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Abstract Recent interest in photolithographic processes
employing single and two-photon absorption processes
have afforded advanced opportunities to fabricate both
planar and three-dimensional microstructures. The fabri-
cation of such structures is dependent on the local poly-
merization of the organic moieties using photoinitiating
molecules, and a key parameter to consider is the depen-
dency of the photoreactivity of these initiators on the
matrices in which they are dispersed. To our knowledge,
there has been no comprehensive investigation reported on
the photoreactivity dependency of commercially available
photoinitiators inserted within hybrid sol-gel materials.
The aim of this paper is to highlight and explain the
influence of the composition of hybrid organic—inorganic
sol-gel materials on the photoreactivity of UV-sensitive
initiators. Of particular interest is the understanding of the
interactions between photoinitiating molecules and the sol—
gel matrix. It is shown that both the nature of the chelating
agent as well as the degree of chelation of the inorganic
part of the hybrid sol-gel material significantly influence
the spectral absorption of the photoinitiator. It is
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demonstrated that metal-ligand charge transfer processes
are the main phenomena responsible for the red shift of the
absorption of the amino-functionalized photoinitiators,
which is strongly dependent on the condensation of the
materials.

Introduction

Photocurable materials have attracted great interest over
the past decade for micro/nanofabrication processes of
two- and three-dimensional (3D) microstructures employ-
ing techniques such as UV-lithography [1-3] and two-
photon polymerization (2PP) [4, 5]. The applications of
such microstructures are constantly expanding and to date
they have found use in fields as diverse as biotechnology
[6], nanomedicine [7], information technology (e.g. micro/
nanofluidic, biochips, photonic crystals, etc.) [8—11].
Fabrication of 2D microstructures is generally per-
formed using the single-photon polymerization technique,
which utilizes the linear optical absorption of UV-sensitive
photoinitiators to cause the photoinduced crosslinking of
organic molecules [12]. The fabrication of 3D micro-
structures has become possible with the recent develop-
ment of the 2PP technique [2, 4, 13, 14], which exploits
the multiphoton absorption of materials that are primarily
UV-sensitive. The beam of an ultrafast laser, usually a
femtosecond laser, operating in the visible or near infrared
region, is tightly focused into the volume of a UV-photo-
reactive material. By moving the laser three-dimensionally
through the material, any desired 3D structure can be
fabricated. In theory, any photoreactive material (epoxy or
acryloxy) in combination with a suitable photoinitiator (PI)
can be employed either for the single photon or the 2PP
technique. However, our recent investigations have
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highlighted that compared to conventional organic resins,
organic—inorganic hybrid sol-gel materials exhibit
improved performance in terms of the resolution and
shrinkage of the fabricated microstructures [15, 16]. Fur-
thermore, interactions at the molecular level between the
PIs and the sol-gel matrices may occur in certain condi-
tions and strongly affect the global properties of the pho-
tosensitive material. To our knowledge, no study has
focused on identifying the physico-chemical interactions
between PIs and sol-gel matrices. This understanding is
particularly important for the 2PP process, where non-lin-
ear processes are fundamental and must not overlap with
the linear absorption of the material.

The aim of this article is to address this gap in under-
standing, by concentrating on the interactions between a
well-established silicato-zirconate co-hybrid material [17]
and three commercially available PlIs (Irgacure 184 (I-184),
Irgacure 369 (I-369) and 4,4'-diethylaminobenzophenone/
Milcher’s Ketone (DB)) that have recently shown high
potential for employment in UV-lithography [18] and 2PP
[15]. These PIs were selected for this study due to their
different chemical structures, sterical properties and func-
tional groups. Interactions at the molecular level have been
identified employing UV—Visible spectroscopy and a pro-
posed explanation of the observed results is based on the
occurrence of the metal-ligand charge transfer processes
(MLCT) between the PIs and the inorganic constituents of
the developed hybrid materials.

Synthesis and characterization
Material development

The synthesis of the sol-gel matrix was based on the for-
mation of a stable and homogeneous sol obtained from the
mixture of a photosensitive organically modified silicate,
the hybrid precursor 3-methacryloxypropyltrimethox-
ysilane (MAPTMS, C;oH,005S1, Assay 99% in methanol,
Aldrich), zirconium (IV) n-propoxide (ZPO, C,H,304Zr,
Assay 70% in propanol, Aldrich), and a chelating agent,
which is necessary to stabilize the zirconium (Zr) precursor
in the presence of strong nucleophilic groups such as water.
In a previous study [15], methacrylic acid (MAA, C4HgO»,
Assay >98%, Aldrich) was used as the chelating agent of
ZPO (mixed with MAPTMS and ZPO in a molar ratio of
10:4.0:4.0, respectively). In this study we have altered the
molar ratio of the precursors in order to assess the influence
on the UV-visible absorption of the PIs. To this end we
have changed the relative proportions of ZPO and MAA
whilst keeping the amount of MAPTMS constant. The two
new ratios are: 10:4.0:2.0 (formulation B) and 10:4.0:8.0
(formulation C). With the emphasis still on the chelating

Table 1 Summary of the material formulations

Chelating agent Molar ratio of the precursors

MAPTMS:ZPO:chelating agent

Formulation

A MAA 10:4:4
B MAA 10:4:2
C MAA 10:4:8
D BP 10:4:4

agent, in this study we have included an additional che-
lating agent, 2,2-byripydil (BP, C;oHgN,, Assay 99%,
Aldrich) for comparison with MAA. As summarized in
Table 1, the molar ratios of this sol (formulation D) have
been chosen to mirror formulation A.

Due to the difference in reactivity of each of the alk-
oxide precursors present in the sols, the synthesis demands
a three-step process: (1) pre-hydrolysis of the MAPTMS
and complexation of ZPO with a chelating agent, (2)
addition of the pre-hydrolysed organoalkoxysilane to the
zirconate complex and (3) hydrolysis of the mixture.
MAPTMS is hydrolysed employing an aqueous HCI 0.1 N
solution in a 1.00:0.75 ratio. As MAPTMS and water are
not miscible, the hydrolysis is initially performed in a
heterogeneous way. The progressive production of metha-
nol issued from the hydrolysis of MATPMS allows the
miscibility of all species present in solution after 20 min of
reaction. In parallel, the ZPO precursor was chelated by
either MAA or BP, in order to reduce its reactivity with
water, thus avoiding precipitation. After 45 min of reac-
tion, the partially hydrolysed MAPTMS was slowly added
to the zirconate complex. Following, 5 min of reaction,
water (pH 7) was added dropwise to the mixture to com-
plete the hydrolysis to 50% of the total alkoxide groups. A
more detailed account of the sol-gel synthesis can be found
in a previous article by the authors [16]. The concentration
of the PIs was fixed at 1 mol% in all investigated
formulations.

Two-photon polymerization technique

Two-photon polymerization is a direct laser writing tech-
nique, which allows the fabrication of complex 3D struc-
tures with a resolution below 100 nm [3, 4, 13, 19, 20]. In
this study, a Ti:sapphire laser (Chameleon, Coherent) was
used, delivering pulses of 140 fs duration at a repetition
rate of 80 MHz and a central emission wavelength of
780 nm. A microscope objective lens (100x, NA = 1.4,
Zeiss magnification) was used to focus the laser beam into
the volume of the photosensitive material. The materials
are transparent at the emission wavelength of the laser;
therefore, only two-photon absorption associated with
non-linear properties of the material can initiate a
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photopolymerization reaction. Due to the threshold
behaviour and nonlinear nature of the 2PP process, the
light-material interaction region is confined to the small
volume within the focus of the laser beam. Resolution
beyond the diffraction limit can be realized by controlling
the laser pulse energy and the number of applied pulses. In
this step, the final organic—inorganic network is formed by
polymerizing the pendant methacryloxy moieties. The
material is polymerized along the trace of the moving laser
focus, thus enabling fabrication of any desired polymeric
3D pattern by direct “recording” into the volume of a
photosensitive material. In a subsequent processing step,
the areas of the material that were not exposed to the laser
radiation are removed by etching in 2-propanol, revealing
the microfabricated structure.

Characterization techniques

The UV-visible absorption spectra (200800 nm) were
recorded using a Cary Varian 50 scan spectrophotometer
with a resolution of 4 cm™"'. The scan speed was 600 nm/
min. Liquid samples were prepared by sandwiching the
liquid sol between two quartz films in order to obtain a film
of 100 pm thickness. Measurements of solid samples were
recorded using thin films deposited by spin-coating the
different sol—gel solutions onto quartz slides and thermally
stabilized at 100 °C for 2 h.

Fig. 1 UV-Visible spectra of
a 1-184, b I-369 and ¢ DB,
dissolved in isopropyl alcohol
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Results and discussion
Photophysical properties of the photoinitiators
Interaction within a zirconium-based sol-gel material

The UV-Visible absorption of the three pure PIs employed
in this study are shown in Fig. 1. In the 200-500 nm range,
1-184, I-369 and DB all exhibit one large absorption band
centred at 240, 325 and 365 nm, respectively, which are
assigned to the various m—n* transitions of the aromatic
groups contained in each molecule (Fig. 2).

The absorption in the liquid phase of the different PIs
within material A is shown in Fig. 3. It is easily observable
that the absorption of the I-184 is unchanged, having a
similar absorption around /.. =~ 240 nm. However, the
materials composed of 1-369 and DB both show a shift of
the initial absorption observed in the pure PIs (Fig. 1)
towards the higher wavelengths to Ay.« = 356 nm and
Amax = 375 nm, respectively. Moreover, the spectrum of
the material containing DB shows the appearance of a
second band centred at A, =~ 459 nm, the area of which,
calculated by the spectral decomposition using Gaussian
equations, corresponds approximately to 32% of the band
centred at Agn.c = 375 nm. These observations suggest
that the sol-gel matrix is not only acting as a dispersing
system for the PIs, but interactions at the molecular level
between PIs and the host matrices are occurring and
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Fig. 2 Chemical structure of the photoinitiators used a 4,4'-dieth-
ylaminobenzophenone, b Irgacure 184 and c¢ Irgacure 369

actively modifying the local environment of the PI mole-
cules, resulting in strong modification of their spectral
absorption. Comparison of the molecular structure of the
three different PIs indicates that they all contain carboxy
and aromatic groups, which cannot be considered as the
only active groups because the maximum absorption peak
of I-184 is not altered by the presence of the sol—gel matrix.
However, in addition to these chemical groups, I-369 and
DB both possess amino functions on their extremities
(methylamine and ethylamine) that can potentially act as
ligands in the presence of metal transition atoms. This is
possible by the formation of coordinating bonds between
the free pair of electrons located on the nitrogen atom and
the d free-orbitals of the metal, in a similar way to the
formation of metal-ligand complexes [21]. The physical
consequence of this chemical reaction is known as the
“Metal Ligand Charge Transfer” (MLCT) process [22], in
which the electronic transition from the dn (Zr) to the 7*
(PI) orbitals is facilitated by electron transfer from the
transition metal towards the ligand. This process can sup-
port the absence of matrix effects on the I-184 and the red
shift of the initial bands of the pure DB and 1-369, but does
not explain the appearance of the band around 459 nm in
the case of DB only. This behaviour has been attributed to
the difference in the structure of the PIs. In comparison
with I-369, the structure of DB contains two nitrogen atoms
that are potentially capable of acting as ligand to the Zr
atom. The slight red shift of the initial band from
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Fig. 3 UV-Visible spectra of a I-184, b 1-369 and ¢ DB dissolved in
material A (liquid state samples)

Amax = 365 nm to A,.x = 375 nm is not compatible with
the appearance of a second band around A, =~ 470 nm,
and signifies that both aromatic groups do not undergo the
same matrix effect. To explain this behaviour, we propose
that DB is only bonded to the SG matrix through one
nitrogen atom, as sketched in Fig. 4. Within material A, the
Zr atom is already partially chelated by the methacrylic
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Fig. 4 Chemical structure of the DB within material A in the liquid
a and solid b phases

acid [17], and therefore, it is proposed that in the liquid
phase the main reason limiting the entire linking of DB to
the Zr atom is due to steric hindrance limitations. This
hypothesis has motivated the investigation of the effect of
the sol-gel condensation on the structure of the PIs, by
recording UV-visible spectra of the developed materials in
the solid state (thin films on quartz).

In the solid state, UV-Visible absorption spectra
(Fig. 5) show that the absorption of both I-184 and 1-369
remains at the same wavelength as in the liquid phase.
However, for DB, both absorption bands undergo the same
red shift of around 9 nm (from 372 to 381 nm and from
459 to 468 nm). Furthermore, unlike the liquid spectrum,
the contribution of the bands located above 425 nm
increases by 42% to reach 75% of the total band area, as
quantified by the spectral decomposition. The mechanism
of the solidification process involves the removal of
the various alcoholic solvents, either present in the pre-
cursors employed or formed during the hydrolysis and
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Fig. 5 UV-Visible spectra of a I-184, b I-369 and ¢ DB dissolved in
material A (solid state samples)

condensation reactions inherent to the sol-gel synthesis.
Solvent removal results in an increased connectivity of the
inorganic network and entrapment of the PI in between the
hybrid oligomers. The direct consequence is to diminish
the steric hindrance restrictions and favour the formation of
coordinating bonds between the PI and the transition metal,
which were impossible in the liquid phase state. These
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observations reinforce the hypothesis that the proximity
factor is a critical point for the formation of the metal—
ligand chemical bonds that favour the MLCT process. In
the next section it will be shown that the material con-
densation has an influence on the photophysics of the PI,
which can be evaluated by quantifying the effect of ZPO
concentration along with the nature and concentration of
the chelating agent employed.

Effect of the ZPO concentration on the PI absorption

In the previous section, it was highlighted that absorptions
bands located above 400 nm are ascribable to the formation
of chemical bonds between DB and the transition metal.
Hence, the ratio of the bands area observed above and below
400 nm (named R; = (bands;, - 400)/all bands area) can
be reasonably used to quantify the binding ratio between DB
and the Zr atom. Furthermore, the ratio of the 2 bands areas
located above 400 nm (named Ry = Amax(~ 444)/ Amax(~474))
band can be used to quantify the nature of the chemical
bonds.

The UV-visible absorption spectra of materials con-
taining an increasing ZPO/MAPTMS molar ratio and
1 mol% of DB are shown in Fig. 6. Compared to the
spectra of pure DB (Fig. Ic) and the Zr-free material
(Fig. 6a), one can observe that the introduction of 1% ZPO
provokes the appearance of an extra band centred at
410 nm, resulting in a residual absorption until 500 nm, as
demonstrated by the spectral decomposition (Fig. 6a).

A further increase of the ZPO content to 5% allows the
extension of the absorption until 550 nm and a notable
increase of R;; which, however, saturates at around 72%
for materials containing 10% or more of ZPO (Fig. 7).

Above 10 mol% of ZPO, one can also note that the
different bands are located at the same position indicating
that the essential structural modifications have occurred in
the transition from materials containing up to 10% ZPO.
However, R, increases progressively to reach 98% for the
material containing the highest ZPO content (Fig. 7). From
a structural point of view, this signifies that 98% of the DB
molecules are linked to the Zr atom through two nitrogen
atoms from the material containing 10% ZPO.
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Effect of the chelating agent

In order to assess the effect of the steric hindrance around
the Zr atom on its binding with DB, we have altered both
the degree of chelation of the Zr atom and the nature of the
chelating agent.

UV-Visible spectra of DB within materials B and C are
shown in Fig. 8, in which the amount of MAA was
adjusted to chelate 25 and 100% of the alkoxides groups
contained in ZPO, respectively. As summarized in Table 2,
the ratio between the band areas representing the binding of
DB through 1 nitrogen atom (named band-1, located
between 410 and 440 nm) and 2 nitrogen atoms (named
band-2, located around 470 nm) decreases dramatically
from 79.1 to 37.5% when the degree of chelation of the Zr
atom increases. To account for the observed shift in the
ratio of the two bands, it is proposed that a decrease of the
chelation degree reduces the steric hindrance around the Zr
atom allowing better accessibility to the ligand, which
permits it to bind with the transition metal.

Fig. 8 UV-Visible spectra DB (a)1.0
dissolved within materials B
(a) and C (b) (solid state 084

samples)

absorbance (a.u
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Table 2 Band-1/band-2 ratios for materials B and C

Materials Ratio (%): band-1/band-2
B 79.1
C 37.5
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Fig. 9 Chemical structure of the ZPO chelated with BP

A further investigation of the nature of the chelating
agent has been carried out by replacing MAA with 2,2'-
bipyridyl (BP) (named material D). Unlike acid ligands, BP
can form coordinating bonds with the zirconate complex
(C—0—Zr), via the d free orbitals of the transition metals, as
sketched in Fig. 9. The UV-Visible spectrum of material D
containing 1% mol of DB (Fig. 10) does not exhibit any
absorption band above 400 nm, the presence of which was
established as an indication of a coordinating complex
between a PI and ZPO (see ‘Photophysical properties of the
photoinitiators’). The absence of any such absorption in
this case has been attributed to the prevention of any
interaction between the PI and the Zr atom by steric
hindrance.

It is concluded from the above results that the nature of
the chelating agent as well as the degree of chelation can
strongly modify the spectroscopic properties of the PI. The
promotion or prevention of interactions between the tran-
sition metal and the PIs can be used as a tool to tune the
spectral absorption of amino-functionalized PIs allowing
precise adjustment of the photosensitive properties of these
materials.
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Fig. 10 UV-Visible spectrum of DB dissolved in material D (solid
state samples)

Influence of the ZPO content on the capability of 2PP
microfabrication

The influence of the ZPO concentration on the dimensions
of freely suspended lines (Fig. 11a) fabricated by the 2PP
technique has been investigated. The lines are produced by
a single scan at a constant velocity from the top of one
supporting wall to the other. By applying higher laser
powers larger line cross-sections (e.g. wider and higher
voxels) are produced. The voxel height dependency on the
ZPO concentration for four different laser powers (14, 25,
30 and 50 mW) is shown in Fig. 11b. At all presented laser
powers it is possible to distinguish two characteristic curve
regions depending on the material composition. From 0 to
10% of ZPO, the voxel sizes exhibit a logarithmic increase.
Compared to the ZPO-free material, the addition of 1% of
ZPO induces an average increase of 70% in the voxel size.
Above 10% of ZPO, the voxel size increase relative to ZPO
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Fig. 12 Spiral three-dimensional photonic crystal

content is linear and much less pronounced with an average
increase in voxel height of just 8%. As the laser power
approaches 30 mW and higher, it is notable that only a 2%
increase in voxel height is observed indicating a saturation
behaviour. Nevertheless, in all cases, it was possible to
fabricate non-shrinking three-dimensional structures, such
as photonic crystals (Fig. 12).

These observations suggest that the material photore-
activity is strongly dependent on the ZPO concentration for
materials containing up to 10% of ZPO. The comparative
study conducted in ‘Interaction within a zirconium-based
sol-gel material’ on the effect of the ZPO content on the
DB absorption revealed that the absorption at 390 nm was
progressively decreasing with the increase of ZPO, which
is in contradiction with the behaviour observed in the
present section. This clearly illustrates that the multiphoton
absorption employed in the 2PP process cannot be directly
correlated to the linear absorption of the materials. Inves-
tigations on the 2PP absorption are required to explain the
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Fig. 11 a Free-standing lines fabricated with 2PP process, and b the influence of the ZPO concentration and laser power on the voxel height
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observed behaviour and can be performed by analysing
z-scan measurements at 780 nm, and this will be the sub-
ject of a future publication.

Conclusion

Interactions between three commercially available photo-
initiators and co-hybrid organo-silicato-zirconate materials
have been investigated. UV—Visible spectroscopy was
employed to identify the evolution of the photoinitiators
absorption as the material composition was adjusted in
order to change the properties of the matrix. Unlike the
amino-functionalized photoinitiators, the absorption of
1-184 is shown to be unchanged by the presence of the
matrix either in the liquid or solid phase. However, the
spectral absorptions of DB and [-369 have undergone a red
shift, indicating the presence of interactions at the molec-
ular level between both these photoinitiators and the
material matrix in which they were dispersed. Moreover,
DB has shown the appearance of an extra band centred
around 470 nm, the contribution of which was strongly
affected by either the concentration of the zirconate
monomer, the nature of the chelating agent or the degree of
chelation of the zirconium atom. These phenomena have
been identified to originate from the occurrence of the
metal ligand charge transfer process between the zirconium
complex and the amino-functionalized photoinitiators,
which is significantly affected by the degree of condensa-
tion of the material. These materials have been shown to
have almost ideal characteristics for microstructuring by
conventional UV-lithography and the 2PP technique (high
photoreactivity, low shrinkage). In this context, the find-
ings of this study can be used as a basis for the future
design of more efficient photoinitiators.

UV-lithography and 2PP processes will benefit from the
study presented in this article as it can be used as a basis for
the design of more efficient photoinitiators in the future.
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