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ABSTRACT: The development of practical two-photon absorption photoinitiators
(TPA PIs) has been slow due to their complicated syntheses often reliant on expensive
catalysts. These shortcomings have been a critical obstruction for further advances in
the promising field of two-photon-induced photopolymerization (TPIP) technology.
This paper describes a series of linear and cyclic benzylidene ketone-based two-photon
initiators containing double bonds and dialkylamino groups synthesized in one step via
classical aldol condensation reactions. Systematic investigations of structure−activity
relationships were conducted via quantum-chemical calculations and experimental tests.
These results showed that the size of the central ring significantly affected the excited
state energetics and emission quantum yields as well as the two-photon initiation
efficiency. In the TPIP tests the 4-methylcyclohexanone-based initiator displayed much
broader ideal processing windows than its counterparts with a central five-membered
ring and previously described highly active TPA PIs. Surprisingly, a writing speed as
high as 80 mm/s was obtained for the microfabrication of complex 3D structures employing acrylate-based formulations. These
highly active TPA PIs also exhibit excellent thermal stability and remain inert to one-photon excitation. Straightforward synthesis
combined with high TPA initiation efficiency makes these novel initiators promising candidates for commercialization.

■ INTRODUCTION
Two-photon induced photopolymerization (TPIP) has been
intensively studied due to its unique nature allowing real 3D
writing with very high resolution. The method has been
exploited in various applications, such as photonic crystals,1,2

polymer-based optical waveguides on integrated circuit boards,3

high-density 3D optical data storage,4,5 and the like. The main
advantage of TPIP is excellent spatial control due to the
confinement of the photoactivated polymerization within the
focal volume of the laser beams.6 Moreover, the use of a long
wavelength excitation source (∼800 nm) enables deeper
penetration into the resin than UV light7 and reduces unwanted
thermal or photochemical side reactions.
An efficient TPIP process requires active two-photon

absorption photoinitiators (TPA PIs), which ensure high
writing speeds, a low polymerization threshold, and therefore
high-quality structures. One-photon radical PIs were usually
used in the initial stages of TPIP research due to their
commercial accessibility.8,9 However, as these PIs have rather
low TPA cross sections (σTPA),

10 high excitation power and
long exposure time were required, which often resulted in
damage to the polymeric structures. In the past decades, plenty

of TPA chromophores with large σTPA were synthesized, but
only a limited number proved to be efficient TPA PIs.11−13 The
main reason is that the rate of free radical photopolymerization
is based not only on TPA but also on the quantum yields of
radical generation and the initiating efficiency of the formed
radicals. Thus, a large σTPA alone does not necessarily constitute
a high photoinitiation efficiency.14

TPA PIs usually comprise dipolar or quadrupolar TPA
chromophores containing planar π systems with long
conjugation length and strong donors and/or acceptors.15

Unlike classical UV PIs, which have been successfully
commercialized and widely used in protective and decorative
coatings,16 TPA PIs are undergoing much slower development
mainly limited to academic research. One important reason is
that the formation of the desired planar π systems tends to
require multistep synthesis and expensive catalysts. For
example, double bonds are commonly introduced into existing
π systems as bridges to extend the conjugation length. The
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desired products have mostly been realized by classical Wittig17

or Horner−Wadsworth−Emmons (HWE) reaction18 of non-
commercial Wittig or HWE salts with corresponding aldehydes
under strong alkaline conditions. A subsequent isomerization
reaction with traces of iodine is generally required to convert
undesired cis isomer to the desired trans product.19 Another
method to make double-bond bridges is the Heck coupling
reaction, a palladium-catalyzed reaction of aryl halides with
terminal alkenes.20 The main drawbacks of Heck coupling are
the high price of palladium catalysts and difficulties associated
with catalyst recycling.21 Although quite common, double-
bond-containing TPA PIs tend to be less efficient than
analogous triple-bond-based PIs due to the deactivation derived
from potential photoinduced cis−trans isomerization.22 The
Sonogashira coupling reaction is often employed to introduce
alkyne groups into the backbone of PIs under ambient
condition with high yields.23,24 Similar to the Heck reaction,
such palladium-catalyzed coupling of aryl halides with terminal
alkynes suffers from high costs. The needs for expensive
catalysts or additional synthetic steps result in restrictively
expensive TPA PIs, which have been obstructive for the
development of TPIP technology. Therefore, it is crucial to
develop simple and economical synthetic routes to provide
efficient TPA PIs.
Benzylidene cyclopentanone dyes have been widely

employed as highly efficient triplet photosensitizers in the UV
photopolymerization industry.25 Recently, Wu’s group reported
the synthesis of a series of benzylidene cyclopentanone dyes
and successfully applied them as TPA PIs in TPIP.26,27 The D-
π-A-π-D core structures of benzylidene ketone dyes could be
simply built in one step via a classical aldol condensation
reaction. Although a few studies on the structure−property
relationship of benzylidene ketone dyes have been carried out
by changing the terminal donor groups26,28 and extending the
conjugation length,29 the effects of locking the central ketone
within different size rings have not been systematically studied
up to now. In fact, the size of the central ring significantly
affects the photochemical and photophysical characteristics,
such as fluorescence emission.30 Central cyclohexanone
compounds possess much weaker fluorescence than their
cyclopentanone counterparts.31 To be effective as a TPA
initiator, if the triplet of the initiator is involved, low

fluorescence quantum yields are preferred as this leads to a
higher population of the active, i.e. triplet, state for initiating the
polymerization.32 On the other hand, testing the effects of ring
size on photochemical properties is a flexible and practical
method because various cycloketones are commercially
available at relatively low costs. Combining the synthetic merits
of the aldol condensation reaction with a systematic study on
the effect of the central ring on TPIP performance should
elucidate relevant routes providing highly efficient TPA PIs in a
simple and economic manner.
In this article several benzylidene ketones with different

central rings were prepared, and their photochemical behaviors
in TPIP were investigated. For comparison, the highly efficient
TPA PIs R1, well-known from the literature,12 and B3FL
(Figure 1), recently reported by our group,33 were also tested.
Investigation on the photophysical properties of the initiators
was conducted via UV−vis absorption and emission as well as
z-scan measurements. Quantum-chemical calculations were
carried out to study the structure−property relationship, and
the calculated results were compared with the experimental
ones. Finally, TPIP structuring tests at different laser intensities
and feed rates were performed to evaluate the TPA initiation
efficiency of each initiator.

■ EXPERIMENTAL SECTION
Materials. All reagents for synthesis were purchased from Sigma-

Aldrich, Fluka, and ABCR and were used without further purification
unless otherwise noted. The solvents were dried and purified by
standard laboratory methods. Column chromatography was performed
with conventional techniques on VWR silica gel 60 (0.040−0.063 mm
particle size). Aluminum-backed silica gel plates were used for TLC
analyses.

Synthesis. General Procedure for Aldol Condensation Reaction.
20 mmol of benzaldehyde compound and 10 mmol of freshly distilled
cycloketone compound were dissolved in 30 mL of ethanol. To this
solution 10 mmol of sodium hydroxide dissolved in 3 mL of deionized
water was added dropwise. The reaction was stirred at room
temperature until the benzaldehyde compound was completely
consumed (TLC analysis). The solution was diluted with 200 mL of
chloroform and washed with a saturated NH4Cl solution (3 × 75 mL)
until the aqueous phase was neutral. The combined organic phases
were dried over sodium sulfate and filtered, and the solvents were
evaporated. The crude product was purified by recrystallization from
ethanol or by column chromatography.

Figure 1. Structures of new TPA PIs and reference compounds.
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(1E,4E)-1,5-Bis[4-(N,N-dimethylamino)phenyl]-1,4-pentadien-3-
one (3a). Purification by column chromatography (CHCl3:EtOAc =
30:1) yielded the product of 3a as orange crystals with a yield of 79%;
mp 193−195 °C (lit.:34 196 °C). 1H NMR (200 MHz, CDCl3): δ
(ppm) = 7.69 (d, J = 15.72 Hz, 2H), 7.51 (d, J = 8.86 Hz, 4H), 6.89
(d, J = 15.72 Hz, 2H), 6.68 (d, J = 8.86 Hz, 4H), 3.02 (s, 12H). 13C
NMR (50 MHz, CDCl3): δ (ppm) = 188.99, 151.86, 143.04, 130.19,
123.00, 121.41, 111.98, 40.25.
(2E,5E)-2,5-Bis(4-(dimethylamino)benzylidene)cyclopentanone

(3b). Purification by column chromatography (CHCl3:EtOAc = 30:1)
yielded the product of 3b as orange crystals with a yield of 92%; mp
>300 °C decomp. (lit.:35 >320 °C). 1H NMR (200 MHz, CDCl3): δ
(ppm) = 7.53 (d, J = 8.60 Hz, 4H), 7.52 (s, 2H), 6.77 (d, J = 8.62 Hz,
4H), 3.05 (s, 4H), 3.04 (s, 12H). 13C NMR: insoluble in various
solvents.
(2E,5E)-2,5-Bis(4-(dibutylamino)benzylidene)cyclopentanone

(3c). Purification by column chromatography (chloroform) followed
by washing with cold PE yielded the product of 3c as red crystals with
a yield of 57%; mp 133−135 °C. 1H NMR (200 MHz, CDCl3): δ
(ppm) = 7.51 (s, 2H), 7.50 (d, J = 8.46 Hz, 4H), 6.66 (d, J = 8.87 Hz,
4H), 3.32 (t, J = 7.46 Hz, 8H), 3.05 (s, 4H), 1.72−1.48 (m, 8H),
1.48−1.24 (m, 8H), 0.97 (t, J = 7.19 Hz, 12H). 13C NMR (50 MHz,
CDCl3): δ (ppm) = 196.03, 148.76, 133.51, 133.09, 132.86, 123.41,
111.43, 50.82, 29.53, 26.77, 20.40, 14.07. Anal. Calcd for C35H50N2O:
C, 81.66; H, 9.79; N, 5.44. Found: C, 81.29; H, 9.80; N, 5.53.
(2E,6E)-2,6-Bis(4-(dimethylamino)benzylidene)cyclohexanone

(3d). Purification by recrystallization from ethanol yielded the product
of 3d as orange crystals with a yield of 45%; mp 245−247 °C (lit.:36

247−248 °C). 1H NMR (200 MHz, CDCl3): δ (ppm) = 7.77 (s, 2 H),
7.46 (d, J = 8.8 Hz, 4 H), 6.72 (d, J = 8.8 Hz, 4 H), 3.03 (s, 12 H), 2.95
(m, 4 H), 1.82 (m, 2 H). 13C NMR (50 MHz, CDCl3): δ (ppm) =
190.1, 150.3, 137.0, 132.4, 124.3, 111.6, 40.2, 28.7, 23.2.
(2E,6E)-2,6-Bis(4-(dimethylamino)benzylidene)-4-methylcyclo-

hexanone (3e). Purification by recrystallization from ethanol yielded
the product of 3e as orange crystals with a yield of 40%; mp 209−210
°C (lit.:37 212−214 °C). 1H NMR (200 MHz, CDCl3): δ (ppm) =
7.77 (s, 2 H), 7.46 (d, J = 8.8 Hz, 4 H), 6.77 (d, J = 8.8 Hz, 4 H),
3.14−3.05 (m, 2H), 3.04 (s, 12 H), 2.62−2.41 (m, 2 H), 1.93−1.85
(m, 1H), 1.11 (d, J = 6.7 Hz, 3 H). 13C NMR (50 MHz, CDCl3): δ
(ppm) = 189.7, 149.9, 137.4, 132.3, 131.6, 124.3, 111.7, 40.2, 36.8,
29.5, 22.0.
Characterization. 1H NMR (200 MHz) and 13C NMR (50 MHz)

spectra were measured with a Bruker ACE 200 FT-NMR
spectrometer. The chemical shift (s = singlet, bs = broad singlet, d
= doublet, t = triplet, m = multiplet) is stated in ppm using the
nondeuterated solvent as internal standard. Solvents with a grade of
deuteration of at least 99.5% were used. Melting points were measured
on a Zeiss axioscope microscope with a Leitz heating block and
remained uncorrected. GC-MS runs were performed on a Thermo
Scientific DSQ II using a BGB 5 column (l = 30 m, d = 0.32 mm, 1.0
μm film; achiral). Elemental microanalysis was carried out with an EA
1108 CHNS-O analyzer from Carlo Erba at the microanalytical
laboratory of the Institute for Physical Chemistry at the University of
Vienna.
Calculations. In order to learn more about TPIP, quantum-

chemical calculations were carried out on the structures of all new
TPA PIs and the reference compounds R1 and B3FL using density
functional theory (DFT) B3LYP38−40 hybrid functional. The
molecular geometries and frequency analysis of all studied molecules
were calculated at the B3LYP/6-31G(d) level of theory (Jaguar version
7.8, release 111 program).41

The UV−vis spectra were calculated in vacuum and different
solvents with the time-dependent (TD)42 DFT method at the B3LYP/
6-31+G(d) level of theory. The energies of the lowest triplet states
(T1) were calculated both as the difference of zero point (ZPE)
corrected electronic energies ΔE0 (E0 = E + ZPE) between the most
stable structures of the singlet (S0) and optimized triplet states and at
TD B3LYP/6-31G(d) level as implemented in the Gaussian 03
program.43

Solvent effect (cyclohexane, acetonitrile, and water in the present
case) on the molecular structure and the energies of excited states was
tested on the 3a structure using Jaguar’s Poisson−Boltzmann solver
(PBF).44 Additionally, UV−vis spectra in different solvents were
calculated using self-consistent isodensity polarizable continuum (SCI-
PCM) model45 (Gaussian 03). A maximal bond change due to the
solvent effect of water was observed for the carbonyl bond (0.016 Å).
The calculated excitation energy in water shows a red shift for S1 (0.25
eV). Molecular orbitals (MOs) and UV−vis spectra were visualized in
graphical form with the help of the ChemBio3D Ultra program.46

Photophysics. Absorption spectra were recorded on a Cary 50
absorption spectrometer. Emission spectra and excitation anisotropy
spectra were obtained on a Cary Eclipse at a controlled temperature of
20 °C. Absorption and emission spectra were baseline corrected using
the pure solvent. Absorption spectra were obtained on samples with a
maximal absorbance of ∼1, while the maximal absorbance for the
emission spectra did not exceed 0.15. The emission spectra were
corrected for the wavelength sensitivity of the apparatus using a set of
fluorescence standards.47 Emission quantum yields were obtained
using Coumarin 314 in ethanol as a secondary emission standard (Φf =
0.86)48 and using the equation49
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where Φx is the fluorescence quantum yield of the sample (s) and
reference (r) and Ix(λ) denotes the corresponding fluorescence
spectra. Ax is the absorbance at the excitation wavelength, and nx
denotes the refractive index of the sample (s) and reference (r)
solution.

Fluorescence lifetimes were measured on a home-built time-
correlated single photon counting device using either a 400 or 470
nm laser diode (PicoQuant) as excitation source. The time resolution,
as judged from the full width at half-maximum of the instrument
response function, was ∼200 ps·s.

Cyclohexane (Sigma-Adrich, puriss. p.a.), n-butyl ether (Acros, 99+
%), n-propyl acetate (Alfa Aesar, 99%), dichloromethane (Sigma-
Aldrich, puriss. p.a.), ethanol (Fluka, puriss. p.a.), and acetonitrile
(Roth, >99.9%) were used as received.

Z-Scan Analysis. A Ti:sapphire laser system (90 fs pulse duration,
1 kHz repetition rate) was used for the open aperture z-scan analysis.
A detailed description of the setup and the fitting equations used can
be found elsewhere.33 Rhodamine B in methanol was used as reference
standard to verify the reliability of the experimental setup. All PIs were
prepared as 1.0 × 10−2 M solutions in spectroscopic grade chloroform.
The excited volume is refreshed approximately every 100 pulses, which
approximately corresponds to 10 times for each z-position, which was
found to be sufficient. The measurements were carried out at different
pulse energies in the range 15−240 nJ. At higher energies a signal of
the pure solvent appears and the solvent will contribute to the effective
nonlinear absorption and even thermal effects are more likely to
influence the measurement. Care had to be taken to collect the whole
transmitted laser energy using a big diameter and short focal length
lens. Additionally, a proper Gaussian beam profile in time and space is
essential for the analysis.

TPIP Structuring Tests. Laser Device. For the direct laser writing
of 3D structures, a Ti:sapphire laser providing NIR pulses at 780 nm
with a pulse duration of 100 fs is used. The system operates at a
repetition rate of 80 MHz. Direct laser writing with this system is
usually carried out at a laser power below 10 mW (measured after
passing the microscope objective). The laser is focused by a 100× oil
immersion microscope objective (NA = 1.4), and the sample is
mounted on a high-precision piezoelectric XYZ scanning stage with
200 nm positioning accuracy.

General Procedure. For all samples the same fabrication process
was implemented: The optical material was drop-cast onto a glass
substrate. Subsequently, the samples were exposed to the laser beam,
and the focus was scanned across the photosensitive material, which
leads to an embedded 3D structure inside the material volume. After
laser writing, the unexposed material was removed by development of
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the structure in ethanol (rinsing). The resulting structures, particularly
their structural dimensions, integrity, and surface quality, were studied
by means of scanning electron microscopy (SEM).

■ RESULTS AND DISCUSSION
Synthesis. All TPA PIs were synthesized via classical aldol

condensation reactions between N-substituted benzaldehydes
and corresponding ketones, both of which are commercially
available and inexpensive. Aldol condensation is an effective
method for carbon−carbon double bond formation between
various carbonyl compounds. The reaction can be catalyzed
with strong bases or acids50 and complexes of metal(II) ions.51

For ease of preparation and reduced costs, sodium hydroxide
was used as catalyst for the condensation.

At room temperature, 1 equiv of the corresponding ketone
was deprotonated at the α-position within a saturated sodium
hydroxide solution. The formed enol interacts with 2 equiv of
the aldehyde and generates the desired products. High yields of
79% and 92% were obtained for 3a and 3b, respectively. By
increasing the size of the central ring from cyclopentanone to
cyclohexanone, the yields decreased to 45% and 40% for 3d and
3e, respectively. Reduced yield may derive from a steric
hindrance effect of cyclohexanone, which is obstructive for the
nucleophilic addition reaction. The yield for 3c is much lower
than that of its methyl-substituted analogue 3b. One reason
may be the stronger electron-donating ability of the butyl
group, which reduces the electrophilic activity of the aldehyde
group. Another possibility is the equilibrium shift of the
coupling reaction due to the better solubility of 3c.
Unlike classical Wittig or HWE reactions, which usually

generate cis- and trans-isomer mixtures, exclusively all-trans
products were obtained in the aldol condensation reactions.
The trans-configurations were confirmed by 1H NMR where
the proton signals for the CH= group in cycloketone
compounds appear at 7.50−7.77 ppm. The chemical shifts of
E-isomers are usually higher than 7.2 ppm, while the
characteristic peaks for the Z-isomers appear at ∼6.8 ppm. A
coupling constant of 15.72 Hz for double bond protons was
found, which is typical for the trans-isomers in the case of 3a.
Quantum-Chemical Considerations. The optimized

most stable structures and electron distributions of the
occupied and unoccupied molecular orbitals involved in the
population of the lowest excited states of the new TPA PIs and
the reference compounds R1 and B3FL are shown in the
Supporting Information (Figures S1−S6). The detailed
structures and MOs of all studied TPA PIs are also given.
The analysis of the population of the reactive excited triplet

state T1 is shown for the cases of 3a in Figure 2 and 3e in
Figure S8. After two-photon absorption (2 × 800 nm = 2 ×

1.55 eV = 3.10 eV), the first excited singlet state S1 will be
populated. The probability of intersystem crossing (ISC) is
particularly large for molecules with a second and third triplet
state T2 and T3 below the S1 level. Then, the radiationless
transition S1−T1 can take place either by direct spin−orbital
coupling of S1 to the higher vibrational level of T1 or by spin−
orbital coupling to one of the higher Tn states followed by rapid
internal conversion (IC) Tn−T1, where the efficiency of ISC
depends on the extent of the spin−orbital coupling as well as
the energy gap between the states involved. This seems to be
the case for 3e, where the second and third triplet states lie
below, but close to the S1 state. However, the quantum-
chemical calculations showed that the S1 and both T1 and T2
electronic states of 3e are mostly formed by the excitation of
electrons from the two highest occupied π-MO’s to the two
lowest π*-MO’s. But, according to the selection criteria for ISC
known as El-Sayed rules,52,53 transitions that have the same
symmetry (such as S1(π, π*) to T1(π, π*) or to T2(π, π*)) are
forbidden. In contrast, the transition from S1(π, π*) to T3(n,
π*), which is formed by excitation of the n-electron from
HOMO-2, is allowed.
The calculations show that the first excited state S1 is formed

mostly by HOMO−LUMO π-electron excitation in the case of
all studied TPA PIs. The results of the calculations are
summarized in Table 1. The MOs of all studied TPA PIs are
given in the Supporting Information (Figures S1−S6).
The calculations of excitation energies for 3a in different

solvents (given in Table 1) show a systematic red shift of the S1
energy with dependence on the solvent polarity. The calculated
red shift between cyclohexane and acetonitrile is about 900
cm−1, which is in good agreement with the experimentally
obtained 1500 cm−1 (data not shown). The analysis of the
calculated energy scheme for two cases of a nonpolar
(cyclohexane) and a polar (acetonitrile) solvent is shown in
Figure 2. As can be seen, the excited singlet states S2 and S3,
which have different symmetry, interchange their position. The
triplet state T3, which has nπ* symmetry, has an energy below
the excited S1 state in nonpolar cyclohexane and above it in
polar acetonitrile. This gives a good indication for the observed
emission quantum yields as a function of solvent polarity.

Scheme 1. Reaction Scheme for the Synthesis of the TPA PIs

Figure 2. Jablonski energy scheme of the population of the reactive
triplet by two-photon excitation of 3a depending on the solvent
polarity (calculated at the TDB3LYP/6-31G(d)/SCI-PCM level).
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One-Photon Optical Spectroscopy. Figure 3a depicts the
absorption spectra of photoinitiators 3a to 3e in dichloro-
methane. All of them exhibit a rather intense (ε > 5 × 104 M−1

cm−1) and broad absorption band with the position of the
maximum ranging from 430 (3d, 3e) up to 480 nm (3c). In

addition a weaker band (with ε around 2 × 104 M−1 cm−1) is
found at 260−270 nm. An even weaker band can be tentatively
identified in the region of 320 nm.
Excitation anisotropy of the PIs in dichloromethane in Figure

4 reveals that the lowest energy absorption band is actually

Table 1. Calculated Energies E (eV) of the Excited States and Oscillator Strengths f

TPA PI singlet E (eV) f triplet E (eV)

R1 S3 3.59 0.044 π−π* T1 1.77a π−π*
S2 3.27 0.0001 π−π*
S1 2.79 2.729 π−π*

B3FL S4 3.19 0.0002 n−π* T1 1.47a π−π*
S3 3.04 2.164 π−π*
S2 2.54 0.009 π−π*
S1 2.17 0.437 π−π*

3a vacuum S3 3.35 0.066 π−π* T3 2.68 n-π*
S2 3.10 0.0001 n−π* T2 2.17 π−π*
S1 2.98 1.693 π−π* T1 2.15 (2.02a) π−π*

3a cyclohexane S3 3.23 0.061 π−π* T3 2.75 n−π*
S2 3.17 0.0002 n−π* T2 2.15 π−π*
S1 2.85 1.756 π−π* T1 2.09 (2.02a) π−π*

3a acetonitrile S3 3.38 0.0000 n−π* T3 2.77 n−π*
S2 3.15 0.051 π−π* T2 2.09 π−π*
S1 2.74 2.053 π−π* T1 1.97 (1.84a) π−π*

3a water S3 3.41 0.0000 n−π* T3 2.86 n−π*
S2 3.14 0.048 π−π* T2 2.08 π−π*
S1 2.73 2.104 π−π* T1 1.97 (1.85a) π−π*

3b S3 3.39 0.062 π−π* T3 2.71 n−π*
S2 3.05 0.009 n−π* T2 2.20 π−π*
S1 3.03 2.029 π−π* T1 2.06 (1.95a) π−π*

3c S3 3.41 0.044 π−π* T1 1.96a π−π*
S2 3.10 0.032 n−π*
S1 2.99 1.839 π−π*

3d S3 3.35 0.011 π−π* T3 2.75 n−π*
S2 3.16 0.150 n−π* T2 2.19 π−π*
S1 2.99 1.455 π−π* T1 2.16 (1.94a) π−π*

3e S3 3.36 0.013 π−π* T3 2.75 n−π*
S2 3.16 0.135 n−π* T2 2.19 π−π*
S1 2.99 1.457 π−π* T1 2.17 (1.95a) π−π*

aEnergy of T1 calculated as difference of the electronic energies between optimized singlet and triplet states.

Figure 3. (a) Absorption spectra of the five photoinitiators measured in dichloromethane. Note that the spectra of 3d and 3e are identical. (b)
Emission quantum yield as a function of the experimentally determined singlet state energy, E00, calculated according to (νa

max + νf
cg)/2. The vertical

line indicates both fluorescence lifetimes below 200 ps (the time resolution of our setup) and the approximate position of the nπ* triplet (Table 1).
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composed of at least two different electronic transitions.54 The
low-intensity n−π* transition, predicted from QM calculations
for all PIs to also fall into this region, cannot be observed as its
oscillator strength is too small (Table 1). However, the
predicted energy difference of ∼0.4 eV between the lowest two
ππ* transitions is well reproduced in our experiments.
The findings of Figures 3 and 4 as well as the data given in

Table 2 can be summarized as follows: In line with recent

results by Zhao, Perry, Wu, and co-workers55 on a slightly
different set of bis(arylidene)cycloalkanones, the energy of the
lowest energy absorption band depends as follows on the type
of the central acceptor group: cyclohexyl (3d,e) > linear (3a) >
cyclopentyl (3b,c). Our quantum-chemical calculations repro-
duce this trend in dichloromethane exceptionally well (Table 2
and Figure S9). Replacing the amino methyl groups by butyl
groups leads to a significant additional bathochromic shift of
the absorption maximum.
The maximum molar extinction coefficient, εmax, of the

lowest energy transition as well the oscillator strength f show a
similar trend. The latter is calculated according to56

∫ ε= × ̃ ̃−f v v4.319 10 ( ) d9
(2)

where the integral has been taken over the lowest energy
absorption band, after decomposition of the absorption spectra
(Figure 4). εmax and f are significantly larger (by 30−50%) for
the two PIs with the cyclopentanone ring (3b,c) than for the
other 3 PIs, which have all comparable εmax and f. It is
interesting to note that methyl substitution in the para position
to the keto group on the central cyclohexanone ring was found
not to affect the one-photon photophysics (band shapes,
quantum yields, lifetimes) of the molecule. In fact, all measured
photophysical properties for 3d and 3e are identical.
The fluorescence quantum yields are strongly solvent

dependent (Figure 3b). Upon increasing the solvent polarity
and thus decreasing the S1−S0 energy gap, E00, the quantum
yield of all PIs strongly increases until reaching an almost
constant plateau value. Unfortunately, the time resolution of
the used TCSPC does not allow extraction of reasonable
radiative and nonradiative rate constants for the interesting
range of low emission quantum yields. However, the findings of
Table 2 and Figure 5 can be given a simple and convincing

explanation taking into account the quantum-mechanical (QM)
calculations. The S1 state in all PIs can be identified as a ππ*
state. The existence of a closely situated excited nπ* triplet state
(located at ∼2.7 eV) makes intersystem crossingaccording to
the El-Sayed rulesa feasible pathway for deactivation. Upon
increasing the solvent polarity, the ππ* singlet state shifts
bathochromically with the nπ* triplet state remaining or
shifting hypsochromically, thus increasing the energy gap
between these two states. As a result, the intersystem crossing
contribution to the nonradiative deactivation channel is
reduced and the emission quantum yields increase. These
observations are in striking contrast to the behavior of reference
R1 and B3FL. R1 shows an almost solvent independent high
emission quantum yield in the range from 0.59 to 0.79 in
cyclohexane and acetonitrile, respectively.13 B3FL, on the other
hand, shows the opposite solvent dependence for emission
quantum yield. Here, Φf decreases upon increasing the solvent
polarity. In contrast to the participation of the triplet state as for
the PIs investigated here, this behavior has been attributed to
the population of a strongly polar (charge transfer) excited
state, the charge recombination of whichback to the ground
stateseems to be governed by the free energy gap law.33 For
the PIs studied here the initiation efficiency will thus be
strongly dependent, among many other factors such as radical
production efficiency, radical survival probability, etc., not only

Figure 4. Absorption and excitation anisotropy spectra of PIs 3a to 3e.
The solid lines in the anisotropy plot denote the anisotropy
dependence used to decompose the absorption spectra.

Table 2. Two-Photon Cross Section, σTPA, and Maximum
Molar Extinction Coefficients, εmax (±10%), of the
Investigated Initiators in Dichloromethane for the Lowest
Energy Absorption Maximum (at λmax)

substance
λmax
(nm)

εmax/10
3

(M−1 cm−1) f(S1)
a

λcalc
b

(nm) fb σTPA
c/GM

3a 441 47 0.61 447 1.98 349/269d

3b 466 71 0.78 453 2.02 466
3c 481 78 0.69 460 2.20 327
3d 432 51 0.54 444 1.83 352
3e 432 51 0.54 445 1.80 191

af(S1) denotes the oscillator strength for the S0−S1 transition obtained
from the absorption spectra using eq 2. bλcalc and f denote the
calculated absorption maximum of S1 and its oscillator strength
respectively, as calculated in dichloromethane (ε = 8.93) (B3LYP/6-
31+G(d)/PBF). c1 GM = 10−50 m4 s photon−1; for comparison,
Rhodamine B and B3FL were also measured with σTPA of 114 GM (in
MeOH) and 440 GM (in THF), respectively. dMeasured in THF.

Figure 5. TPIP screening tests (PI concentration: 6.3 × 10−6 mol PI/g
resin; writing speed: 50 μm/s).
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on the two-photon absorption cross section but equally well if
not more importantly by the feasibility of undergoing
intersystem crossing to the active triplet state.

Two-Photon Absorption Cross Section. To investigate
the TPA properties of the new PIs, an open aperture z-scan
analysis was performed to determine the TPA cross sections at
800 nm. Chloroform was used as solvent for the TPA
characterization of all new PIs. The experimental data of 3e
are provided as a representative example and were fitted using
the adopted equations of Sheik-Bahae et al.59 to obtain the
σTPA. To exclude excited-state absorption and to verify that a
pure σTPA is determined, the measurements were repeated at
different peak intensities and the calculated parameter q0 scales
linearly with intensity (Figure S10). All calculated σTPA values
are given in Table 2.
The cross-section value of the reference compound Rhod-

amine B is in good agreement with our previous result and the
literature, verifying the reliability of the experimental setup.
Since intramolecular charge transfer is utilized as the “driving
force” for TPA, strong electron-donor and electron-acceptor
groups are required. In addition, long π-conjugated bridges and
good coplanarity, which lead to states with extended charge
separation, are critical in enhancing the efficiency of intra-
molecular charge transfer. The investigated benzylidene ketone-
based TPA PIs comprise typical D-π-A-π-D core structures with
C2v symmetry, where dialkylamino groups act as donors, vinyl

as π-conjugated bridges, and carbonyl as acceptors. The open
chain acetone-based PI 3a exhibits a large σTPA of 349 GM.
When changing the acceptor group in 3a from an acetone
group to a cyclopentanone moiety as in 3b, the value even
increased to 466 GM. The enhancement may be due to a
relatively higher molecular rigidity as well as a higher degree of
conjugation compared to 3a.60 Substitution of the N-methyl
groups by butyl groups as in 3c led to a reduced σTPA of 327
GM. An explanation can be given by the red-shift-induced low
TPA absorption at the given wavelength. Another reason, as
indicated in quantum-chemical calculations, is the deformation
of the central cylopentanone ring in 3c due to the strong
distortion induced by the large NBu2 group. The nonplanar
nature of the ring could decrease the conjugation and therefore
lead to weak TPA.
When increasing the size of the central ketone from

cyclopetanone to cyclohexanone as in 3d, the σTPA value
dropped to 352 GM. The reduction in TPA absorption might
be explained by the nonplanarity of the six-membered ring,
which leads to a decrease in the degree of conjugation.
Interestingly, although the linear absorption spectrum of 3d is
identical to that of 3e, methyl substitution at the 4-position on
cyclohexanone dramatically reduced the σTPA of 3e to 191 GM.
The above results indicate that not only the size of the central
ring but also the ring substitution could significantly affect the
TPA behavior of the benzylidene ketone-based initiators.
As only the absorption behavior could be obtained via z-scan

measurement, TPIP structuring tests were performed to further
characterize the TPA initiation efficiency of the new PIs.

TPIP Structuring Test. There are several methods to
estimate the initiation efficiency of initiators in TPIP, such as
single-line writing, in which the resolution is the most
important parameter.61 Here, we use more complicated 3D
shapes fabricated under various laser intensities and writing
speeds for the evaluation. Such a method is more practical since
broad ideal processing windows are critical for high throughput
in mass production and for some specific applications like
waveguide fabrication for printed circuit boards.3 Defined
woodpile structures (lateral dimension: 50 × 50 μm, 5 μm
hatch distance, 0.7 μm layer distance, 20 layers) were written
into the monomer formulation by means of TPIP to evaluate
the activity of the PIs. The laser intensity was screened in a
range of 1−27.82 mW (measured after passing the 100×
microscope objective). A 1:1 mixture of trimethylolpropane
triacrylate (TTA) and ethoxylated (20/3) trimethylolpropane
triacrylate (ETA) as an acrylate-based test resin with the same
molar PI concentration of 6.3 × 10−6 mol PI/g resin (0.2 wt %
of 3e) was used, since good results had been previously
obtained for such a formulation.
The different color of the bars and their corresponding

classes in Figure 5 were used to evaluate the TPA initiation
efficiency of the initiators at a writing speed of 50 μm/s (full
processing windows of all initiators at different laser intensities
and feed rates shown in Figure S11). Four classes were
employed to indicate the quality of the structures (Figure 6a).
Class A defines excellent structures with fine hatch lines (the
line width is about 400 nm) and class B good structures with
thick hatch lines (compared to class A) or slightly contorted
structures. Generally, broader ideal processing windows (class
A and B) and lower laser intensities are desired for high
throughput in mass production. Structures rated as class C have
identified shapes but with small mistakes (e.g., holes, burst
regions caused by overexposure). Parts structured with laser

Table 3. Emission Properties of 3a−e in Five Different
Solventsa

solvent DK n E00 (eV) Φf τf (ns)

3a
cyclohexane 2.0 1.4235 2.86 6.2 × 10−4

n-butyl ether 3.1 1.3968 2.78 7.1 × 10−3

n-propyl acetate 6.0 1.3828 2.69 7.3 × 10−2 0.20
dichloromethane 8.9 1.4210 2.58 1.5 × 10−1 0.58
acetonitrile 35.9 1.3410 2.53 1.1 × 10−1 0.76

3b
cyclohexane 2.0 1.4235 2.79 2.4 × 10−3

n-butyl ether 3.1 1.3968 2.74 2.4 × 10−2

n-propyl acetate 6.0 1.3828 2.63 9.7 × 10−2 0.56
dichloromethane 8.9 1.4210 2.52 1.4 × 10−1 0.59
acetonitrile 35.9 1.3410 2.48 1.4 × 10−1 0.68

3c
cyclohexane 2.0 1.4235 2.75 1.2 × 10−2 0.35
n-butyl ether 3.1 1.3968 2.69 7.2 × 10−2 0.37
n-propyl acetate 6.0 1.3828 2.58 1.2 × 10−1 0.46
dichloromethane 8.9 1.4210 2.44 2.0 × 10−1 0.72
acetonitrile 35.9 1.3410 2.42 2.0 × 10−1 0.80

3d/3e
cyclohexane 2.0 1.4235 2.86 1.6 × 10−4

n-butyl ether 3.1 1.3968 2.79 5.5 × 10−4

n-propyl acetate 6.0 1.3828 2.73 4.6 × 10−3

dichloromethane 8.9 1.4210 2.60 9.5 × 10−3

acetonitrile 35.9 1.3410 2.56 2.2 × 10−2 0.2
aE00 is the 0−0 transition energy calculated as (νa

max + νf
cg)/2, where

νa
max is the absorption maximum of the lowest energy absorption band

and νf
cg is the center of gravity of the emission band (both in transition

dipole moment representation).57 Φf is the fluorescence quantum
yield and τf the fluorescence lifetime. DK and n are the dielectric
constant and refractive index of the solvent at 25 °C, respectively, from
ref 58.
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intensities rated as class D no longer showed acceptable results.
The shapes are no longer identifiable, showing completely
missing walls and/or vast holes.
In our measurements, the well-known initiator from the

literature R1 can be used to build nicely shaped structures at
low laser intensities. On the other hand, the 2-,7-substituted
fluorenone-based PI B3FL exhibits excellent performance in
the TPIP test. Although a slightly higher laser intensity is
required for B3FL compared to R1, the ideal processing
windows of B3FL are much broader than that of R1. The
higher efficiency of such a triple-bond-containing PI may derive
from the larger σTPA, the exclusion of photoinduced cis−trans
isomerization, and the lower fluorescence quantum yield.
The acetone-based initiator 3a gives nice structures at lower

laser intensity than B3FL, but its ideal processing windows are
significantly smaller. One reason is the relatively smaller TPA
cross section of 3a. Another main reason for the low efficiency
of 3a lies in its strong fluorescence emission, which deactivates
the active triplet state. In addition, the photochemical cis−trans
isomerization deactivation processes could reduce the initiation
efficiency as well. By changing the acceptor group in 3a from an
acetone group to a cyclopentanone moiety as in 3b, the
solubility in the resins was dramatically decreased. An attempt
to improve its solubility by adding drops of various organic
solvents finally failed because of the heterogeneous solution
obtained. Therefore, we were not able to get any comparable
result with 3b in the structuring tests due to its poor solubility
(data not shown). The substitution of the N-methyl groups by
butyl groups in the cyclopentanone-based initiator 3c resolved
the solubility problem. The ideal processing windows of 3c are
slightly broader than those of 3a. The improvement may derive
from the rigidity of the ring, which confines the rotation of the
double bonds and thus reduces isomerization deactivation.
When increasing the size of the central ketone from

cyclopentanone to cyclohexanone as in 3d, the solubility
improved to some extent due to its nonplanar molecular
structure. The PI readily dissolved in the resin with the
assistance of a few drops of chloroform. However, some
precipitate formed when removing the last traces of solvent at
40 °C under vacuum. Therefore, similar to 3b, no comparable
result for 3d could be obtained (data not shown). By changing
the electron acceptor from cyclohexanone to 4-methylcyclo-
hexanone as in 3e, the solubility significantly improved. The
enhancement is attributed to increased steric hindrance, which
facilitates the dispersion of PI in the resin. Surprisingly,
although 3e exhibits the smallest σTPA among the investigated
PIs, the ideal processing windows are much broader than those
of other benzylidene ketone PIs and reference PI R1. The
initiation efficiency is dependent not only on σTPA but also on

the quantum yields of active radical formation. Although
initiator 3e possesses the smallest σTPA, its fluorescence
quantum yield is 5−10 times smaller than that of its analogues.
Low fluorescence quantum yields are essential for efficient
photoinitiators as this leads to less radiative deactivation and a
higher population of the active state for initiating the
polymerization. Such considerable enhancement was also
observed by Duan’s group62,63 while studying the photo-
initiation efficiency of other similar C2v symmetrical TPA PIs.
For initiator 3e, high radical formation quantum yields tend to
compensate its low TPA cross section to ensure high initiation
efficiency. The kind of compensation is common for some
traditional UV photoinitiators, such as Irgure 36964 and Lucirin
TPO-L,65 which are still used in TPIP. The activity of 3e in
TPIP tests is as high as that of B3FL. It should be mentioned
that 3e could be simply prepared in one step while the
synthesis of B3FL required four steps and involved an
expensive palladium catalyst. In contrast to R1, which induces
polymerization under UV irradiation, 3e is surprisingly stable
under one-photon conditions, and nearly no photoinitiation
activity was found in classical photo differential scanning
calorimetry (photo-DSC) experiment. Furthermore, the normal
DSC result showed that the formulation with 3e as initiator was
stable below 170 °C in the absence of light (temperature range
between 50 and 200 °C at a heating rate of 10 °C min−1).
Additionally, more complex 3D structures (Figure 6b,c) were

inscribed into the material volume with an acrylate-based
formulation containing 3e (0.2 wt %) as initiator. Delicate 3D
models with high spatial resolution, which is otherwise
inaccessible for other rapid prototyping techniques, can be
easily obtained.
With the same formulation, only 4 min is required for

fabricating a 3D racing car model, which is of 285 × 130 × 50
μm3 in dimensions and consisted of 100 layers at an average of
200 polymer lines each (Supporting Information). Taking the
time used for positioning the mechanics, the focal point was
traced in the resin at well above 80 mm/s. Because of inertia
limitations of the experimental setup, the scanning speed is
limited for this specific CAD structure. Our recent study
showed that using 3e as initiator, a 300 μm wide cube, sliced
into layers of equidistant polymer lines, can be fabricated even
within methacrylate-based formulations at the speed of several
m/s (detailed information will be published in the future). This
is remarkable since previously reported scanning speeds are
below 10 mm/s.66

■ CONCLUSION
A series of benzylidene ketone-based two-photon initiators
containing dialkylamino groups as donors and double bonds as
conjugation bridges were simply synthesized via classical aldol
condensation reactions. The systematic evaluation of struc-
ture−property relationships via quantum-chemical calculations
combined with experimental tests confirmed the significant
central ring effects on the photophysical and photochemical
properties. Although the fluorescence lifetimes and quantum
yields of all investigated initiators were strongly solvent-
dependent, the cyclohexanone-based initiators 3d and 3e
showed much weaker fluorescence emission and shorter
fluorescence lifetime than their cyclopentanone counterparts,
3b and 3c. With good coplanarity and a suitably strong
absorption at the desired wavelength, 3b possessed the largest
σTPA of 466 GM at 800 nm in the z-scan measurement, while
3d and 3e exhibited reduced σTPA due to the nonplanarity of

Figure 6. (a) Classification of the structures by the typical quality of
their shapes. (b) Ancient tower in oriental style. (c) Chinese Jade Belt
Bridge.
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the six-membered rings, which leads to a decreasing degree of
conjugation. Surprisingly, 3e, with the smallest σTPA among the
investigated initiators, displayed much broader ideal processing
windows than other benzylidene ketone PIs and the reference
PI R1 in TPIP tests. The activity of 3e in TPIP tests is as high
as that of B3FL, but the preparation of 3e is much simpler and
more economical. A writing speed as high as 80 mm/s was
obtained for microfabrication of complex 3D structures with
acrylate-based formulations containing 3e as photoinitiator.
The straightforward synthetic routine combined with high TPA
initiation efficiency as well as excellent thermal and one-photon
stability of these TPA initiators shows great potential for
commercialization.
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