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  1.     Introduction 

 Micro- and nanodevices have recently 
experienced increasing attention in the 
scientifi c community due to their applica-
bility in a large range of scientifi c fi elds. 
Synergetic know-how between these fi elds 
has proven to be benefi cial for device fab-
rication and has provided a better under-
standing and successive optimization of 
the overall process. Depending on the 
shape and dimension of the envisaged 
device, several fabrication techniques 
have evolved to meet the practical require-
ments. For the generation of high reso-
lution two-dimensional (2D) structures, 
electron or focused ion beam lithography [ 1 ]  
can be employed and nanoimprint tech-
niques allow for high throughput device 
fabrication. [ 2 ]  Gray-tone electron beam 

lithography allows for elevated structure topographies, yet arbi-
trary three-dimensional (3D) objects are not accessible. Layer-
by-layer electron beam lithography enables a larger variety of 
geometries. [ 3 ]  However, this technique is time consuming, 
error prone and restricted to layered geometries. In order to 
overcome these obstacles, alternative methods have been devel-
oped that allow the facile and rapid fabrication of almost arbi-
trary 3D devices. One of the most versatile techniques is direct 
laser writing (DLW), [ 4–7 ]  which has been steadily refi ned over 
the past decade and has proven to be a powerful tool for the 
production of a range of different devices, for example, micro-
electrochemical systems, [ 8 ]  optical waveguides, [ 9 ]  photonic crys-
tals, [ 10,11 ]  biological scaffolds, [ 12,13 ]  quantum-photonic circuits, [ 14 ]  
and lab-on-a-chip systems. [ 15 ]  

 The core DLW setup typically consists of a photoresist 
placed on a sample sheet, a pulsed laser that is focused into 
the photoresist and a stage capable of moving the sample sheet 
precisely in three dimensions. Nano-position stages and fem-
tosecond pulsed lasers are commonly employed for the fab-
rication process. In some cases, picosecond [ 16 ]  or continous-
wave lasers [ 17 ]  can be used as well. The photoresist itself is 
transparent to the wavelength of the laser. The use of a pulsed 
laser system is benefi cial when aiming at non-linear optical 
absorption. Such lasers express a low average power while the 
peak intensity during a pulse and within the focus is high. By 
tightly focusing the beam into the photoresist, multi-photon 
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absorption occurs effi ciently. As the two-photon absorption rate 
is proportional to the squared intensity, the absorption is con-
fi ned to a small volume around the geometrical focus with the 
highest density of excited molecules being in its center. Excited 
molecules subsequently undergo chemical reactions, resulting 
in a solubility change throughout the exposed volume. By 
moving the laser focus and the substrate relative to each other, 
the targeted 3D architecture is written into the resist. During 
the subsequent development step, the soluble constituents of 
the sample are removed, yielding the targeted structure. 

 Photoresists consist of different chemical compounds, some 
of which are sensitive to light. Generally, the curing of these 
resists can be divided into two types. In positive-tone photore-
sists, structures are fabricated via focusing the laser beam into 
a solid resist, thereby solubilizing the exposed volume, while in 
negative-tone photoresists the exposed volume is permanently 
solidifi ed (and hence rendered insoluble) in the focus. To date, 
several negative photoresist systems have been employed for 
DLW. Most commonly, free radical chain polymerization (CP) 
occurs during the solidifi cation step. The corresponding liquid 
resist systems usually consist of a photoinitiator and multi-
functional monomers. In the exposed volume the initiating 
molecules are excited via two-photon absorption and generate 
radicals that initiate polymerization. Since multifunctional 
monomers are employed, the polymerization process leads to 
the generation of crosslinked, insoluble polymeric material 
in the exposed volume. Common monomers for these pho-
toresists are acrylates with 3–5 functional groups per mon-
omer molecule and polymerization is typically conducted in 
bulk. Blends of acrylate monomers are also often utilized. [ 18 ]  
A variety of different photoinitiators have been employed for 
DLW, ranging from cyclic benzylidene ketone-based initiators 
with high two-photon absorption cross sections [ 19,20 ]  to com-
mercially available photoinitiators originally developed for UV 
curing such as Irgacure 369 and Darocur TPO or fl uorescent 
ketocoumarin derivatives utilized for diffraction-unlimited 
DLW. [ 21 ]  A similar system, also employing free radical CP 
during the photofi xation step, utilizes organic-inorganic hybrid 
materials. [ 22–24 ]  These photoresists make use of the so-called 
sol-gel process, where an inorganic network (gel) is formed 
prior to exposure. In this way, volume losses during photopoly-
merization can be reduced. Besides radical processes, cationic 
CP of epoxide-containing resists can be employed for DLW 
such as the widely used SU-8. [ 11 ]  Herein, the polymerization 
is photoinitiated via a triarylsulfonium salt, crosslinking the 
multifunctional epoxide containing molecules (Epon SU8) to 
form an insoluble network material. All of the here mentioned 
resists have in common that the chemical reaction during the 
fi xation step follows a CP mechanism. Recently, radical thiol-
ene polymerization was introduced to DLW, thereby adopting 
a radical step polymerization mechanism to microscopic 3D 
lithography. [ 25,26 ]  

 In the current study, we introduce a photo-triggered click 
reaction [ 27 ]  as modular building block in DLW, combining 
the benefi ts of photoclick chemistry with the fabrication of 
functional 3D structures. The polymerization proceeds via 
a non-radical step mechanism where insoluble crosslinked 
material is generated via a photo-triggered Diels–Alder reac-
tion (see  Figure    1  a and Section 3). The resist consists of a 

multifunctional maleimide containing polymer, a tetrafunc-
tional  o -quinodimethane precursor molecule and a mixture 
of solvents. Employing this resist, woodpile photonic crystals 
with a rod spacing ranging from 700 nm to 500 nm were fab-
ricated as test structures and characterized via scanning elec-
tron microscopy (SEM) and focused ion beam milling (see 
Section 4). The optical properties of the photonic crystals were 
further characterized via transmittance and refl ectance spec-
troscopy as well as light microscopy. In addition, the poly-
merization mechanism was verifi ed via Fourier transform 
infrared spectroscopy, where the disappearance of aldehyde 
related absorption peaks (corresponding to the starting mate-
rial) was observed as well as the appearance of an alcohol 
absorption peak (corresponding to the Diels–Alder cyclo-
product) for DLW written structures (see Section 5). Further, 
residual  o -quinodimethane precursor groups on the surface 
of fabricated structures could be directly addressed via a sub-
sequent photo-induced Diels–Alder reaction with a functional 
maleimide (see Figure  1 b and Section 6). By employing the 
DLW setup, spatially resolved surface patterning of covalently 
bonded functional moieties on fabricated structures was per-
formed. By utilizing a bromine functionalized maleimide, the 
presence of the halogen atom stemming from the surface pat-
terning procedure was verifi ed by time of fl ight secondary ion 
mass spectrometry (ToF SIMS) measurements.   

Adv. Funct. Mater. 2014, 24, 3571–3580

 Figure 1.    a) Schematic description of a structure being fabricated via 
photoenol-mediated DLW. The uncured photoresist consists of two active 
components each bearing one type of functional group. After curing, the 
functional groups have reacted, forming an insoluble covalently bonded 
network. b) Spatially resolved patterning employing residual  o -qui-
nodimethane precursor groups and functional maleimides can be per-
formed on the surface of fabricated structures in the DLW setup. Covalent 
functionalization occurs only in the exposed areas.
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  2.     General Considerations 

 A polymerization system suitable for a negative-tone resist in 
DLW must fulfi ll certain criteria. Active species generation must 
be light-induced and polymerization should lead to the rapid 
formation of insoluble, stable material throughout the exposed 
volume. For the fabrication of high resolution structures the 
diffraction limit sets a lower limit from the optics side. [ 28 ]  More-
over, shrinkage during polymerization and shrinkage during 
development limit the achievable resolution. Classical non-rad-
ical step polymerizations such as polycondensation or polyad-
dition have been deemed unsuitable for DLW to date as they 
are thermally initiated and require a high degree of conversion 
(compared to CP processes) for the formation of insoluble net-
work material. However, non-radical step polymerization tech-
niques offer key advantages in comparison to CP and radical 
thiol-ene based techniques. During common CPs and radical 
thiol-ene polymerization utilized in DLW, only the generation 
of initiating fragments is light triggered. The following poly-
merization events, however, are independent of irradiation. In a 
liquid negative-tone resist, the associated active species can dif-
fuse freely. Every propagation event sustains the active species. 
Propagating species can therefore leave the exposed volume 
and still continue to polymerize, thereby solidifying unexposed 
areas and lowering the achievable resolution. For non-radical 
step polymerizations such as the system presented in the pre-
sent study the situation is fundamentally different. While the 
generation of the active species is light induced, active species 
are consumed, not sustained in the crosslinking reaction. Each 
active species only induces one polymerization step. Therefore, 
in sharp contrast to CP and radical thiol-ene polymerization, 
these fragments may still diffuse out of the exposed volume, 
yet they do not continue to polymerize since every single 
linkage reaction must be individually light-activated in the here 
presented technique. The soluble oligomers therefore either 
remain idle in the non-exposed volume of the resist or reenter 
the currently active reaction volume where they then can be 
readily incorporated into the ongoing network formation. 

 One important aspect for the good applicability of free rad-
ical polymerization in DLW is the high reactivity of free radi-
cals in comparison with other functional groups, making them 
effi cient polymerization species. However, radicals can also 
undergo various side reactions with a large range of organic 
functional groups that may be added to the resist in order to 
optimize optical or mechanical properties of the fabricated 
structure. These side reactions may alter the fabrication pro-
cess parameters and structural properties in an unforeseen 
way or even lead to the failure of the entire fabrication pro-
cess. The same holds true for cationic polymerization in DLW 
where epoxides are employed as monomers. These molecules 
are also highly reactive due to the high ring strain of the func-
tional group which makes them sensitive to reactions with, 
for example, nucleophiles. Naturally, a high reactivity is man-
datory for a successful DLW process and always comes at the 
price of potential side reactions with other components of the 
photoresist. However, components that are problematic for 
radical or cationic reactions are not necessarily problematic for 
Diels–Alder based photo-polymerizations and could be added 
into such a resist without altering the polymerization process 

during fabrication. Thus, it is highly important to increase the 
toolbox of available polymerization chemistries for DLW by this 
entirely different mechanism.  

  3.     Polymerization Reagents and Process 

 In order for step polymerization to function in DLW, a reaction 
must be employed that is highly effi cient, rapid and results in 
stable covalent bonding of the monomer units. The above men-
tioned Diels–Alder click reaction fulfi lls these criteria. [ 29 ]  More-
over, either the reaction itself or the generation of the reactive 
species must be light triggered. According to the Woodward-
Hoffmann rules, [4+2] Diels–Alder cycloadditions are thermally 
induced. Therefore, only the generation of the reactive species 
can be light-induced. This can be accomplished by photoenoli-
zation which has been known to the scientifi c community for 
about half a century. [ 30 ]  Early studies on benzophenone deriva-
tives showed that  o -alkyl substituents bearing hydrogen atoms 
in α position lead to a suppression of the expected photore-
duction to benzopinacol. Instead, an intramolecular rearrange-
ment including hydrogen abstraction leads to the formation of 
a ground-state photoenol species. This  o -quinodimethane spe-
cies can also be generated from corresponding aldehydes and 
functions as an active diene for the conventional Diels–Alder 
reaction with dienophiles. [ 31 ]  The combination of the photoin-
duced generation of the active diene species and the subse-
quent reaction with reactive dienophiles has recently proven to 
be an effi cient protocol for the synthesis of complex polymer 
functionalization and an effi cient reaction for the formation 
of block copolymers. [ 32,33 ]  Polymeric fi lms have also been gen-
erated via this technique in a step polymerization approach. [ 34 ]  
In the current work, we introduce a novel molecule with four 
active moieties that can undergo effi cient photoenolization. The 
tetralinker  1  can be synthesized from 2,3-dimethylanisole in a 
four step procedure (see  Figure    2  a and Figure S1, Supporting 
Information). For the dienophile counterpart, the copolymer 
compound  2  consisting of methyl methacrylate and a maleimide 
containing methacrylate was generated via atom transfer rad-
ical polymerization. After deprotection of the maleimide, the 
polymer exhibited a molecular weight of 10 500 g mol −1 , a dis-
persity of 1.2 and close to 12 maleimide groups per polymer 
chain (see Figure  2 b and Figure S2, Supporting Information). 
The corresponding protected maleimide functional monomer 
can be synthesized from maleic anhydride in three steps. [ 35 ]  
A polymer component was chosen for DLW as it allows for a 
high number of functional groups per molecule, lowering the 
overall conversion that is necessary for solid material generation. 
Together, these two components are dissolved in a solvent mix-
ture to form the fi nal photoresist. As during the photoenoliza-
tion process an intramolecular hydrogen transfer takes place, it 
is important to note that the usage of aprotic solvents is crucial 
for effi cient  o -quinodimethane formation. During the formation 
of the  o -quinodimethane the aromatic system of the photoactive 
group is lost. After the Diels–Alder reaction with a dienophile, 
the aromatic system is restored (see Figure  2 c). This rearomati-
zation evokes two important features. Firstly, the formation of an 
aromatic system additionally enhances the already large driving 
force of the reaction. Secondly, unintended retro-Diels–Alder 

Adv. Funct. Mater. 2014, 24, 3571–3580



FU
LL

 P
A
P
ER

3574

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reactions are prevented from taking place during or after the fab-
rication process as the reaction product is energetically stabilized 
due to the reformation of the aromatic system. By combining 
compound  1  and  2  in the photoresist, 3D microstructures can be 
fabricated utilizing femtosecond pulses centered around 700 nm 
wavelength. The selected wavelength ensures an effi cient mul-
tiphoton absorption by compound  1  (for UV-VIS see Figure S1c, 
Supporting Information, for two-photon absorption sensitivity 
compare [12]) and can be conveniently delivered by a single-box 
turn-key tunable Ti:sapphire laser oscillator.  

 An important parameter is the extent of reaction that is nec-
essary for the formation of insoluble material for the employed 
compounds. For step polymerizations performed with multi-
functional monomers, calculation of the gel point which can 
be defi ned as the point where an insoluble polymer fraction is 
formed is possible. [ 36 ]  For the given system assuming, stoichio-
metric amounts of reactants, the fraction of functional groups 
that must have reacted in order to reach the gel point was cal-
culated to be 33%. After gelation of an exposed area, a soluble 

fraction consisting of monomer, oligomers, polymer chains 
and solvent remains. The polymerization continues beyond the 
gel point, increasing the amount of gel while decreasing the 
amount of soluble fraction for progressing conversion. There-
fore, the calculated critical extent of reaction should rather be 
seen as a minimum value for conversions that are obtained 
during DLW. In sharp contrast to step polymerizations, the gel 
point in CPs (e.g., free radical polymerization of multifunc-
tional monomers) occurs at much lower conversions. As an 
example, the addition of small amounts of divinyl benzene to 
styrene polymerizations drastically decreases the conversion at 
which gelation occurs to about 5% for a divinyl benzene content 
of 20 wt%. [ 37 ]  Presumably, the gel point for bulk polymerization 
of multifunctional acrylates commonly employed for DLW even 
lies below this value. It is therefore assumed that non-radical 
step polymerization based photoresists require larger conver-
sions for solid network material generation. Therefore, the 
here selected crosslinking reaction must occur very rapid and 
effi cient. 

Adv. Funct. Mater. 2014, 24, 3571–3580

 Figure 2.    a) and b) depict the synthetic pathways for the generation of the reactive compounds  1  and  2 , respectively. c) Depicts the photo-induced 
 o -quinodimethane generation and the reaction of this intermediate species with a maleimide functional group to form the Diels–Alder cycloproduct.
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 The proper choice of solvent is another important issue. To 
avoid evaporation of the solvent and resulting changes in reagent 
concentration, we chose γ-butyrolactone (GBL) and acetophe-
none as a low-volatility solvent mixture. During the DLW experi-
ments performed in this study (typically up to six hours), only 
minor evaporation-related shifts in the threshold power were 
observed. The two solvent system was chosen as each solvent 
effi ciently dissolves one active component of the resist, allowing 
for a total content of active material in the resist of close to 
9.5 wt%.  

  4.     Fabrication and Characterization of Woodpile 
Photonic Crystals 

 An important parameter for every DLW system is the resolu-
tion that can be obtained for 3D structures. In order to facili-
tate the comparison between different systems, woodpile 
photonic crystals are often employed as benchmark structures 
for the determination of the achievable resolution. [ 21 ]  Wood-
pile photonic crystals are 3D objects that exhibit photonic 
stop bands. [ 10,38 ]  The spectral location of these stop bands 
is dependent on parameters such as the rod to rod spacing 
and the distance between layers. SEM images of a woodpile 
photo nic crystal generated via multiphoton induced Diels–
Alder chemistry are depicted in  Figure    3  . The structure consists 
of a total of 20 layers (5 periods) with a rod spacing of 700 nm, 
a layer distance of close to 250 nm and a 20 µm × 20 µm foot-
print with writing conditions of 4.3 mW average laser power 
and 100 µm s −1  writing speed. The interior of the structure is 
revealed by focused ion beam milling, demonstrating that the 
targeted architecture has been achieved throughout the entire 
structure. An alternative way to monitor the quality of the 
woodpile structures is by spectral analysis of the corresponding 
photonic stop bands. For this purpose, an array of woodpile 
photonic crystals was fabricated allowing for the variation of the 
rod spacing (also affecting the layer to layer distance) and the 
exposure power. The rod spacing was varied 
between 700 nm and 500 nm, and the laser 
power was varied between 2.7 mW and 
3.6 mW with a writing speed of 100 µm s −1 . 
Such an array enabled the determination of 
optimal fabrication conditions for structures 
with different rod spacing. For rod spacing 
well below 1 µm, the corresponding photonic 
stop band is found in the visible light spec-
trum. Transmission and refl ection spectra 
of selected woodpile photonic crystals with a 
rod spacing between 700 nm and 600 nm are 
depicted in  Figure    4  a, revealing a stop band in 
the visible for each rod spacing. The photonic 
stop bands are, as expected, clearly shifted to 
lower wavelengths for decreased rod spacing. 
Stop bands of intact photonic crystals in the 
visible range can also be readily identifi ed by 
their color in light microscope imaging, as 
depicted in Figure  4 b. Here, woodpile struc-
tures with a rod spacing between 600 nm and 
500 nm are shown. While a range of different 

excitation powers yield intact photonic crystals with 600 nm 
and 550 nm rod spacing, the power range as well as the quality 
of the produced structure has decreased considerably for struc-
tures with 500 nm rod spacing, marking the achievable resolu-
tion for this particular resist.   

 We see several distinct differences of the system presented 
here as compared to resists employed in the literature such as 
cationic polymerization of SU8, radical thiol-ene polymerization 
or radical polymerization of multifunctional acrylates. The 
effect of shrinkage during development of the sample usually 
becomes less pronounced for structures that are far from the 
resolution limit utilizing, for example, radical acrylate poly-
merization. For 700 nm woodpile photonic crystal presented in 
this study, shrinkage is still clearly visible. A possible explana-
tion for this behavior is the difference in crosslinking density 
that can be achieved in both systems. The employed copolymer 
with a molecular weight of 10 500 Da exhibits 12 maleimide 
functional groups, entailing a maximum of 12 crosslinks 
per polymer chain. For comparison, a linear fragment of the 
crosslinked polymer gained from pentaerythritol triacrylate 
with equal molecular weight would exhibit close to 70 acrylate 
groups, allowing for a much higher crosslinking density. High 
crosslinking densities decrease the fl exibility of the network 
and thus impede distortion of the material after curing. The 
photoenol mediated structures presented here also exhibit a 
certain surface roughness which may occur due to the relatively 
low monomer content in the resist (9.5 wt% for the photoenol 
resist, close to 90%wt triacrylate content for a typical bulk free 
radical polymerization). Both shrinkage and surface rough-
ness are adverse for the fabrication of photonic crystals as they 
lead to disturbance of the required periodicity. Nevertheless, 
woodpile photonic crystals have been fabricated with visible 
photonic stop bands for rod spacing of down to 500 nm. While 
conventional radical acrylate polymerization provides even 
higher resolution with rod spacing of down to 400 nm, [ 21 ]  the 
here achieved parameters are well below any woodpile photo nic 
crystals fabricated via cationic polymerization of SU8 (650 nm 

Adv. Funct. Mater. 2014, 24, 3571–3580

 Figure 3.    SEM images of a woodpile photonic crystal fabricated via multiphoton-induced 
Diels–Alder chemistry with a lateral rod spacing of 700 nm. A closeup top view is depicted in 
a) whereas b) shows the entire fabricated structure. c) Depicts the interior of the woodpile after 
focused ion beam milling. Scale bars are 1 µm, 2 µm, and 200 nm, respectively.
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rod spacing) [ 10 ]  or radical thiol-ene polymerization (2 µm rod 
spacing). [ 25 ]   

  5.     Chemical Analysis of Fabricated Polymer 
Structures 

 After determination of the resolution limits for the here pre-
sented resist, it is important to verify that the Diels–Alder 
reaction is actually responsible for the formation of insoluble 
network material during DLW. Theoretically, every component 
of the resist could undergo unwanted side reactions. In order 
to exclude that the solubility change during DLW stems from 
reactions of a single active component with itself and/or the 

solvent mixture, several blind test resists 
were produced and tested in the DLW system 
(see Table S1, Supporting Information). The 
test resists consisted of up to one single 
active compound and the solvent mixture. 
They were cured in the DLW setup under 
identical fabrication conditions employed 
for the original resist. For each test resist, no 
solubility change was observed, even at sig-
nifi cantly larger average laser powers (up to 
10 mW) than utilized for structure fabrica-
tion with the original resist containing both 
compounds  1  and  2  (≈3 mW). The blind tests 
reveal that the reaction which is responsible 
for the solubility change requires both active 
components to be present in the resist. How-
ever, this simple analysis provides no infor-
mation about the nature of the crosslinking 
reaction. 

 In order to evidence the occurrence of 
the Diels–Alder reaction, FTIR spectra of 
each active compound (compound  1  and 
 2 ), their stoichiometric mixture (concerning 
the number of maleimide and aldehyde 
functional groups) and a fabricated micro-
structure were recorded and compared 
(see  Figure    5  ). The microstructure is a 
solid polymeric block with a footprint of 
50 µm × 50 µm and an approximate height of 
10 µm. For the single active compounds and 
the stoichiometric mixture (without solvent) 
attenuated total refl ection IR was performed 
while transmission IR was conducted for 
microstructure analysis. [ 39 ]  Compound  1  con-
tains an aldehyde functional group with an 
absorption band clearly visible at 1680 cm −1  
corresponding to the stretching vibration of 
the carbonyl group. Another specifi c absorp-
tion band of the aldehyde can be identifi ed 
at 2780 cm −1  stemming from the Fermi-
Resonance of the C–H stretching vibration 
and the fi rst overtone of the deformation 
vibration of H–C=O. The second absorption 
band arising from the Fermi-Resonance is 
located at approximately 2890 cm –1  and is 

not further considered as the weak signal overlaps with other 
absorption bands. Compound  2  contains two ester groups and 
an unsaturated imide within the polymer repeating units. The 
strong absorption band at 1700 cm –1  stems from the stretching 
vibration of both ester groups and the unsaturated imide of 
the comonomer. The visible shoulder situated at 1730 cm −1  is 
assigned to the remaining imide group of the comonomer, as 
the absorption bands corresponding to imides typically consist 
of two peaks. FTIR analysis of the stoichiometric mixture of 
both components (1+2) reveals that all absorption bands that 
have been assigned to the different carbonyl groups remain 
clearly visible in the spectrum. During the photoenolization 
process, the reactive  o -quinodimethane species is formed 
which subsequently undergoes a Diels–Alder reaction with 

Adv. Funct. Mater. 2014, 24, 3571–3580

 Figure 4.    a) Transmission and refl ection spectra of woodpile photonic crystals with rod spacing 
varying from 700 nm to 600 nm. b) Light microscope images in transmission and refl ection 
mode of woodpile photonic crystals written at different laser powers with rod spacing varying 
from 600 nm to 500 nm.
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the provided maleimide. Thereby, aldehyde functional groups 
are consumed and hydroxyl groups are generated. This pro-
cess can be evidenced by the FTIR measurement of the 
microstructure. Absorption peaks corresponding to aldehyde 
functional groups at 1680 cm −1  and 2782 cm −1  that are clearly 
visible in the stoichiometric mixture (1+2) are not present in 
the spectrum of the microstructure. All absorption peaks cor-
responding to the remaining carbonyl groups of the active 
compounds remain visible in the spectrum. This is expected 
as apart from the change in saturation of the imide which has 
no large infl uence on the position of the absorption band, no 
other carbonyl group is altered during reaction. Furthermore, a 
broad absorption peak in the range of 3200–3700 cm −1  appears 
in the spectrum that can be assigned to the formed hydroxyl 
group. The here discussed results clearly evidence that the 
photo-induced Diels–Alder reaction is responsible for the sol-
ubility change in the exposed area of the photoresist, thereby 
also revealing that photoenolization of compound  1  can be effi -
ciently triggered via multiphoton absorption (consistent with 
the literature). [ 12 ]    

  6.     Spatially Resolved Surface Modifi cation 

 Having verifi ed the polymerization reaction in the preceding 
section, the following section focuses on covalent surface modi-
fi cation of prepared microstructures. To date, covalent func-
tionalization reactions on DLW fabricated structures have been 
performed via thiol-Michael addition reactions [ 25 ]  and Diels–
Alder chemistry. [ 12 ]  The latter method has been employed for 
spatially resolved surface modifi cation, yet the corresponding 
procedure requires multiple reaction steps as well as dedicated 
fabrication and functionalization setups. A simple protocol 
allowing for spatially resolved functional structures is therefore 
of high interest. During the fabrication of 3D structures via 
the here presented system, a large fraction of the participating 
reactive groups is consumed. However, due to the decrease 
in mobility of the reactants with increasing conversion, full 
conversion is not achieved during solid network material gen-
eration. Thus, reactive groups remain throughout the written 
structure, some of which are located on the structures surface. 
These accessible residual functional groups can be addressed 
for direct modifi cation of the polymer surface of a developed 
sample. By immersing the sample in a solution of maleimide-
containing functional molecules, the light induced Diels–Alder 
reaction can be employed for covalent surface patterning. It 
can be assumed that the conditions for both the patterning and 
the fabrication reaction are similar as both the reaction and the 
participating functional groups are identical. Therefore, the 
DLW fabrication setup can also be employed for post fabrica-
tion patterning purposes, allowing for a spatially resolved mod-
ifi cation reaction in selected surface areas. Within the scanned 
areas, reactive  o -quinodimethane moieties are generated from 
corresponding precursor molecules located on the surface that 
can readily react via the Diels–Alder reaction (see  Figure    6  a). 
As a demonstration, the bromine containing compound  3  in 
solution is covalently bonded to the exposed surface areas. A 
potential side reaction between the  o -quinodimethane species 
and residual maleimides arising from the fabrication process 
is impeded due to the low mobility of both species. ToF-SIMS 
measurements of structures spatially functionalized with com-
pound  3  are depicted in Figure  6 b. The fabricated structure is 
a massive polymer block with a footprint of 90 µm × 90 µm 
and a height of close to 300 nm. Onto the surface of this struc-
ture, the Karlsruhe Institute of Technology logo with a total 
footprint of approximately 60 µm × 40 µm was patterned 
employing the DLW setup. Throughout the exposed area, the 
amount of bromine detected by signals corresponding to each 
isotope (79.16 u and 81.17 u) is drastically increased, providing 
strong evidence for the covalent attachment of compound  3  
to the targeted surface area. By close examination of the pre-
sented ToF-SIMS images, it becomes apparent that a small 
quantity of bromine is also present throughout the unexposed 
surface of the structures. However, this signal is not assigned 
to unwanted covalent attachment or adhesion of compound 
 3 . It rather stems from the bromine groups present in com-
pound  2  (generated via atom transfer radical polymerization), 
incorporated throughout the structure during the fabrication 
step. In the current work a bromine containing maleimide was 
employed for surface modifi cation as it allows for an easy and 
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 Figure 5.    Top: FTIR spectra of a)  1 , b)  2 , c) a stoichiometric mixture of 
 1  and  2 , and d) a microstructure fabricated via DLW. Bottom: enlarged 
depiction of the spectra in the range of 2500–4000 cm −1 . The spectra 
clearly show that absorption peaks at 1680 cm −1  and 2780 cm −1  corre-
sponding to the aldehyde group of  1  disappear during structure fabrica-
tion, whereas absorption peaks corresponding to the ester and imide 
groups of  2,  situated at 1700 cm −1  and 1730 cm −1  remain after exposure. 
Furthermore, a broad peak at 3200–3700 cm −1  appears in (d) that can 
be assigned to the hydroxyl group formed during fabrication. For better 
readability, the spectra are shifted vertically.
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distinct determination via ToF-SIMS. However, this system is 
not restricted to one compound. Essentially any molecule that 
is inert to 700 nm light exposure and contains a reactive dieno-
phile can be covalently bonded to exposed areas of the struc-
ture, making the introduced technique highly promising for 
future applications. It is furthermore emphasized that the here 
presented technique allows for the fabrication and direct func-
tional surface patterning of 3D microstructures utilizing one 
single lithographic setup and one single reaction for both the 
fabrication and the patterning step.   

  7.     Conclusion 

 The successful fabrication of 3D microstructures was dem-
onstrated by combining DLW and a non-radical step poly-
merization based on multiphoton-induced Diels–Alder 
chemistry. Woodpile photonic crystals with a rod spacing 
ranging from 700 nm to 500 nm were fabricated and the 
structure quality was investigated via SEM, focused ion beam 
milling, transmission and refl ection spectroscopy as well as 
light microscopy. Furthermore, FTIR analysis verifi ed that the 
Diels–Alder reaction is responsible for the generation of the 
crosslinked material during structure fabrication. A highly 
important feature of the novel system is—contrary to estab-
lished radical or cationic polymerization protocols—the pos-
sibility for direct, rapid and facile spatial surface modifi cation 
after structure fabrication. For arbitrary surface patterning the 
photo-induced Diels–Alder reaction was again utilized in com-
bination with the DLW setup. Successful surface modifi cation 
was demonstrated utilizing a bromine containing maleimide, 

yet the presented system is in principle com-
patible with any light stable, reactive dieno-
phile. The achievable resolution combined 
with direct patterning of the here presented 
technique may prove to be particularly 
useful, for example, for the attachment of 
cell signaling molecules in the context of 
advanced cell behavior studies or a cascade 
of microreactors in microfuidic lab-on-a-chip 
systems.  

  8.     Experimental Section 
  Materials : GBL (≥99%, Sigma Aldrich), 

acetophenone (99%, Sigma Aldrich), 
pentaerythritol tetrabromide (96%, Sigma Aldrich), 
dimethylformamide (DMF, 99.5%, Acros Organics), 
potassium carbonate (K 2 CO 3 , ≥99%, Roth), 
acetonitrile (anhydrous, Fischer), dichloromethane 
(analytical grade, Fischer), hexane (analytical grade, 
Prolabo), ethyl acetate (analytical grade, Prolabo), 
basic alumina oxide (VWR), diethyl ether (Et 2 O, 
analytical grade, Prolabo), isopropanol (≥99.5%, 
Roth), tetrahydrofuran (THF, GPC-grade, VWR), 
methyl  α -bromoisobutyrate (≥99%, Sigma Aldrich), 
 N ,  N ,  N ′,  N ′′,  N ′′-pentamethyldiethylenetriamine 
(PMDETA, 99+%, Acros Organics), copper(II) 
bromide (99%, Sigma Aldrich), methanol (MeOH, 
analytical grade, VWR) and toluene (analytical 

grade, Prolabo) were used without further treatment. Acetone (99.5%, 
Roth) employed for atom transfer radical polymerization was dried 
over sodium sulfate prior to usage. Methyl methacrylate (99+%, Acros 
Organics) was deinhibited by percolating over a column of basic 
alumina oxide and stored at –19 °C prior to usage. CuBr (98%, Sigma 
Aldrich) was successively washed with acetic acid and Et 2 O and dried 
under vacuum. [ 40 ]  

  Synthesis of 2-hydroxy-6-methylbenzaldehyde : 2-hydroxy-6-
methylbenzaldehyde was synthesized employing a literature 
procedure. [ 41 ]  

  Synthesis of 6,6′-((2,2-bis((2-formyl-3-methylphenoxy)methyl)
propane-1,3-diyl)bis(oxy))bis(2-methylbenzaldehyde)  ( 1 ): 2-Hydroxy-
6-methylbenzaldehyde (1.30 g, 9.56 mmol, 7 eq), pentaerythritol 
tetrabromide (0.53 g, 1.37 mmol, 1 eq) and K 2 CO 3  (2.83 g, 20.48 mmol, 
15 eq) was dissolved in 45 mL of DMF in a 100 mL round bottom fl ask, 
equipped with a stir bar and a refl ux condenser. The reaction mixture was 
heated to 120 °C and stirred for 3 days. The now black reaction solution 
was subsequently allowed to cool to ambient temperature. Thereafter, 
the solvent was removed under reduced pressure at 80°C. Then, silica 
gel (∼10 g) and 40 mL of acetonitrile/dichloromethane (7:3) was added 
to the black residue. After removing the solvent under reduced pressure, 
the crude product was further purifi ed via column chromatography 
(hexane:ethyl acetate, 7:3, r f  = 0.4) to give a yellow solid. The yellow 
solid was excessively washed with Et 2 O to yield the fi nal product as an 
off-white powder that was dried in vacuo at 50 °C. Yield: 0.41 g, 50%. 
 1 H NMR (400 MHz, CDCl 3 , δ): 10.61 (s, 4H; CHO), 7.38 (t,  J  = 8.0 Hz, 
4H; ArH), 6.89 (d,  J  = 8.4 Hz, 4H, ArH), 6.83 (d,  J  = 7.6 Hz, 4H, ArH), 
4.50 (s, 8H; CH 2 ), 2.54 (s, 12H, CH 3 );  13 C NMR (100 MHz, CDCl 3 , δ): 
190.9 (CHO), 161.4 (OCAr), 142.6 (CH 3 CAr), 135.0 (CAr), 125.0 (CAr), 
123.5 (CHCAr), 110.2 (CAr), 67.0 (CH 2 ), 45.8 (C(CH 2 O) 4 ), 21.2 (CH 3 ). 

  Synthesis of 2-(1,3-dioxo-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-
2(3H)-yl)ethyl methacrylate : 2-(1,3-dioxo-3a,4,7,7a-tetrahydro-1H-4,7-
epoxyisoindol-2(3H)-yl)ethyl methacrylate was synthesized employing a 
literature procedure. [ 35 ]  

  Synthesis of poly [(methyl methacrylate)-co-(2-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)ethyl methacrylate)]  ( 2 ): A 25 mL schlenk fl ask was equipped 
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 Figure 6.    a) Light-induced Diels–Alder reaction between residual  o -quinodimethane precursor 
molecules on fabricated structures and bromine containing maleimides (compound  3 ) in solu-
tion. Employing the DLW setup allows for spatial surface modifi cation as the reaction only takes 
place in exposed areas. b) ToF-SIMS images of  79 Br,  81 Br, and their sum (from left to right). 
The area scanned with the DLW setup is clearly visible as it contains an increased amount of 
covalently bound bromine.
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with methyl methacrylate (3.5 mL, 3.3 g, 32.9 mmol, 4.1 eq), 2-(1,3-dioxo-
3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)ethyl methacrylate 
(2.2 g, 7.9 mmol, 1.0 eq), methyl α-bromoisobutyrate (52.0 µL, 72.8 mg, 
0.4 mmol, 0.05 eq), PMDETA (52.0 µL, 43.2 mg, 0.25 mmol, 0.03 eq), 
CuBr 2  (4.0 mg, 0.02 mmol, 0.002 eq) 4 mL of acetone and a stir bar. 
Three consecutive freeze-pump-thaw cycles were performed. To the still 
frozen reaction mixture CuBr (16.0 mg, 0.11 mmol, 0.014 eq) was added 
under reverse fl ow of nitrogen. After two additional consecutive freeze-
pump-thaw cycles, the fl ask was rapidly heated to 50 °C in a preheated 
oil bath and stirred for 7.5 h. The reaction solution was subsequently 
exposed to air and passed through a short column of neutral alumina 
oxide. The generated polymer was precipitated in cold MeOH. The 
precipitated polymer was then dissolved in 15 mL of toluene in a 25 mL 
round bottom fl ask which was then connected to a condenser. The 
reaction mixture was then heated to refl ux for 24 h. Furan and solvent 
were removed under reduced pressure. The solid residue was dissolved 
in toluene and precipitated in cold MeOH. The Product was dried under 
reduced pressure at 50 °C to yield a white solid (1.5 g). SEC:  M  n  = 10500 
Da, PDI = 1.2;  1 H NMR (400 MHz, CDCl 3 , δ): 6.80 (s, 2H; CH(C = O)
N), 4.03 (s, 2H, H 2 CO), 3.80 (s, 2H, H 2 CN), 3.57 (s, 3H, H 3 CO), 2.03-
1.66 (m, 2H, CCH 2 C), 1.05-0.66 (m, 3H, CH 3 C). For the calculation of 
the number of maleimide groups per polymer chain, the integrals of the 
 1 H-NMR signals at 6.80 ppm and 3.57 ppm as well as the  M  n  of the SEC 
measurement where employed. The number of maleimide groups per 
polymer molecule was calculated to be close to 12. 

  Synthesis of 2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4- 
azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl ester  ( 3 ): 2-bromo-2-methyl 
propionic acid 2-(3,5-dioxo-10-oxa-4- azatricyclo[5.2.1.02,6]dec-8-en-4-yl) 
ethyl ester was synthesized employing a literature procedure. [ 42 ]  

  Synthesis of N-(3-(trimethoxysilyl)propyl)acrylamide : N-(3-
(trimethoxysilyl)propyl) acrylamide was synthesized employing a 
literature procedure. [ 43 ]  

   1 H and  13 C Nuclear Magnetic Resonance Spectroscopy :  1 H and  13 C 
NMR spectroscopy performed using a Bruker AM 400 spectrometer at 
400 MHz. All samples were dissolved in CDCl 3 . The δ-scale is referenced 
to the internal standard tetramethylsilane (TMS, δ = 0.00 ppm). 

  Size Exclusion Chromatography : Size Exclusion chromatography 
was performed using a Polymer Laboratories PL-GPC 50 Plus system, 
comprised of an auto injector, a guard column (PLgel Mixed C, 50 × 
75 mm) followed by three linear columns (PLger Mixed C, 300 × 7.5 mm, 
5 µm bead size) and a differential refractive index detector, was employed. 
THF at 40 °C at a fl ow rate of 1 mL min −1  was used as the eluent. The 
GPC system was calibrated using narrow poly(methyl methacrylate) 
standards ranging from 600 to 5195 g mol −1  (Polymer Standards Service 
(PSS), Mainz, Germany). The resulting molar mass distributions were 
determined by universal calibration using Mark-Houwink parameters for 
PMMA ( K  = 12.8 10 −5  dL g −1 ,  α =  0.69). All  M  n  values were calculated 
using a PMMA calibration curve and the Mark-Houwink correction 
parameters,  K  and  α . 

  UV-VIS Measurements : UV-VIS Measurements were recorded on a 
Varian Cary 300 Bio spectrophotometer. 

  Infrared Spectroscopy:  Infrared spectroscopy measurements were 
performed on a Fourier-transform microscope spectrometer (Bruker 
Tensor 27 with Hyperion 1000 unit). Spectra of compound  1 , compound 
 2  and the stoichiometric mixture of  1  and  2  were measured using 
attenuated total refl ection infrared spectroscopy. The microstructure 
was characterized via transmission IR spectroscopy using the Hyperion 
1000 unit. Atmospheric compensation and baseline correction was 
performed upon the obtained spectra. The spectra were normalized via 
the highest carbonyl absorption band at 1680–1710 cm −1 . 

  Scanning Electron Microscopy : SEM images were recorded using a 
Zeiss Supra 40VP. All samples were coated with a 10 nm gold layer prior 
to measurements. 

  Focussed Ion Beam Milling : Focussed ion milling was performed using 
a Zeiss Auriga equipped with a gallium ion source. The applied current 
was set to be 50 pA/30 kV. All samples were coated with a 10 nm gold 
layer prior to measurements. 

  Transmission and Refl ection Spectra : Transmission and refl ection 
spectra of the woodpile photonic crystals were taken using a commercial 
FTIR-spectrometer-microscope (Bruker Equinox 55). The Cassegrain 
objective (Opticon 36x, NA = 0.5) used illuminates the sample in the 
angular interval 15°–30° from the optical axis. 

  Time-of-Flight Secondary Ion Mass Spectrometry : Time-of-fl ight 
secondary ion mass spectrometry was performed on a TOF.SIMS5 
instrument (ION-TOF GmbH, Münster, Germany), equipped with a Bi 
cluster primary ion source and a refl ectron type time-of-fl ight analyzer. 
UHV base pressure was < 5 × 10 −9  mbar. For high mass resolution the 
Bi source was operated in the “high current bunched” mode providing 
short Bi 1  +  or Bi 3  +  primary ion pulses at 25 keV energy and a lateral 
resolution of approx. 4 µm. The short pulse length of 1.1 ns allowed 
for high mass resolution. Spectra were calibrated on the omnipresent 
C − ,CH − , CH 2  − , C 2  − , C 3  − , or on the C + , CH + , CH 2  + , and CH 3  +  peaks.  79 Br 
and  81 Br peaks were not accompanied by other strong peaks at identical 
nominal masses; therefore, for high lateral resolution imaging the 
primary ion source was operated in “burst alignment” mode. Here, only 
nominal mass resolution is obtained but the lateral resolution of the 
instrument is in the range of 150 nm. Images of 256 × 256 pixel were 
recorded, no fi ltering/averaging was performed. 

  Direct Laser Writing Experiments : Direct laser writing experiments 
were conducted using a home-built setup that has been previously 
described in detail. [ 44 ]  The pulse-picker described in the reference has 
been removed resulting in a repetition rate of 80 MHz and the laser has 
been tuned to 700 nm center wavelength. 

  Photoresist Preparation : The resist employed for photoenol mediated 
DLW experiments consists of 6,6'-((2,2-bis((2-formyl-3-methylphenoxy)
methyl)propane-1,3-diyl)bis(oxy))bis(2-methylbenzaldehyde) ( 1 ) (5 mg, 
8.2 × 10 −6  mol), poly [(methyl methacrylate)-co-(2-(2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl)ethyl methacrylate)] ( 2 ) (29.2 mg, 8.2 × 10 −6  mol), 
150 µL of GBL and 150 µL of acetophenone. After dissolving of the solid 
compounds, the resist was passed through a fi lter (Whatman, Spartan 
13/0.2 RC). 

  Preparation of Glass Substrates : All glass substrates were cleaned by 
ultrasonifi cation for 15 min in acetone. Preactivation of the surfaces 
was achieved by exposure to air plasma for 10 min. Preactivated glass 
substrates were placed separately in small glass vials containing a 
solution of N-(3-(trimethoxysilyl)propyl) acrylamide dissolved in toluene 
(1 10 −3  mol L −1 ) for 60 min at ambient temperature without stirring. 
The substrates were successively ultrasonicated in toluene (10 mL, 
10 min) and acetone (10 mL, 5 min) to remove any physisorbed silane. 
The silanization process is performed in order to covalently bind the 
fabricated structures to the substrate surface during fabrication. The 
adhesive strength is thereby increased. 

  DLW Sample Preparation and Development : DLW samples were 
prepared and developed according to a literature procedure. [ 25 ]  

  Fabrication of Woodpile Photonic Crystals : Woodpile photonic crystals 
with rod spacings ranging from 700 nm to 500 nm were fabricated. 
The average laser power was varied between 2.7 mW and 4.3 mW. The 
writing speed was set to be 100 µm s −1 . 

  DLW Samples for IR Spectroscopy:  A solid polymer block was fabricated 
exhibiting a footprint of 50 µm × 50 µm and a height of close to 10 µm 
for characterization via IR spectroscopy. The laser power and the writing 
speed were set to be 5 mW and 100 µm s −1 , respectively. 

  DLW Samples for Spatial Surface Patterning : Solid polymer blocks with 
base dimensions of 90 µm × 90 µm and a height of about 300 nm were 
fabricated. The fabrication parameters were set to be 5 mW average 
laser power and 100 µm s −1  writing speed. 

  Spatial Surface Patterning : DLW fabricated structures were immersed 
into a solution of 2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4- 
azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl ester in DMF (3 mg mL −1 ) 
much similar to the preparation of a common DLW sample. Patterning 
was conducted using the DLW setup with fabrication parameters 
of 5 mW average laser power and 10 µm s −1  writing speed. Sample 
development was performed by immersing the sample into DMF 
(30 mL, 2h) and subsequent rinsing with acetone (5 mL), isopropanole 
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(5 mL) and distilled water (5 mL). Residual solvent was removed under 
reduced pressure.  

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