra were recorded by a BioRad Excalibur FTS 3000 spec-
trometer from Varian, Agilent Technologies (Santa Clara, USA). Films were
fabricated on a Spin150 wafer spinner from SPS Europe (Putten, Nether-
lands).

Layer Fabrication: PS Layer: 20 mg of polystyrene with 5 mol% of 4-
methacryloyloxybenzophenone was dissolved in 1 mL ethyl acetate. The
polymer solution was filtered through a syringe filter onto the PU surface
(coated as described below). The substrates were spun at 3000 rpm with
1000 rpm s−1 acceleration for a total of 30 s. The sample was irradiated
with UV light (wavelength: 254 nm, energy dose: 3 J cm−2) to form a poly-
mer network.

PGON Layer: Poly(guanidinium oxanorbornene) with 10 mol% of
diazoester-functionalized repeat units (PGON) was deprotected from
their Boc-protecting groups by firstly dissolving the polymer (160 mg) in
anhydrous chloroform and later reacting with HCl solution (4 m in diox-
ane) overnight. To spin-coat PGON onto a surface, 10 mg was dissolved in
water-methanol mixture (0.02/0.08 mL) as reported in literature.[10b] The
resulted solution after filtering was applied onto the PU surface using fol-
lowing parameters: 1000 rpm s−1 (acceleration), 3000 rpm (speed), and
10 s (spinning time). The material was UV irradiated (wavelength: 254 nm,
energy dose: 0.2 J cm−2 for cross-linking.

PZI Layer: The poly(carboxyzwitterion) with 10 mol% of diazoester-
functionalized repeat units (PZI) was deprotected from their Boc-
protecting groups by dissolving the polymer (140 mg) in anhydrous
tetrahydrofuran and then reacting with HCl solution (4 m in dioxane)
overnight. To spin-coat PZI onto surface, 20 mg of freshly depro-
tected PZI was dissolved in 1 mL methanol. Deprotected PZI that
had been stored in freezer before was dissolved in a water-methanol
mixture (0.01/0.09 mL).[16a] Methanol was probably needed due to
substance aging. The filtered PZI solution was spin-coated onto the
substrate pretreated with 4-[(3-triethoxylsilyl)propoxy-benzophenone
and 3-aminopropyl triethoxysilane (see Section 2 of the Supporting
Information for more detail). The resulting layer was UV irradiated (wave-
length: 254 nm, energy dose: 0.1 J cm−2). The energy dose needed was
determined by gel content measurement, see Section 9 of the Supporting
Information.

PU Layer with 20 nm thickness: 10 mg of PU was dissolved in 0.04 mL
N,N-dimethylformamide. To this solution, 0.78 mL of tetrahydrofuran was
added. The polymer solution was applied onto the static substrate through
a syringe filter. Sufficient solution was deposited to fully cover the substrate
surface. The substrate was then accelerated with 1000 rpm s−1 to a final
angular speed of 3000 rpm. The total spinning time was 30 s.

PU Layer with 220 nm thickness: 87 mg of PU was dissolved in 1 mL
1-methyl-2-pyrrolidone (NMP) at 110 °C. After filtering, the polymer so-
lution was spin-coated onto the respective surfaces for 10 s (3000 rpm,
1000 rpm s−1) and kept on a preheated hotplate at 110 °C for 10 s to avoid
dewetting.

PU Layer with 300 nm thickness: 200 mg of PU was dissolved in NMP
at 110 °C. The coating process was the same as for the layer with 220 nm
thickness.

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