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Donor–acceptor complexes between photoinitiators and
hybrid organic–inorganic SZ2080™ photoresist†

Marius Navickas,∗a Dimitra Ladika,a Edvinas Orentas,b Martynas Talaikis,b Gedimi-
nas Niaura,b Mantas Grigalavičius,a Mantas Gaidys,a Ricardo J. Fernández-Terán,∗c Man-
girdas Malinauskas,a and Mikas Vengrisa

Multi-photon photopolymerisation (MPP) based on organic-inorganic resins has emerged as a promis-
ing technique for the fabrication of complex three-dimensional nano- and micro-structures. Among
the prepolymers used for MPP, SZ2080™, synthesised via sol–gel method, stands out for its hybrid
nature, comprised of an organic and inorganic network. This photoresist is usually photosensitised
with the photoinitiators IRG369 and Michler’s ketone, that are responsible for initiating polymeri-
sation. The incorporation of these photoinitiators induces significant changes in the ground-state
absorption of the material and enables a broad fabrication window. Despite its broad application,
the fundamental processes governing the performance of SZ2080™ remain poorly understood. In this
study, we systematically investigate the optical characteristics of SZ2080™ sensitised with IRG369
and Michler’s ketone using UV/Vis absorption, steady-state fluorescence, Raman, along with Fourier-
transformed infrared and nuclear magnetic resonance (NMR) spectroscopies. The UV/Vis spectra
reveal pronounced alterations in ground-state absorption, suggesting coordination-related interac-
tions. Vibrational spectroscopy further supports these findings, indicating that the observed modifi-
cations are linked to changes in the inorganic network of SZ2080™. Finally, 1H NMR confirms that
the diethylamino groups of Michler’s ketone, along with the carbonyl groups of IRG369, coordinate
with the Zr(IV) centres in the SZ2080™ matrix. The link between spectroscopic characterisation and
MPP fabrication highlights that controlled complex formation could greatly improve the fabrication
window.

1 Introduction
Additive manufacturing via multi-photon polymerisation (MPP)
became a powerful microfabrication technique, where tightly fo-
cused femtosecond laser pulses initiate localised polymerisation
within photosensitive materials, allowing for precise, direct-write
fabrication of high-resolution three-dimensional (3D) architec-
tures.1–6 Historically, the first class of materials used for MPP, was
acrylates.7 This class of material possesses high photoactivity and
chemical tunability.8,9

In pursuit of the synthesis of materials for MPP lithography
with desired properties, a negative photoresist, SU-8, was devel-
oped in 1996. SU-810, designed for precise UV-aided photostruc-
turing, was naturally adopted for MPP lithography applications. It
is a chemically amplified photoresist that, upon exposure to light,
generates a small amount of a strong acid, a precursor to the

a Vilnius University, Laser Research Center, Saulėtekio av. 10, LT-10223; E-Mail: mar-
ius.navickas@ff.vu.lt
b Center for Physical Sciences and Technology, Saulėtekio av. 3, Vilnius, LT-10257
c Department of Physical Chemistry, University of Geneva. Quai Ernest-Ansermet 30,
CH-1205 Geneva, Switzerland; E-mail: Ricardo.FernandezTeran@unige.ch

cross-linking process. For this reason, synthesis of SU-8 relies on
acid-labile groups and a photoacid precursor, leading to a rather
strict processing protocol: annealing to remove solvent and UV
exposure to generate acid (like hexafluoroantimonic acid), and
cross-linking of epoxides through protonated oxonium ions.11

In parallel, hydrogels were developed as a class of photosen-
sitive materials for MPP, especially attractive for biomedical ap-
plications.12 Hydrogels are polymeric networks that can absorb
and hold large amounts of water within their 3D structures, due
to their hydrophilic functional groups.13,14 They can be derived
from natural or synthetic sources and tailored in composition
(homopolymeric, copolymeric, interpenetrating networks), crys-
tallinity, or ionic properties. In MPP lithography, a common pho-
topolymerisable hydrogel is PEGDA15, which consists of polyethy-
lene glycol with two acrylate substituents at the ends of the chain.

Although acrylates involving hydrogels as well as SU-8 have
defined much of the foundational work in MPP, more recently,
a class of organically modified silicates (ORMOSELs) has been
developed. Among these, SZ2080™—a zirconium-silicon-based
hybrid prepared via sol-gel has emerged as one of the most
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promising materials for advanced photopolymerisation.16,17 The
SZ2080™ was fundamentally designed for a 780 nm MPP wave-
length; thus, this material usually works with Ti:sapphire lasers.
However, recent studies18–21 have shown that other wavelengths,
such as 1030 nm and its second harmonic at 515 nm, obtained
from commercial Yb:KGW lasers, are also suitable and trigger the
photopolymerisation reaction. This discovery made SZ2080™ a
versatile material for additive manufacturing with near-IR laser
sources.

SZ2080™ also provides access for tunability of the refractive in-
dex by changing the ratio between the organic-inorganic parts.17

Combining the structural rigidity and chemical stability of inor-
ganic networks with the cross-linking flexibility of organic groups,
SZ2080™, features the ability to downscale the structures,17 fol-
lowed by relatively high optical transparency in the wavelength
regime where MPP usually operates (780 nm).22 Versatility of
SZ2080™ has made it a material of choice across diverse applica-
tions, including photonics,23 micro-optics,24 micromechanics,25

and bio-applications.26

SZ2080™ sensitised with common photoinitiators IRG369
[2-benzyl-2-(dimethylamino)-1-(4-morpholinophenyl)butan-1-
one] and BIS [4,4’-bis(diethylamino)benzophenone]1 shows
exceptionally rapid and efficient photopolymerisation.27 Addi-
tionally, these photosensitive mixtures show unusual changes of
UV/Vis absorption and emission.28 Although these changes have
been observed and documented, no clear link between spectral
changes and polymerisation parameters has been established so
far. Understanding this phenomenon is crucial, as it could lead
to new potential functionalities, improved process maintenance,
and expanded capabilities for hybrid resin-based systems in
advanced MPP. Therefore, in this work, we present a systematic
study of SZ2080™ with the incorporation of IRG369 and BIS
photoinitiators to elucidate their coordination behaviour in the
organic-inorganic prepolymer.

2 Experimental details

2.1 Materials

The hybrid organic–inorganic prepolymer SZ2080™ was pre-
pared as discussed in ref. 29, and mixed with 3 wt% of photoini-
tiators (PIs) 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-
butanone-1 (IRG369) and 4,4’-bis(diethylamino)benzophenone
(BIS). In general, SZ2080™ is synthesised from methacry-
loxypropyltrimethoxysilane (MAPTMS), methacrylic acid (MAA),
and zirconium n-propoxide (ZPO). The photoinitiators (PIs)
IRG369 and BIS were purchased from Sigma Aldrich and used
without further purification.

Two types of samples were prepared for UV/Vis characterisa-
tion: one of thin films on a thick UV-fused silica glass substrate,
and the other solutions of HPLC-grade acetonitrile (MeCN, Sigma
Aldrich), each with a different PI. The solutions were further di-
luted to an optical density less than 1 OD in a 2 mm quartz cell
(Hellma). Thin films were fabricated on fused-silica glass sub-
strates to measure ground-state absorption and steady-state flu-
orescence of photosensitised SZ2080™. The photosensitised mix-
ture was prepared by adding photoinitiator (PI) into SZ2080™

and stirring with a magnetic stirrer until the PI dissolved. Films
made of SZ2080™, mixed with 3 wt.% of IRG369 and BIS, were
prepared by spin coating. Stimulated Raman experiments were
conducted for sensitised SZ2080™, measuring their spectra in
2 mm quartz cuvettes (Hellma) while neat PI Raman spectra were
measured for acetonitrile 3 wt.% solutions. Because the Raman
signals were very weak, a higher PI concentration (3 wt.%) was
required. Although the concentration used in these experiments
is slightly higher than that typically used in MPP fabrication, they
still remain reasonably close to practical values (1 wt.%) . All
photoinitiators are fully soluble in SZ2080™ at the concentrations
used (1–3 wt.% relative to the monomer fraction), yielding opti-
cally transparent and stable formulations.

2.2 MPP fabrication

To establish the baseline for different performance of two types
of PIs, two pairs of widely used materials were used in MPP ex-
periments. BIS and IRG369 were chosen as representatives of
‘complex forming’ PIs, whereas TPO and BAPO represented ‘sim-
ply mixing’ PIs. The separation was based on whether the Ra-
man spectra of prepolymer/PI mixtures were significantly differ-
ent from the difference spectra of PI and prepolymer (see Supple-
mentary Material). The samples for laser structuring were pre-
pared by drop-casting the synthesised SZ2080™ onto thin glass
substrates. The deposited droplets were then placed under vac-
uum at room temperature for 24 hours to promote densification
by solvent removal. This densification step minimises shrinkage
during laser exposure and subsequent development. The densi-
fied droplets were then used to fabricate resolution bridges, fol-
lowed by development in 4-methyl-2-pentanone for 30 minutes
under ambient laboratory conditions. The resolution bridge lines
(15 µm) were fabricated using a galvo-scanner at a scanning
speed of 100 µm/s, when focussing with a 63×/1.4 NA objective
lens (Plan- Apochromat, Zeiss) and using Immersol™ 518F im-
mersion oil. The laser power was varied from 0.2–2.2 mW, corre-
sponding to an average pulse intensity of I = 0.37–4.02 TW/cm2

with a constant 200 kHz pulse repetition rate and a pulse dura-
tion of 300 fs. The intensity calculations are listed in the Sup-
plementary material. Finally, the fabricated samples were coated
with 10 nm Ag and characterised using a scanning electron mi-
croscope (SEM, JEOL JSM-6390LV). By varying the laser power,
the dynamic fabrication window (DFW)27 was estimated for each
photoinitiator.

2.3 Spectroscopy

Ground-state absorption spectra of thin-films and MeCN solutions
were recorded using a Shimadzu UV-3101PC UV/Vis absorption
spectrometer. Steady-state emission and emission excitation spec-
tra of both types of samples were measured using a Cary Eclipse
emission spectrophotometer. The emission spectra of PI solutions
were measured on ca. 0.2 OD samples at right angle with respect
to the excitation light, using standard 1 cm optical pathlength
quartz cuvettes (Hellma). The emission spectra of SZ2080™ sen-
sitised with PIs were measured on ca. 0.3 OD spin-coated films,
at the same excitation/detection configuration as used for PI solu-
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Fig. 1 (a) Scanning electron microscope images of resolution bridges on SZ2080™ sensitised with IRG369, BIS, BAPO and TPO PIs, (b) laser
processing window for SZ2080™ with different PIs and (c) dynamic fabrication window values for SZ2080™ with different PIs.

tions. Suitable filters were placed in the emission monochromator
to collect excitation/emission spectra without artifacts.

Precise UV/Vis titration experiments were carried out to cor-
roborate the formation of the 1:1 donor–acceptor complex. The
titration experiment was performed for both IRG369 and BIS
stock solutions by using the 0.377 mM initial PI concentration
and 0.0225 M concentration of Zr(IV) in SZ2080™. The solution
was prepared by adding the appropriate amount of the SZ2080™
aliquot to acetonitrile (MeCN) to account for up to 40 equivalents
of Zr(IV) atoms during 20 titration repetitions. We also ensured
that the concentration of PI remained unchanged compared to
the analyte solution.

Ground-state stimulated Raman scattering (SRS) spectra of
each compound were measured using a Light Conversion Harpia-
TA commercial spectrometer designed for three-pulse transient
absorption, including femtosecond stimulated Raman scattering
(FSRS) measurements. In the SRS experiment, we used only two
pulses of parallel polarisations—Raman pump and broadband
probe—to capture the ground-state vibrational modes. When
the broadband femtosecond continuum pulse is overlapped in the
sample with the narrowband (picosecond) Raman pump, the vi-
brational resonances of the sample amplify the continuum spec-
trum at the frequencies corresponding to the differences between
the Raman pump and vibrational modes of the sample. Typi-
cally, the duration and spectral with of the Raman pump is 2.0 ps
and 10–20 cm−1, respectively. In our SRS experiments, the Ra-
man pump pulse was generated by spectral filtering of the fun-
damental Ti:Sapphire (Libra, Coherent, Ltd.) radiation through
a Fourier-4f filter. The 1.0 ps duration of the Raman pump pulse

was estimated as the full width at half maximum (FWHM) value
of the cross-correlation between the Raman pump and probe
pulses.

A broadband Raman probe was produced in a 5 mm YAG crys-
tal, to obtain an efficient spectral broadening in the infrared re-
gion. Since the Raman pump was at 800 nm, all Stokes SRS com-
ponents were shifted to the red, relative to 800 nm. The probe
light was further spectrally filtered from the excessive 800 nm ra-
diation, using a long-pass glass filter (Shott RG830, T830−2700nm

= 85%). After passing through the sample (2 mm Hellma quartz
cuvette), the probe beam is re-collimated and focused into the
entrance slit of an imaging spectrograph, where it is read out
with a 256-pixel photodiode array. To enhance the spectral reso-
lution (up to 3.5 cm−1), a 1200 mm−1 diffraction grating (Thor-
labs GR25–1210) was used to disperse the Raman probe spec-
trum. The wavenumber axis of the spectra was calibrated using
toluene as a reference. The other details regarding the opera-
tion of SRS set-up can be found in ref. 30. The datasets associ-
ated with 830 nm spontaneous Raman excitation were collected
to acquire a broader range compared to SRS using an inVia Ra-
man spectrometer (Renishaw, UK) equipped with a confocal mi-
croscope (Leica, Germany) and a thermoelectrically cooled CCD
detector operating at −70 ◦C. Spectra were obtained with 16 mW
excitation power using a 50× and 0.5 NA objective (dedicated for
IR) and an integration time of 10 minutes. The wavenumber axis
of the spectra was calibrated according to the silicon 520.7 cm−1

band.

Fourier-transform infrared (FTIR) spectra were acquired in
transmission mode using an Alpha spectrometer (Bruker, Ger-
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many). Samples consisting of 10 µL of PI mixed with either ace-
tonitrile or SZ2080™, were placed between two CaF2 windows.
Spectra were recorded using 20 scans at a resolution of 4 cm−1.

Nuclear magnetic resonance (NMR) spectra were recorded on
Bruker DRX400 instruments in CDCl3 and CD3CN and were cal-
ibrated using residual undeuterated solvent as an internal ref-
erence (CDCl3: 1H NMR δ = 7.26 ppm, 13C NMR δ = 77.16
ppm). DOSY (see supplementary information) experiments were
performed on a 400 MHz Bruker Avance NMR spectrometer
equipped with an Accustar z-axis gradient amplifier and an ATMA
BBO probe with a z-axis gradient coil. All experiments were
run using insert tubes and without spinning to avoid convection.
All calculations were performed using standard applications in
Bruker Topspin and MestReNova software. Diffusion was mea-
sured at 22 ◦C using standard Bruker pulse sequence (stegp1s),
employing a stimulated echo sequence and 1 spoil gradient with
a diffusion gradient, δ , set to 2 ms and the diffusion time, ∆, to
120 ms. The rectangular gradient pulses applied ranged from
2–98% of the maximum gradient output of 48.15 Gauss/cm,
in 32 gradient steps. Individual rows of the quasi-2D diffu-
sion databases were phased, baseline-corrected and aligned. At
least three peaks were analysed for each compound. NMR titra-
tions were performed by adding aliquots of neat SZ2080™ into a
CD3CN solution (24 mM) of BIS or IRG369.

2.4 Density functional theory calculations

To predict the Raman spectrum of SZ2080™ and ascribe the
bands to physical vibrations, quantum-chemical calculations were
performed with Gaussian 09 D.01.31 Molecular geometries were
optimised without symmetry constraints using density functional
theory (DFT) with the B3LYP exchange–correlation functional
and the 3-21G, def2-TZVPP basis sets. Vibrational frequencies
and Raman activities were computed at the same level of theory.
Simulated Raman spectra were produced by converting Raman
activities to intensities, applying a Lorentzian broadening with
full width at half maximum (FWHM) of 10 cm−1.

3 Results and discussion

3.1 MPP fabrication

The resolution bridges were fabricated to assess the laser fabrica-
tion window as well as the dynamic fabrication window (DFW)
of sensitised SZ2080™ with IRG369 and BIS PIs. The results are
presented in Figure 1. For comparison, we used BAPO and TPO
as reference PIs that do not form any complexes with SZ2080™.
The dependence of PI on the processing of the SZ2080™ with
1030 nm laser irradiation is shown Figure 1B,C. At first glance,
the structures fabricated with BIS and IRG369 sensitised prepoly-
mer are available in a broader region of laser radiation intensi-
ties, than for BAPO and TPO. This is visualised by the process-
ing window, presented in Figure 1B. The particular data indi-
cates that BIS allows to fabricate 3D structures even at lower
Ith – 0.55 TW/cm2 intensities, while for IRG369, Ith is equal to
1.46 TW/cm2. Both BAPO and TPO need quite a bit higher in-
tensities for line fabrication with threshold intensities equaling to
2.19 and 2.74 TW/cm2, respectively. Comparing the broadness

of DFWs (Figure 1B), BIS and IRG369 possess the highest values
of 3.5 and 1.63, respectively, compared to BAPO and TPO, which
feature only 0.75 and 0.4, respectively. An important point here
is that the structures, fabricated in the ’burning regime’, are still
usable upon fabrication with BIS and IRG369 PIs. In contrast, the
lines fabricated under the same conditions with BAPO and TPO
have burnt and were washed out during the development step.

3.2 UV/Vis absorption spectroscopy
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Fig. 2 Ground-state absorption and steady-state emission spectra of (a)
IRG369 and (c) BIS compounds, dissolved in acetonitrile. Panels (b) and
(d) represent the change of the ground-state absorption and fluorescence
spectra when PIs are embedded to SZ2080™. The grey lines represent the
comparison between the UV/Vis spectra of the PI and the photosensitised
SZ2080™, while the cyan lines in all panels correspond to the fluorescence
excitation profiles. Vertical lines show the wavelengths used to excite or
detect the corresponding emission/excitation spectra.
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MPP indicates an unusual behaviour of IRG369 and BIS PIs
that enhance the photopolymerisation window. The DFW in both
PIs’ cases was significantly improved compared to using BAPO
and TPO. To learn about those reasons, the ground-state absorp-
tion and steady-state fluorescence spectra of the corresponding
samples were measured. The absorption and emission spectra
of IRG369 dissolved in acetonitrile (MeCN) are presented in Fig-
ure 2A. The ground-state absorption of IRG369 was previously
attributed to electronic transitions from occupied π states to un-
occupied π∗ states of the aromatic C=C bonds.28,32,33. At first
glance, the emission of IRG369 in MeCN features dual bands and
is anomalously broad; it stretches over almost the entire visible
range (from 360 nm to 700 nm), showing an extremely large
Stokes shift. The latter feature of IRG369 ground-state absorp-
tion might be a consequence of a change in solvent (environ-
ment) polarity. The fluorescence excitation profile (Figure 2A,
cyan curve) overlaps almost perfectly with the ground-state ab-
sorption, thus confirming that the observed emission is a direct
result of the molecule absorption. However, the drastic change
in the emission spectra when IRG369 is embedded to prepolymer
(now featuring a maximum at 420 nm) suggests that this effect
is not purely the change of dielectric constant, strongly hinting
at the formation of a radiative complex. Moreover, the Stokes
shift of the emission in SZ2080™ mixture itself is still quite large
(5860 cm−1), atypical for most organic molecules. This unusually
large Stokes shift might be related not only to the formation of a
complex, but also indicate the formation of a complex featuring a
ligand to metal charge-transfer (LMCT) state, likely influenced by
the Zr(IV) atom in the inorganic network of SZ2080™. The exci-
tation spectrum (Figure 2B) differs slightly on the red-edge of the
ground-state absorption, indicating inhomogeneity in the ground
state.

Addition of 3% BIS to the neat SZ2080™ prepolymer, yields
a new absorption band centred around 450 nm, which is ab-
sent in the neat BIS compound dissolved in MeCN (see Figure 2C
and D). This new band likely arises from charge transfer interac-
tions between the electron-rich Michler’s ketone and Lewis acidic
Zr(IV) centres of the SZ2080™ inorganic network.28 The fluo-
rescence excitation spectrum differs from the lowest ground-state
absorption, indicating different emission yields exciting at both
bands. According to M. Stavrou et. al., the observed absorption
and emission changes might arise from several factors:28 sensi-
tivity of PI to different dielectric constant, interactions between
PI and the organic methacrylate group in SZ2080™, and interac-
tions between the amine groups of the PIs and the inorganic part
of SZ2080™.

3.3 Vibrational spectroscopy

In order to learn more about the structural changes after mix-
ing the PI with SZ2080™ and make a link with UV/Vis spectra,
we conducted stimulated Raman scattering (SRS), conventional
Raman scattering, and FTIR measurements. The measured vibra-
tional spectra of neat and photosensitised SZ2080™ are depicted
in Figure 3. We can first consider the features observed in SRS
spectra (Figure 3A). In both the free PI solutions and in those

containing 3% of IRG369, SZ2080™ SRS spectra demonstrate
two characteristic vibrational bands at 1650 and 1736 cm−1. The
first one is attributed to C=C stretching mode of the cross-linking
methacrylate group, and another to the stretching mode of the
carbonyl group (C=O).34 In the spectrum of IRG369-sensitised
SZ2080™ (red curve), there is an additional band at 1600 cm−1

which is a fingerprint of the aromatic ring vibrations of IRG369.34

Of particular interest is the region comprising 960–1200 cm−1,
which, according to our DFT calculations (see the text bellow
for more details) and previous observations,35,36 contains the vi-
brations of the inorganic network, mostly linked in this case to
various types of Zr–Si–O modes. More specifically, this region
contains the bands around 1109 cm−1 and 1189 cm−1 that in-
crease slightly in magnitude, more than can be expected from
the Raman spectrum of pure IRG369. These changes are illus-
trated by the differential spectrum (green curve). The emergence
of these new vibrations might indicate a product pre-existing af-
ter mixing these compounds together, or could correspond to
the same IRG369 bands, now shifted by the change of dielec-
tric environment. Moreover, the negligible shift of the C=C mode
(1663 cm−1 → 1654 cm−1 in Figure 3B) of IRG369 is not un-
ambiguous, and might indicate some coordination interactions as
well.

Conventional Raman spectra (Figure 3B) were collected in the
broader spectral region using 830 nm Raman excitation wave-
length, revealing mostly the same spectral characteristics in 960–
1200 cm−1 region; however, there is an additional vibrational
band around 754 cm−1 in the difference spectrum that is not
attributed to either of the pure components. A small shift of
the IRG369 C=O stretching mode is also observed in the differ-
ence spectrum, going from 1663 cm−1 (see the blue spectrum) to
1654 cm−1 (see the green spectrum) that might be used as an-
other peace of evidence for possible coordination. Along with the
discussed observations, FTIR spectra also show similar changes
upon addition of IRG369: there are specific bands at 969, 1029,
1097 and 1192 cm−1 (green curves in Figure 2C). These bands
are missing in the neat IRG369 FTIR spectrum or show a different
lineshape than the original IRG369 (the band at 1192 cm−1). No
changes occur on the methacrylate groups featuring FTIR bands
around 1717 cm−1 and 1640 cm−1, suggesting that all potential
interactions of SZ2080™ with the PIs should take place via the
inorganic framework (see Figure 3C and Figure 4C).

In previous work, M. Stavrou et. al.28 postulated that confine-
ment of IRG369 in the SZ2080™ prepolymer might lead to in-
teractions between the PI and the organic methacrylate group in
SZ2080™. From our Raman data, we did not observe any signa-
tures of interactions between the organic moiety of SZ2080™ and
IRG369. This itself suggests that the organic framework does not
participate actively in the complexation. In turn, we performed
an additional experiment on methyl methacrylate (MMA) sensi-
tised with IRG369 to finally check its binding affinity and make
a link with the methacrylate in SZ2080™. As presented in Fig.
S1, no binding feature was found in MMA/IRG369, which indeed
suggests that the organic part is not responsible for complex for-
mation.

The Raman features of BIS-sensitised SZ2080™ are three char-
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Fig. 3 (a) SRS spectra of neat (black) and SZ2080™ sensitised with
IRG369 (red). The blue curve represents the SRS spectrum of neat
IRG369 dissolved in MeCN. Panel (b) shows the spontaneous Raman
datasets acquired in a broader range using 830 nm excitation while the
panel (c) shows the FTIR spectra of the pure, sensitised SZ2080™ and
neat IRG369. The green curve corresponds to the differential spectrum
between the mixture and pure SZ2080™.

acteristic bands at 1592, 1650, and 1736 cm−1, corresponding
to the previously discussed vibrational modes. Notably, pure
SZ2080™ exhibits two bands at 1400 and 1450 cm−1 (the cor-
responding frequencies are indicated in Figure 3A,B), whilst in
the prepolymer mixture (red spectrum of Figure 4A,B), it splits
to a triplet of 1401, 1429, and 1461 cm−1, along with a shift
of the aromatic ring band of BIS from 1602 cm−1 to 1592 cm−1

(see Figure 4A and B). Since the aromatic ring features high elec-
tron delocalisation and is close to the diethylamino group—which
can potentially bind to Zr(IV) by sharing electrons—the electrons
in the ring will also be influenced by coordination. The differen-
tial spectrum highlights additional vibrational modes at 1348 and
1310 cm−1, which are absent in the Raman spectrum of pure BIS
(blue curve). In the datasets acquired in the broader range using
830 nm excitation, we recognise a clear peak at 661 cm−1 that
is not obtained in the neat BIS spectrum as well, again pointing
to formation of ground-state complex. Like for IRG369, the FTIR
difference spectrum (Figure 4C) of BIS + SZ2080™ clearly shows
a new, broad structured band peaking at 1025 cm−1, originally
absent in the spectrum of pure BIS. Less pronounced bands at
913 cm−1 and 1097 cm−1 are also observed.

An important aspect determining the formation of complexes is
solubility of PIs in SZ2080™. The absence of scattering artefacts in
UV/Vis spectra (Figure 2), together with well-defined Raman and
FTIR differential features (Figure 3, Figure 4), confirms homoge-
neous molecular dispersion rather than phase separation. Since
donor–acceptor complex formation requires direct orbital overlap
and electronic interaction, these spectroscopic observations indi-
rectly validate sufficient solubility. Furthermore, the reproducible
polymerisation thresholds and dynamic fabrication windows (Fig-
ure 1) exclude solubility-limited artefacts.28,37,38

3.4 Nuclear Magnetic Resonance Spectroscopy

The structure and chemical homogeneity of the synthesised
SZ2080™ were confirmed by 1H NMR spectroscopy (see Fig. S2 of
supplementary material). The spectrum displayed all character-
istic resonances with the expected integral values corresponding
to the methacrylate and 3-(trimethoxysilyl)propyl methacrylate
moieties, namely the overlapping resonances of the vinyl (1, 8)
hydrogens, methyl groups (2, 7), silicon-bound methoxy groups
(6), and signals from the alkyl chain (3–5). Sharp resonances
attributable to the low-molecular-weight byproduct, propanol,
were also clearly observed. To further corroborate the spectral
assignments, DOSY NMR was performed to estimate diffusion co-
efficients for each set of resonances (see Fig. S3 in the Supple-
mentary Material). Diffusion coefficients of 1.39×10−9 m2/s and
2.89×10−10 m2/s were obtained for SZ2080™ and propanol, re-
spectively, confirming that the propanol molecules are not bound
to SZ2080™.

The structure of SZ2080™ seems to be favourable for the co-
ordination with a suitable photosensitizer. The Zr–Si–O network,
consisting of Zr(IV) (a strong Lewis acid), that accepts an elec-
tron from a donor nitrogen atom of the PIs, facilitates forma-
tion of a donor–acceptor complex in both BIS and IRG369 cases.
This is not immediately clear from Raman and FTIR data, whilst
UV/Vis absorption spectroscopy clearly evidences the formation
of a ground-state product upon addition of PIs to SZ2080™.
Here, the straightforward observation regarding the formation
of donor–acceptor complexes, and even the assessment of their
possible structure(s) in each case were achieved by NMR titra-
tion experiments (see Figure 5A,B). In the case of IRG369 (Fig-
ure 5A), an upfield shift of the aromatic ring resonances a and b
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Fig. 4 (a) SRS spectra of neat (black) and SZ2080™ sensitised with BIS
(red). The blue curve represents the SRS spectrum of neat BIS dissolved
in MeCN. Panel (b) shows the spontaneous Raman datasets acquired in
a broader range using 830 nm excitation while the panel (c) shows the
FTIR spectra of the pure, sensitised SZ2080™ and neat BIS. The green
curve corresponds to the differential spectrum between the mixture and
pure SZ2080™.

were observed, with the largest change occurring for hydrogens a
in proximity to the carbonyl group (Figure 5A). The observation
that the resonances of the N–Me groups were also affected sug-
gests possible chelation of Zr(IV) by both the carbonyl and NMe2

groups. A small shift was also observed for the carbonyl carbon
in the 13C NMR spectrum (Fig. S4, see Fig. S4, S6 for entire NMR
spectra).

Interestingly, for the BIS photoinitiator, the NMR titration

IRG369 (3 wt%) +SZ2080

201.7 ppm

201.5 ppm

193.8 ppm

193.5 ppm

a)

b)

IRG369

IRG369 (3 wt%) +SZ2080

IRG369 (6 wt%) +SZ2080

IRG369

IRG369

Fig. 5 1H NMR (CD3CN) titration experiments of (a) IRG369 and (b)
BIS with SZ2080™

showed a shift only for hydrogens adjacent to the NEt2 substituent
(Hb), suggesting preferential binding of the amine group to the
metal centre (Figure 5B). Consistent with this, an upfield shift
of the N–CH2– hydrogens was observed in the 1H NMR spec-
trum. The small shift observed in the 13C NMR spectrum is most
likely a result of perturbed electron density within the push-pull
carbonyl–amine system upon complexation (Fig. S4B). Another
prominent feature that provides additional evidence for the for-
mation of a donor–acceptor complex, is a change of multiplicity
of the BIS N-CH2 protons signal (Fig. Figure 5B). The observed
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spectral changes are most likely attributed to restricted rotation
about the C–N bond upon complexation, involving the nitrogen
atom. Collectively, these data suggest that in CD3CN, Zr(IV) pref-
erentially binds to the amino group, which, in the case of IRG369,
is due to the proximity of the carbonyl and amino functionalities,
also potentially results in chelate formation.

3.5 UV/Vis Titration and Competitive Binding

The measured binding isotherms to estimate IRG369 and BIS
complexation with SZ2080™ are shown in Figure 6. The over-
all absorption spectra, used to plot the binding curves are shown
in Fig. S7 of the supplementary material. In both cases, the in-
cremental addition of SZ2080™+PI/MeCN stock, first results in
a rapid increase of the product absorption (evolution of the ab-
sorption spectra is presented in SI), which eventually slows down,
after the concentration of Zr(IV) becomes high enough. The eye-
catching feature looking at both isothrems is that in the case of
IRG369, this increase is much faster than in the case of BIS, point-
ing to much stronger binding of IRG369 with SZ2080™ than BIS.
To estimate the association constants, we assumed 1:1 complex-
ation.39 The full fitting procedure and the equation describing a
1:1 adduct can be found in ref. 39. Fitting of the isotherms yields
Ka values of 98 M−1 and 1.3 M−1 for the association of SZ2080™
with IRG369 and BIS, respectively. For IRG369 complexes, only
the titration points below 25 equivalents have been considered,
as higher concentrations of Zr(IV) may lead to the formation of
higher-order adducts, evident from the change in curvature of the
experimental points. The observed binding constant for IRG369
is in line with NMR observations, pointing to the formation of a
stronger complex by both the carbonyl and NMe2 groups. Note
that titration experiments were carried out in acetonitrile, thus
suggesting that these complexes are stable in this particular sol-
vent.

Further support of the hypothesis that the PIs and SZ2080™
form a donor–acceptor for IRG369 and BIS can be easily achieved
by introducing a competing ligand, such as triethylamine (TEA),
which in turn should disrupt the complex. Both IRG369 and BIS
are less electron-rich than TEA, and therefore TEA donates an
electron pair from its nitrogen atom to the Zr(IV) atom in the
SZ2080™ framework. This share of electrons exchanges the bind-
ing between PI and the Zr atom, ultimately leading to the break-
down of the PI–SZ2080™ complex and the recovery of the (un-
modified) ground-state absorption. The ground-state absorption
spectra of MeCN solutions with and without TEA are presented
in Fig. S8 of the ESI. As expected, upon addition of TEA in a
1:1 ratio to the volume of MeCN in the solution, we recover the
unmodified spectrum resulting from the addition of both compo-
nent spectra. This strongly suggests that the observed spectral
changes are associated only with Zr(IV) in the inorganic network
of SZ2080™ and, along with NMR observations, allow us to draw
a potential structure of the complexes obtained in both cases (see
the insets of Figure 5A and Figure 5B). Additionally, we observed
that the absorption and fluorescence spectra are slightly altered
by the solvent, indicating that these complexes have a donor–
acceptor origin (see Fig. S9 and Fig. S10 of the supplementary

material).

Fig. 6 The experimental isotherms (dots) demonstrating the binding
between SZ2080™ and IRG369 (green) and BIS (violet). The solid lines
represent the best-fits obtained as discussed in ref. 39. The Ka values
denote the association constants of the complexes in both cases. The
absorbance was monitored at the maxima of the absorption band of the
new species.

The nearly two-order-of-magnitude difference in the associa-
tion constants (Ka) between IRG369 (98 M−1) and BIS (1.3 M−1)
can be directly attributed to the thermodynamic chelate effect.
As supported by the NMR titrations (subsection 3.4), the molec-
ular geometry of IRG369 places its carbonyl and dimethylamino
groups in close proximity, allowing it to simultaneously coordi-
nate the Zr(IV) center at two sites. This bidentate binding forms
a stable coordination ring, which is entropically highly favorable
compared to the binding of a single continuous ligand. In con-
trast, the spatial separation of the electron-donating groups in
BIS sterically restricts it to binding strictly as a weaker, monoden-
tate ligand. This fundamental difference in coordination geom-
etry perfectly explains the greater thermodynamic stability (re-
flected in the higher binding affinity) of the IRG369 complex.

3.6 Density Functional Theory Calculations

Density functional theory calculations (DFT) were used to identify
the Raman spectral bands and associate them with the vibrations
of SZ2080™ prepolymer. The calculated Raman spectrum with
the optimised SZ2080™ structure is presented in Figure 7. It is
worth noting that the calculated spectrum exhibits a larger num-
ber of vibrational lines than observed experimentally, likely due
to the limited experimental spectral resolution. Nevertheless, the
simulated and experimental spectra show reasonable agreement
at several characteristic vibrational modes. The main relevant
modes are listed in the ESI (Table S1).

8 | 1–10Journal Name, [year], [vol.],

Page 8 of 11Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
4:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5MA01526J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01526j


800 1000 1200 1400 1600

-1
Raman shift (cm )

Exp.

3-21g

def2-TZVPP

Zr

Si

Fig. 7 Experimental (black) and calculated Raman spectra of SZ2080™
using different basis sets. The inset shows the optimised structure of
SZ2080™ relevant for this study. The calculated frequencies as well as
the Raman activities were scaled as described in ref. 40.

3.7 Implications for Photopolymerisation

The observation of MPP indicates that microfabrication condi-
tions are influenced by the PI ability to form a ground-state
complex. When such a complex is formed, photoinitiation
should become diffusion-independent, enabling more localised
photopolymerisation. In contrast, BAPO and TPO show no co-
ordination with SZ2080™ (see Fig. S11 for supplementary Ra-
man data), so as we expect from the photochemistry of these
PIs,41 the initiation relies on radical diffusion and produces
a significantly narrower DFW. Donor–acceptor complex forma-
tion between hybrid prepolymers and electron-rich PIs intro-
duces an alternative initiation mechanism that can accelerate
polymerisation so increasing the writing speed as well as en-
hance DFW. In hybrid organic–inorganic prepolymers contain-
ing Zr(IV), electron-donating PIs can coordinate with the inor-
ganic network, localising reactive species and enabling immedi-
ate, diffusion-independent polymer chain growth. Prior work has
shown that Zr-based hybrid resins work at high writing speeds,42

which may result from reduced diffusion during initiation. Over-
all, the development of these ground-state complexes by cou-
pling transition-metal-containing hybrid resins with electron-rich

PIs offers a promising strategy to improve spatial control in MPP.
The easiest way to monitor the formation of such complexes was
UV/Vis absorption spectroscopy, along with emission measure-
ments that clearly pointed out the differences occurring due to
the complexation of the photoinitiator and the SZ2080™ prepoly-
mer.

4 Conclusions
In conclusion, the results presented in this study have established
a clear link between the fabrication window and the formation of
ground-state complexes between SZ2080™ prepolymer and elec-
tron rich IRG369 and BIS photoinitiators. The totality of spectro-
scopic structural data points towards the formation of a donor–
acceptor complex between the Zr–Si–O chain in the SZ2080™
prepolymer, and the Lewis basic NR2 or C=O atoms of the PI.
We suggest that the improvement of polymerisation performance
is due to elimination of diffusion-limited reaction steps between
the SZ2080™ prepolymer and the PIs. Since the ground state
complexes are readily observed by their characteristic changes in
the optical spectra, the presence of such changes could be used
as a guide in design and testing of new material combinations
for MPP. Our study thus opens avenues for further exploration
of hybrid organic-inorganic materials in additive manufacturing,
highlighting the role and importance of coordination between PI
and resin, towards optimising photopolymerisation processes.
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19 E. Skliutas, G. Merkininkaitė, S. Maruo, W. Zhang, W. Chen,
W. Deng, J. Greer, G. v. Freymann and M. Malinauskas, Nat.
Rev. Methods Primers, 2025, 5, 15.

20 D. Gonzalez-Hernandez, S. Varapnickas, G. Merkininkaitė,
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34 A. Žukauskas, I. Matulaitienė, D. Paipulas, G. Niaura, M. Ma-
linauskas and R. Gadonas, Laser Photonics Rev., 2015, 9, 706–
712.

35 N. Chai, Y. Yue, X. Chen, Z. Zeng, S. Li and X. Wang, Int. J.
Extrem. Manuf., 2024, 6, 025003.

36 S. Kongwudthiti, P. Praserthdam, W. Tanakulrungsank and
M. Inoue, J. Mater. Process. Technol., 2003, 136, 186–189.

37 T. Wloka, M. Gottschaldt and U. S. Schubert, Chem. Eur. J.,
2022, 28, e202104191.

38 T. Chi, P. Somers, D. A. Wilcox, A. J. Schuman, J. E. Johnson,
Z. Liang, L. Pan, X. Xu and B. W. Boudouris, Appl. Polym. Mat.,
2021, 3, 1426–1435.

39 P. Thordarson, Chem. Soc. Rev., 2011, 40, 1305–1323.
40 M. Talaikis, O. Eicher-Lorka, G. Valincius and G. Niaura, J.

Phys. Chem. C, 2016, 120, 22489–22499.
41 M. Navickas, E. Skliutas, J. Kölbel, R. J. Fernández-Terán,

M. Malinauskas and M. Vengris, Phys. Chem. Chem. Phys.,
2025, 27, 20592–20601.

42 T. Liu, P. Tao, X. Wang, H. Wang, M. He, Q. Wang, H. Cui,
J. Wang, Y. Tang, J. Tang et al., Nat. Nanotechnol., 2024, 19,
51–57.

10 | 1–10Journal Name, [year], [vol.],

Page 10 of 11Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
4:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5MA01526J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01526j


Data availability statement 

The data that support the findings of this study are available in the supplementary material (ESI) 
of this article.

Page 11 of 11 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
4:

40
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5MA01526J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01526j

