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Three-dimensional printingand stereolithographyof functionalmaterials fornanofabricationhave recentlygenerated
a big amount of interest, as have responsivematerials. We have investigated the applicability of the redox-responsive
polymer poly(ferrocenylsilane) (PFS) for stereolithography purposes. Three types of PFS were synthesized, each
functionalized with specific properties to make them interesting for use in nanofabrication. These properties include
various stiffness, crosslink densities and hydrophobicities. One of the three PFSs is polycationic, therefore resulting
inahydrogel structure.Weshowstructures fabricated fromthesematerials. Commonchallenges inusingnewmaterials
such as these for two-photon stereolithography are discussed. © 2017 The Authors Polymers for Advanced Techno-
logies Published by John Wiley & Sons Ltd

Keywords: poly(ferrocenylsilane); 3D-printing; nanolithography; two-photon stereolithography; polycation

INTRODUCTION

Two-photon polymerization (TPP) is a lithography technique, in
which a laser beam is focused into the resist. The wavelength
of the laser beam is double the excitation wavelength of the
initiator in the resist. As a result, only spots which are illuminated
with such a high intensity that two photons excite one initiator
molecule almost simultaneously are crosslinked. Because the
chance of this happening is quadratically dependent on the light
intensity, the area that is effectively illuminated is much smaller
than the actually illuminated spot, as is shown in Fig. 1.[1] As a
result, the feature sizes of the fabricated structures can be much
smaller than with single photon lithography.
In TPP, the photoresist layer is usually moved around in three

dimensions over a fixed focus position of the laser beam, giving
almost complete freedom in the paths that are illuminated and
therefore in the resulting fabricated structures. TPPs, and
stereolithography in general, have been extensively investigated
in recent years, resulting in great improvements in both method-
ology and materials. This has led to faster fabrication, smaller
minimum feature sizes, and more diversity in the types of mate-
rial that can be used.[2–6] The lateral resolution is typically around
100 nm, with an axial resolution around 500 nm, while the addi-
tion of quenchers can decrease lateral resolutions even further
down to 20 nm. Simultaneously, use of TPP for microfluidics[7]

and use of responsive materials in microfabrication have been
actively developed. Recent papers have discussed embedding
of microfabricated structures in responsive materials[8] and
functionalization of microfabricated structures, leading to devices
responsive to changes in, for example, pH,[9] magnetic fields,[10–14]

and light intensities.[15] Direct fabrication of responsive nano-
structures is not as common, however. Marino et al. published
on TPP by using piezoelectric materials,[16] and Wickberg et al.
used TPP to directly fabricate temperature sensors,[17] but to
the best of our knowledge, no redox active resists have been
developed for TPP yet. Use of redox-active resists enables the
direct fabrication of redox responsive nanostructures. Possible

examples of applications of such redox-active nanostructures
are nano-actuators and sensors, with the readout of the sensors
being either photonic or electrochemical.

We here report our use of the redox active polymer
poly(ferrocenylsilane) (PFS) in TPP. PFS has a backbone
consisting of alternating silane and ferrocene units. Desired prop-
erties, such as the crosslink functionality needed for photolithog-
raphy, can be introduced by functionalization of one or both of
the two remaining side groups of the silicon atom. Evenmore free-
dom in tailoring thematerial can be obtained by using copolymer-
ization of multiple types of functionalized ferrocenylsilane. The
combination of the unique structures fabricated by using TPP, to-
gether with the wide range of possibilities that PFS offers, makes
TPP using PFS a very interesting pursuit. PFS was previously pat-
terned into 2D microstructures by directed self-assembly, and
self-assembled nanostructures of PFS have been used as masks
in lithography techniques,[18,19] for instance, for the fabrication
of cobalt magnetic dot arrays.[20] Using TPP will enable fabrication
of 3D PFS nanostructures. We here report a comparison of three
types of PFS and their applicability as resists in two-photon lithog-
raphy. Furthermore, we discuss a number of challenges one is
likely to encounter when using non-standard resists for TPP.
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EXPERIMENTAL

The three types of PFS used in this research are given in Fig. 2. PFS-
methacrylate (PFS1) contains methacrylate side groups with
crosslinking functionality. PFS2 is a copolymer of PFS1 and a PFS
containing phenyl side groups. These phenyl groups increase the
glass transition temperature of the material but dilute the
crosslinkable groups: from the original ratio of one crosslinkable
group on every ferrocenylsilane unit to 1:4. The final PFS used in
this research, PFS3, is a water-soluble polycationic PFS, with
dimethylaminopropyl methacrylamide side groups. As a result of
thecationicnatureofthisPFS,structuresmadefromitarehydrogels.

MATERIALS AND SYNTHESIS

Two precursors—poly(ferrocenyl(3-chloropropyl)methylsilane)
and poly(ferrocenyl(3-chloropropyl)methylsilane)-co-poly
(ferrocenylmethylphenylsilane)—were readily accessible by
transition-metal-catalyzed ring-opening polymerization of the
corresponding [1](3-chloropropyl)methylsilaferrocenophane and
[1]methylphenylsilaferrocenophane.[21,22] By means of halogen
exchange, the products were converted quantitatively into
iodopropyl analogues, which are particularly suitable for further
functionalization by nucleophilic substitution. Methacrylate-
functionalized PFSs (PFS1 and PFS2) were obtained by allowing
poly(ferrocenyl(3-iodopropyl) methylsilane) and poly(ferrocenyl(3-
iodopropyl)methylsilane)-co-poly(ferrocenylmethylphenylsilane) to
react with sodium methacrylate and 15-crown-5 in tetrahydrofu-
ran/dimethyl sulfoxide (2:1 v/v) at room temperature for 7 days
under a nitrogen atmosphere. The resulting mixture was precipi-
tated into cold methanol, and the resulting solid was collected
and washed thoroughly with water and methanol.
Methacrylamide-functionalized PFS (PFS3) was obtained by
allowing poly(ferrocenyl(3-iodopropyl)methylsilane) to react with
N-[3-(dimethylamino)propyl]methacrylamide in tetrahydrofuran/

dimethyl sulfoxide (2:1 v/v) at room temperature for 24 hr. The
iodide counterions were exchanged with chloride counterions by
dialysis against 0.1MNaCl andMilli-Qwater in Spectra/Por 4 dialy-
sis hose (molecularweight cutoff 12–14,000 g/mol). Concentration
of the salt-free polyelectrolyte solution by a flow of nitrogen
produced PFS3 as orange flakes.

STEREOLITHOGRAPHY

Structures were fabricated by using two-photon lithography in
PHOTONIC PROFESSIONAL (Nanoscribe GmbH, Germany). Droplets of
dissolved PFS and initiator were placed on a glass cover slide
(30mm diameter; 170mm thickness, ThermoScientific, Germany)
and allowed to dry on air. A 100× immersion objective was used.
Laser power was optimized during the experiment by writing of
test lines at increasing laser power and visually checking at what
power the lines were seen to appear but not melt or burn, as
discussed in the succeeding texts. The used initiators, solvents,
and concentrations of polymer and initiator are given in Table 1.

RESULTS AND DISCUSSION

We fabricated two types of structure by using these materials:
single lines (nanowires) and woodpiles (stacks of four repeating
layers of parallel bars, with alternating layers having the bars
perpendicular to each other). When properly designed and fabri-
cated, woodpiles can act as photonic crystals. The line structures
fabricated from the three types of PFS can be seen in Fig. 3.
Figure 3a–d shows the lines fabricated from PFS1. The lines in

Fig. 3a seem to be uniformly thin wires, but seen from the top by
using incident light (Fig. 3b), it appears that they are in fact thin
slabs that are sagging. The lines in Fig. 3c and d appear to bemuch
flatter, but these lines are not straight, showing squiggles whichwe
cannot explain satisfactorily. Possible explanations for these non-
uniform lines include swelling of the material upon crosslinking,
where the material is only attached to the surface at regularly
spaced points. The material connecting these points bulges out-
ward, resulting in the non-uniform lines. The most logical source
of this spacingwould be the point distance of the apparatus, which
is the distance between points where the laser rests for a short
while during the writing process. However, in this experiment,
the point distance was set to 50nm, which does not match the
length of the squiggles observed in these non-uniform lines.
The glass transition temperature (Tg) of PFS1 (before

crosslinking) was measured to be 17°C. Because this is rather
low compared with the temperature in the apparatus, the fabri-
cated structures may soften during the writing process. We
therefore introduced the phenyl groups in PFS2 to increase both
the stiffness and Tg of the material. The Tg of PFS2 (before
crosslinking) was indeed higher: 70°C. Lines fabricated from
PFS2 are shown in Fig. 3e and f. As can be seen, these lines
are not straight either; they show periodic squiggles as well. Fur-
thermore, the lines are attached to the glass slide on which they
are fabricated on one end but not over their entire length. This is
a typical example of one of the main problems we encountered
with this technique: It is very hard to align the sample and focus
the microscope such that the structures are fabricated exactly on
top of the substrate. When the focus of the interface is set is too
high, structures are released from the substrate when they are
developed; when the interface was mistakenly put too low, the
lower parts of the structures are not fabricated because they

Figure 1. Single-photon (left) and two-photon (right) excitation of a
rhodamine B solution. The two-photon excitation is so localized; it is hard
to see. Image by LaFratta et al., reproduced with permission.[1] [Colour
figure can be viewed at wileyonlinelibrary.com]

Figure 2. The three types of poly(ferrocenylsilane) used in this research.
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would have to be located inside or below the substrate. The
Nanoscribe apparatus has an autofocus function, which looks
for a contrast in index of refraction between the glass and the re-
sist. In the case of our resists, however, this contrast was very
low, which resulted in the autofocus function finding the bottom
of the glass substrate or the top of the resist layer, instead of the
correct interface. Focusing therefore had to be done manually,
and this made it impossible to correct for the slight tilt of the
sample with respect to the sample holder and the apparatus.
In Fig. 3g, lines fabricated from PFS3 are shown. The squiggling

of the lines is less pronounced in this case, but again, parts of the
lines have released from the substrate and some non-uniformity
is still visible. The outer right line was fabricated by using the
highest laser power for this experiment (30mW),which, for all three
resists, often results in ill-defined, swollen, or even burnt-looking
structures. The Tg of PFS3 is 30°C, which means that the swollen-
looking structuresmay be the result of softeningduring fabrication.
Woodpiles fabricated from each of the three types of PFS are

shown in Fig. 4. SEM images of woodpiles from PFS1 and PFS2
can also be found there. The same phenomena which were ob-
served in the fabricated lines can be recognized in these struc-
tures: PFS1 (Fig. 4a and b) appears to have the best-defined
lines, while the bars in the woodpiles from PFS2 (Fig. 4c and d)
are sagging and squiggling. The woodpiles made from PFS3
(Fig. 4e) appear swollen. As the structures were dried completely
at the time of imaging, these deformations cannot be the result
of an uptake of solvent but are probably due to flexibility of the
materials or too high laser intensity during fabrication, as in the
case of the 30 mW laser power line in Fig. 3g.

SUMMARY AND OUTLOOK

We were able to fabricate nanostructures by using our new,
home-made redox-active resists, but we ran in to a number of

challenges when using these new resists in TPP. The challenges
we encountered and suggestions for future improvement are
listed in the succeeding texts.

FOCUSING

As a result of a low contrast in the index of refraction of the used
substrates and the uncured resist, it was hard to find the exact in-
terface between the two. Finding this interface is crucial in order
to fabricate structures that will adhere to the substrate yet do not
miss the bottom parts. Because the contrast was so low, the
autofocusing function of the apparatus could not find the right
interface; it most often found the interface of the immersion oil
and the glass substrate, as the contrast here was larger. In order
to find the correct interface, we focused on a number of locations
outside the uncured resist where the glass substrate was exposed
to air, leading to a detectable contrast. We then interpolated the
measured coordinates to estimate the position of the interface in
the center of the resist. Alternative solutions could be the use of a
substrate with an index of refraction that is distinguishable from
that of the resist or the placement of focusing markers (e.g.
sputtered lines of metal) on the substrate. When the substrate
is not completely level inside the sample holder, writing larger
structures with a single focus setting can still result in parts of
the structure being written inside or above the substrate.

STIFFNESS OF POLYMER

As always, to be able to fabricate a structure, the crosslinked
material has to have the correct mechanical properties. The
crosslink density in the fabricated material has to be large
enough, such that the structures can support their own weight
and do not sag, as was the case with our materials.

Table 1. Sample preparation parameters

PFS1 PFS2 PFS3

Solvent Toluene Toluene Water
Developer Chlorobenzene Chlorobenzene Water
Concentration PFS in solution (before drying) (mg/ml) 80 80 80
Initiator Irgacure 651 Irgacure 651 Irgacure 2959
Initiator concentration before drying (mg/ml) 15 15 8

Figure 3. Pictures of H-shaped line structures. (a–d) Fabricated by using PFS1. (a and b) Transmitted light (TL), (c and d) incident light (IL). Pictures (a)
and (b) are taken at the same location as (c) and (d), respectively. (a and c) Dwell time 200ms, laser power 48mW; (b and d) well time 100ms, laser
power 8mW. (e and f) Fabricated by using PFS2; (g) fabricated by using PFS3, with laser power increasing from left to right (18, 21, 24, 27, and
30mW). Scalebars indicate the following: (a–d) 20 μm; (e) 50 μm; (f) 2 μm; (g) 50 μm. [Colour figure can be viewed at wileyonlinelibrary.com]
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MELTING TEMPERATURE

Similar arguments hold for the softening temperature of the ma-
terials. When a focused laser beam is aimed into the sample, the
resist is heated locally, leading to deformation of the structures
during fabrication. In some of our samples, the polymer even ap-
peared to have been burnt by the laser.

REPRODUCIBILITY

Using identical settings for parameters such as laser power and
power scaling, often, very different results were obtained. In
some cases, regular, uniform structures were obtained by using
settings which in a later experiment resulted in burned or mol-
ten structures. One possible explanation for this may be local
variations in the initiator and polymer concentrations, as a re-
sult of drying of the resist before illumination, where drying
patterns and possibly even some kind of phase separation oc-
cur. Another explanation could be scattering of the laser in
the sample, reducing the actual intensity. To determine the cor-
rect settings for each individual experiment, we started each ex-
periment by writing a number of test lines with increasing laser
power. When polymerization occurs, this can be seen by using
the microscope in the apparatus, and when the substrate burns
or melts, this can also be observed. This allows one to deter-
mine a laser power at which structures are fabricated but not
deformed. At the same time, when lines are seen to appear,
one can be sure that the focus position is not too low, i.e. in
the substrate. It does not prevent focusing above the interface,
however.
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