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Advancing Light-Triggered Alkyd Paint Curing:
(Cp)Fe'(naphthalene)](PF¢) Catalysts with
Enhanced Photosensitivity and Increased
Performance in Pigmented Alkyd Paints

Jens Tolboom, Alexis K. Bauer, Johan Bootsma, Jitte Flapper, Michael L. Neidig, and

Bas de Bruin*

The class of photoactive complexes [(Cp)Fe"(arene)]™ (Cp = cyclo-
pentadienyl, arene = CsHg, C¢Hs;Me) enable light-controlled alkyd
paint curing, eliminating the need for anti-skinning agents. While
[(Cp)Fe"(benzene)](PFq) (0.10 wt%) initiates curing under ambient
light (116 Lux/1.7 mW/m?) within 6 h for transparent paints, it is
ineffective in dark-colored formulations. Here, we demonstrate
that the more photosensitive complexes [(Cp)Fe"(L)I(PF¢)
(L =naphthalene, 5-methoxynaphthalene, 6-methoxy-naph-
thalene, 5,8-dimethoxynaphthalene) accelerate curing with
lower loadings (0.05 wt%). Due to their higher extinction coeffi-
cients and red-shifted adsorption bands, these [(Cp)Fe'(L)](PF¢)

1. Introduction

Light-triggered catalysts play a crucial role in utilizing light energy
to drive chemical transformations. Unlike conventional catalytic
processes that typically rely on heat or chemical reactants to
initiate reactions, photocatalysis harnesses photons to activate
catalysts and facilitate reactions under mild conditions."™ Upon
light absorption, these catalysts access excited states that lower
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catalysts effectively cure dark-pigmented paints. MGssbauer spec-
troscopy reveals the formation of a high-spin Fe' intermediate as
the active species. TD-DFT calculations reveal a redshift in absorp-
tion, attributed to a transition from dz'*-d,,*/d,,* (arene/naphtha-
lene) to L,-dy,*/d,,* (methoxylated naphthalenes). Excitation of the
complexes using wavelengths corresponding to these absorbance
bands result in weakening of the Fe'"-n°Cg bonds, facilitating
light-induced dissociation. This advancement enhances latency
originating from photoactivation while expanding applicability
to pigmented systems.

activation barriers, enabling diverse transformations at ambient
temperature and pressure.

To ensure broad applicability, catalysts ideally operate effec-
tively under low solar irradiances as this can vary regionally—from
205 to 250 W m™2 at the equator to 115-125 W m~2 at mid-
latitudes—due to differences in solar angle and atmospheric
filtering.”>® Specifically designed light-triggered catalysts possess
the capability to adjust their catalytic activity upon exposure to
this type of light, with the potential to accelerate catalytic rate, or
change material properties using photo-switching. This dynamic
control has reignited interest in light-triggered polymerizations
due to their application in traditional materials such as adhesives
and inks, but mainly due to their development in high-tech
applications such as 3D-printing and nanotechnology.’”-""
These industries rely heavily on the precise activation of
photo-initiators, photoactivated catalysts or photocatalysts to
initiate the formation of polymers or cross-links upon exposure
to specific light wavelengths.

Iron-based photointitators/catalysts are well explored for
photocrosslinking and polymerization. Compounds like Irgacure
261,"2 CFC!™ and FC-NP (Scheme 1)'"*'™! have been known
for their role in cationic ring opening (photo-)polymerization
(CROP) and have been studied extensively®. Significant advance-
ments have been made in the free-radical polymerization (FRP)
of acrylates, where the [(Cp)Fe(arene)]® complexes are also
employed, either as mono-component radical initiators—as dem-
onstrated for Fc-NBP!"”'—or as part of multicomponent systems. In
the latter case, photoinitiators such as tris (2-((4-nitrophenyl)-imi-
nomethyl)pyridine)iron(ll) (Fe"(NO,-PIMP);) are combined with
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Scheme 1. Iron-based photoinitiators for cationic photopolymerization and
ferrocene- or pyridine (imine)-based iron photocatalysts used in multicom-
ponent FRP of acrylates when combined with DPI.

additives like diphenyliodonium salts (DPI), which generate radi-
cals upon photoactivation."®* Ferrocene-based push-pull photo-
initiators, including Fc1, Fc2, Fc3, and Fc4, are attracting increasing
attention for FRP due to their ability to be activated by near-infra-
red light.2>-2¢

In this study, we investigate the drying of alkyd paints: poly-
ester oligomers bearing bio-based unsaturated fatty-acid side
chains that undergo oxidative crosslinking (Scheme 2). This cross-
linking process differs from CROP and FRP, as it proceeds via
hydrogen atom transfer (HAT) at bis-allylic sites of unsaturated
fatty acid side chains. The resulting carbon-centered radicals sub-
sequently react with molecular oxygen, leading to oxygen-driven
crosslink formation and ultimately a dry paint film. The natural
drying process typically takes a long time and is catalyzed
by a redox-active, transition metal catalyst (Scheme 2a).*”~%®
Previous iron-based catalysts for alkyd drying include Fe" salts
combined with polypyridyl ligands (Scheme 2b).** One example
of these ligands is bispidon™?. Further ligand systems with good
curing performance are MeN,py, L1 and L2 ( Scheme 2b). These
ligands are pentadentate ligands known to generate very active
catalysts for alkyd resin curing when coordinated to Fe".

In this paper we focus on optimizing previously reported
additive-free light-activated Fe-catalysts used as latent alkyd paint
curing agents to replace traditional cobalt soaps ( Scheme 3a)".
The key idea is that the catalyst should become active only when
applied on a surface exposed to ambient air and light (Scheme 3b),
introducing latency and eliminating the use of anti-skinning
agents such as 2-butanone oxime (MEKO) or other oximes??73,
Both cobalt and oximes are currently under legislative pres-
sure, and the development of new latent Fe-based catalyst
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Scheme 2. a) Mechanism of alkyd curing (cross-linking) using metal-based
catalysts.””~?® b) Ligands exhibiting paint drying activity when mixed with
Fe" salts or as preformed Fe'-ligand complexes.?°-3%

for alkyd-paint may thus contribute to more sustainable
alkyd-paint formulations.?”2%-3¢! Recently our group showed
that [(;°-cyclopentadienyl)-(#%-benzene)iron(I)]* (1) and its
methylated counterpart [(°-cyclopentadienyl)(#°-toluene)
iron(Il)]* (1'*) can be used as efficient visible-light-triggered
catalysts for alkyd resin crosslinking.®" Upon photoactivation
and during the drying process, the initial light yellow color of
these complexes disappears.

In addition, [(Cp)Fe"(benzene)](PFs) (1)-derived complexes are
thermally stable and remain inactive in the dark—ensuring long-
term shelf stability—even after extended storage."*'>*" These
characteristics make them attractive candidates for controlled,
on-demand alkyd paint drying. However, there are still some
challenges associated with the direct application of these
photo-activated Fe-complexes: (1) Upon photoactivation, [(Cp)
Fe(benzene)l" derived complexes release small amounts of volatile
organic compounds (VOCs) such as benzene and toluene that are
harmful®”, (2) While toluene is relatively nontoxic compared to ben-
zene, the photodissociation of [(Cp)Fe'(toluene)] (PFs) (1) has a
lower quantum yield (0.62 in CH,Cl,) than 1 (0.75 in CH,Cl,).*%39
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Scheme 3. a) Traditional cobalt-based curing agents require MEKO as an

anti-skinning agent to achieve latency. b) Aerobic oxidation of [(Cp)Fe"(Ch)]

(R = H) (2) or [(Cp)Fe"(Ch’)] (R = CH3) (2') results in the in situ formation
of the corresponding light-sensitive [(Cp)Fe"(arene)]™ complexes 1 and

1'*. These complexes, upon photoactivation, generate active Fe' catalysts

for alkyd paint curing (solv = solvents or ligated groups of the alkyd

binder).®" ¢) [(Cp)Fe"(naphthalene)]™ (37) derivatives enhance visible-light

absorption and photosensitivity for curing pigmented alkyd paints.

The increase in the steric hindrance of such systems lowers the
possibility of arene dissociation.®**? This shows that the safer

iron-arene photo-initiator has lower photosensitivity.

(3) Most importantly, the [(Cp)Fe"(benzene)]™ derived com-
plexes exhibit low extinction coefficients and corresponding
which may limit their effectiveness in paints
that contain dark-colored pigments capable of absorbing light
across the entire spectrum (Scheme 4).%-**! This presents a
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Scheme 4. Chemical structures of common dark pigments used in alkyd
paints.!**!
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significant challenge for the application of light-activated catalysts
in paint, as such pigments hinder light penetration and scattering,
both of which are essential for initiating the photochemical
activation of catalysts and triggering the crosslinking reactions
required for curing.

Here we present a solution to these specific problems by
red-shifting the absorbance of the pre-catalysts, while simulta-
neously enhancing their extinction coefficient and photosensi-
tivity to facilitate curing of pigmented alkyd paints (Scheme 3c).
This is achieved by using [(Cp)Fe"(naphthalene)](PFs) (3)
derivatives, which, in addition to their photophysical properties,
also release naphthalenes—a class of compound less volatile
than arenes—thereby reducing VOC exposure during
application.

2. Results and Discussion

The [(Cp)Fe"(naphthalene)](PFs) complex (3) is a previously
reported photoactivated catalysts for epoxide polymerization,
wherein it has demonstrated increased performance over 1.1'¥
Motivated by these results, we explored the catalytic activity of
complex 3 and a series of methoxylated derivatives—[(Cp)Fe"
(5-methoxynaphthalene)l(PF) (3-OMe), [(Cp)Fe"(6-methoxynaphtha-
lene)] (PFs) (3-OMe’"), and [(Cp)Fe" (5,8-dimethoxynaphthalene)](PFe)
(3-OMe,)***'—along with the reduced analog of the latter,
30Me,H ( Scheme 5)*. Their performance was evaluated in drying
both transparent and pigmented alkyd paints and compared to
that of complex 1Y, To ensure consistency across the series, and
because counterions are known to significantly influence the
photodecomposition behavior of these iron complexes,”” the
weakly coordinating PFs~ anion was used as the counterion
for all cationic iron complexes.

Photolabile [(Cp)Fe'(arene)] (PFs) complexes (Scheme 3b) are
generally synthesized from ferrocene and AICl; in the presence
of excess arene.”°>2 However, the corresponding complexes
containing naphthalene derivatives cannot be synthesized in this
manner. Therefore, we moved to the synthesis of the naphtha-
lene and pyrene derivatives using TiCl, as an additional reagent
(Scheme 5). The titanium reagent traps the cyclopentadienyl
ligand liberated from ferrocene (to form titanocene dichloride)®?.
This procedure was used to synthesize both 3 and [(Cp)
Fe'(pyrene)l(PFs) (4). Subsequently, 4 was used to synthesize
the methoxy-derivatives of 3 by making use of the higher
propensity of the pyrene ligand to undergo haptotropic ring-
slippage to provide free coordination sites for the incoming
arene/naphthalene (Scheme 5).146:47:54-561

The molar extinction coefficients markedly increase when
the arene ring is substituted by a naphthalene derivative,
as illustrated in Figure 1a and Table 1. A clearly enhanced
absorbance is observed on going from the benzene complex
to the naphthalene complex,* and the extinction coefficient
could further be increased by introduction of methoxy substitu-
ents to the naphthalene ring. The absorbance maximum
redshifted from 454 nm for 1 to 482.5 nm for 3, and even to
489 nm for 3-OMe,.
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Scheme 5. Synthesis of [(Cp)Fe'(naphthalene)l(PFe) (3) and its methoxylated
derivatives.*® 47

2.1. TD-DFT Calculations

To gain more insight into the extinction coefficients of the initial
complexes, time-dependent density functional theory (TD-DFT)
calculations on the optimized geometries were performed using
Turbomole (op-be, def2-TZVP, m4) (Supporting Information
$35-S53) to confirm the origin of the absorbance bands. The
electronic transitions were calculated, including implicit solvent
corrections (dielectric constant =37.5, refractive index = 1.344).
The calculated bands reproduced the experimental UV-Vis-NIR
absorption spectra (Figure S34-538, Supporting Information),
confirming the suitability of the chosen computational model.
Furthermore, they were in good agreement with previous DFT cal-
culations performed on the [(Cp)Fe'(arene)]* system.®®>” Inspection
of the most relevant excitations (Supporting Information $39-552)
reveal that the most intense absorbance bands shift from
primarily metal-centered transitions (d,>-d,,*/d,,*)*’~ to more
ligand-involved transitions (L,-dy,*/d,.*) (Figure S34-S38, Supporting
Information). This trend is also observed in the methoxy-substituted
derivatives, where increased electron density in the non-
coordinating ring of the naphthalene further enhances intramo-
lecular charge transfer. As a result, these complexes exhibit
redshifted and more intense absorption bands.
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Figure 1. a) UV/Vis absorption spectra of complexes 1, 3, 30Me, 3-OMe’,
and 3-OMe, in acetonitrile. b) Relative rate of the photolysis of the different
iron-complexes in acetonitriled; under 0.4 mW/m? light using "H-NMR
(Figure S27, Supporting Information), displaying a faster photolysis of the
naphthalene derivatives compared to 1.

Table 1. Absorbance maximum and corresponding extinction coefficients
for [(Cp)Fe"(benzene)l(PFs) (1) and the iron-naphthalene complexes 3,
3-OMe, 3-OMe’, and 3-OMe2.

1 3 3-OMe 3-OMe’ 3-OMe2
Amax (nm) 452 482 484 480 489
& (M'em") 39 171 160 227 513

2.2. Photolysis Rate of the Cationic Complexes and Enhanced
Photoactivation of the Naphthalene Derivatives

To investigate whether the higher extinction coefficients and dif-
ference in structure of the naphthalene-based complexes 3, 3-
OMe, 3-OMe’ and 3-OMe, result in faster photochemical catalyst
activation compared to complex 1 (Table 1), we studied the kinet-
ics of photochemical activation in acetonitrile (ACN) under irradi-
ation (Figure 1b). Upon photolysis in acetonitrile, it is known that
[(Cp)Fe"(arene)]" complexes undergo arene dissociation, yielding
the metastable [(Cp)Fe"(ACN);]" intermediate, which subse-
quently disproportionates to ferrocene and Fe(ll) ions.®'*%>%
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To quantify the rate of photo-chemical activation, we monitored
the decrease in the concentration of the iron-arene complexes by
'H-NMR spectroscopy using trimethoxybenzene as an internal stan-
dard (Figure 1b). As anticipated, photo-induced arene dissociation
from complexes 3, 3-OMe, 3-OMe’, and 3-OMe, is significantly
faster than benzene dissociation from complex 1. After 300 min
of irradiation in acetonitrile-d;, more than 60% of the naphtha-
lene-derived complexes had converted, with dissociation levels
exceeding 75% after 600 min. In comparison, complex 1 showed
substantially slower photo-reactivity under identical conditions, with
only 40% and 50% conversion after 300 and 600 min, respectively.
Among the naphthalene derivatives, complex 3-OMe, displayed the
most rapid photo-dissociation, achieving near-complete conversion
within the monitored timeframe.

Interestingly, the extinction coefficient of complex 30Me,
appears to be approximately three times higher than that of
3-OMe (Figure 1a). However, the decomposition rate of these
two complexes appears to be very similar (Figure 1b). This
observation suggests that the increased steric bulk introduced
by the additional methoxy substituent in 3-OMe; hinders ligand
exchange via an associative mechanism. Specifically, the
presence of a second methoxy group on the naphthalene ring
likely introduces steric shielding around the photoexcited iron
center, limiting the accessibility of incoming solvent molecules
required for coordination and subsequent dissociation. As a
result, despite the higher light absorption capacity of
3-OMe,, the overall rate of photodecomposition is not signifi-
cantly enhanced relative to 3-OMe, highlighting the influence
of steric effects on the efficiency of photochemical activation.

Furthermore, for the complexes 3, 3-OMe and 3-OMe’ the
relevant absorbance bands are d,’-d,,*/d,,* transitions
(See TD-DFT calculations), which is the most efficient excitation
for arene ring dissociation, the relevant absorbance bands of
3-OMe, are L,-d,*/d,,* transitions. The latter can still lead to
arene dissociation, but less efficiently (TD-DFT Supporting
Information).

2.3. BK Drying Times and Hardness Development in
Transparent Paint Samples

Subsequently, the more strongly light-absorbing naphthalene-
based catalysts were evaluated as driers (0.05 wt% Fe vs. solid
binder) in the soybean-based alkyd resin Setal-270 (Figure 2a).
Initial BK drying tests (see Supporting Information for details) were
conducted under two conditions—10 °C at 85% relative humidity
(RH) (190Lx /27 mWm-3), and 23 °C at 50% RH (116Lx /
1.7 mWm™) on 90 pm thick films (Figure S26, Supporting
Information). Compared to complex 1 (=7 h drying time), the naph-
thalene-based catalysts 3 and its derivatives show significantly
reduced drying times (=3 h) under ambient lighting (190 Lx /
2.7 mW m~?) at the same catalyst loading (Figure 2b). This enhance-
ment aligns with our hypothesis that the more photolabile and
stronger light-absorbing naphthalene complexes should more rap-
idly be photoactivated, and hence cure the alkyd paints faster.
Consistent with prior observations for complex 1, no curing
was observed for alkyd films containing complex 3 and its
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Figure 2. a) Prepared paint samples, from left to right: transparent
setal-270 binder, and setal loaded with complexes 1, 3, 30Me, 3-OMe’,
and 3-OMe, (0.05 wt% metal relative to binder contents). b) Drying
times of alkyd films containing complexes 1, 3, 3-OMe, 3-OMe’, and
3-OMe; under two conditions: 10 °C /85% Relative Humidity (RH) /190 Lx
(2.7 mW/m?) and 23 °C /50% RH /116 Lx (1.7 mW/m?).

derivatives when stored in the absence of light for more than
24 h. Notably, transparent film measurements confirm that the
iron—naphthalene catalysts cure faster than complex 1 under
both low (10 °C) and ambient (23 °C) temperatures. The drying
times achieved are comparable to those of conventional driers
containing additional secondary driers: CoNeo (0.125 wt%, 2 h),
BOC (0.00125 wt%, 4.5 h), and Mn/MeTACN (0.0125 wt%,
2.5 h).B%3Y Particularly notable is the robust performance of
the iron complexes at 10 °C, a condition under which cobalt-based
systems such as CoNeo are known to lose efficacy, especially under
high humidity.®® This highlights a distinct advantage of the
iron-based systems under more challenging curing environments.

The hardness development of coatings dried with 1, 3, 3-OMe,
3-OMe’, and 3-OMe, was evaluated using the Konig pendulum
damping test, which quantifies coating hardness based on the
damping behavior of an oscillating pendulum. All coatings were
prepared using 0.05 wt% metal relative to binder content. The films
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cured with 1, 3, 3-OMe, 3-OMe’, and 3-OMe, exhibit comparable
hardness values (Table 2), demonstrating consistent performance
across this series. However, the commercial cobalt-based drier
(0.079-0.125 wt%) is known to achieve a higher final hardness of
25-40 oscillations,*°3" surpassing the iron systems at the concen-
trations tested in this study. In contrast, the commercial manganese-
based catalyst Mn/MeTACN results in a lower final hardness of only
1557 It should be noted that the studies references above
employed secondary driers, such as zirconium and calcium
carboxylates.

2.4. Drying Time Efficiency, Time-Resolved Fourier Transform
Infrared (FT-IR) Spectroscopy and Curing Kinetics

Time-resolved FT-IR spectroscopy was employed to monitor the
curing kinetics of alkyd paints containing the iron-based catalysts
under constant light irradiation (0.4 mW m~2).2" The observed
spectral changes in Setal-270 alkyd resin dosed with complex 3
and its methoxy-substituted derivatives closely mirrored those pre-
viously recorded for curing with complex 1 and the commercial
cobalt-based drier CoNeo (Figure S43, Supporting Information).
Specifically, the disappearance of the cis-alkene signal at
3008 cm™' and the emergence of a broad hydroxyl band around
3400 cm~' were noted, corresponding to alkene consumption and
the formation of hydroxylated species during oxidative crosslink-
ing.*” At 0.05 wt% Fe loading, complex 3 and its methoxy-
derivatives showed substantially faster cis-alkene conversion than
complex 1, consistent with the BK recording results (Figure3a).

In addition to a faster rate, the 3-derived complexes also exhib-
ited shorter incubation times, indicating quicker initiation of the
curing process. The curing profile followed a weak exponential
decay in the cis-alkene concentration, in line with the rate of pho-
toinduced ligand dissociation observed by 'H-NMR (Figure 1b).
These results confirm that the more photolabile naphthalene-
based complexes outperform 1 in terms of curing kinetics
(Figure 3a). Remarkably, despite being applied at a relatively low
concentration (0.05 wt% Fe relative to binder solids), the iron—
naphthalene complexes demonstrate curing performance that is
still competitive with commercial driers: CoNeo (0.125 wt%), Mn/
TACN (0.0125 wt%), and BOC (0.00125 wt%) (Figure 3b).2"

2.5. Light-Induced Latency and Curing Rate

To investigate the light-dependency of the catalytic activity,
90 um thin films of Setal-270, containing 0.05 wt% of the

Table 2. Hardness values (number of oscillations, average of duplicate) for
90 um transparent paint films, using the konig pendulum test.

Time? 1 3 3-OMe 3-OMe’ 3-OMe,
1 day 9 12 1 10 12

2 days 16 17 14 14 15

3 days 18 20 17 16 16

7 days 20 23 18 17 18
14 days 22 23 21 19 20
JThe samples were stored at 23 °C and 50% relative humidity.
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Figure 3. a) Conversion of cis-alkene in Setal-270 using FT-IR for the iron cat-
alysts 1, 3, and the methoxy derivatives of 3 (all used at 0.05 wt% Fe) under
0.4 mW/m? light, monitored by the decrease in absorbance at 3008 cm™".
The black line shows the decrease in absorbance at 3008 cm™' without
added catalyst. b) Conversion of cis-alkene (3008 cm™') in Setal-270 for
CoNeo (0.125 wt%), Mn/TACN (0.0125 wt%), and iron bispidon as Borchi
OXY-Coat (BOC) (0.00125 wt%).

photoactivatable iron-driers were prepared. These films were
kept in the dark and intermittently exposed to low intensity light
(0.4 mW/m?) for 30 min intervals. During the periods of illumina-
tion, a notably increased conversion was observed via FT-IR
(Figure 4a), indicating that the catalytically active species is
formed only upon irradiation. As such, constant exposure to light
is required to obtain a fully hard and cured coating in a short time.

When the light was turned off, the conversion continues at a
lower rate and further slows down over time. This observation
suggests that, once the active Fe species is formed, it can initiate
the autoxidation process, which then proceeds for a while in the
absence of further light exposure. This behavior is consistent with
the mechanism proposed in Scheme 2a.

To determine whether a short time of ambient light exposure,
and consequently a limited amount of activated Fe would be
sufficient to drive full curing, the most active complex for cur-
ing transparent paint (complex 30Me) was selected for further
studies. Setal-270 films (90 um thick) containing 0.05 wt% of
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Figure 4. a) FT-IR-monitored cis-alkene conversion under alternating 30-minute
intervals of darkness (D) and light (L, 0.4 mW/m?) for samples with 0.05 wt%
drier shows a strong correlation between light exposure and conversion. b) Cis-
alkene conversion for sample 3-OMe under irradiation with lightbox setup (light
0.4 mW/m?; closed circles) and samples moved to a dark area (open circles).®"

30Me were first irradiated with 0.4 mW m~2 light and subse-
quently transferred to dark conditions to monitor the curing
process over time (Figure 4b). This procedure was repeated
after light exposure of 15, 60, 75, 105, 135, and 195 min.
For all samples transferred to the dark, curing continued for
some time but gradually diminished and eventually plateaued,
indicating that no further drying occurred once the active Fe
species were depleted. The decline in conversion rate observed
in both Figure 4a and b is attributed to the rapid transformation
of the active Fe species into catalytically inactive forms.
The minimal discoloration observed after curing suggests that
these inactive species are likely Fe" oxides or oxyhydroxides, in

agreement with previous reports®"'62,

2.6. M6ssbauer Spectroscopic Data

To gain deeper insight into the nature of the iron species formed
within the alkyd paint matrix under aerobic conditions, *’Fe

ChemistryEurope 2025, 00, €202500104 (7 of 12)

Mdossbauer spectroscopy was employed at 80 K. This technique
allows to determine the iron oxidation states and coordination
environments after light activation and curing. For this purpose,
both *’Fe-labelled versions of complex 1 and complex 3 were syn-
thesized (Supporting Information $18-S19). Two Setal 270 alkyd
paint formulations were prepared, each containing 0.05 wt%
of the corresponding *’Fe-labelled complex 1 or complex 3.

After formulation, the paints were stored in a closed dark vial
for 24 h to ensure homogeneity. They were then applied to a
glass plate (30cm in length) using a 90 um applicator, under
conditions identical to those used for the BK measurements.
The coated samples were left to dry under ambient conditions
and presence of light (250 Lux/3.6 mW m™2). M&ssbauer spectra
were collected from one half of each sample after 1 h of drying;
the other half was analyzed after 2 h.

Analysis of the samples containing [(Cp)°>’Fe'"(benzene)](PF¢)
(1) revealed two distinct species (Figure 5a, blue and orange
lines). The major species (74%, blue line) with isomer shift
6=0.52mms™ " and quadrupole splitting parameters
|AEq| = 1.67 mm s~ corresponds to the starting complex, i.e. the
cationic low-spin [(Cp)Fe'(benzene)]™ species (Figure S17,
Supporting Information)®*”%3, After two hours, only 57% of this spe-
cies was left, while the signal of a high-spin Fe" species (orange
line; =0.51Tmm s, |AEg| =067 mms~") had increased from
26% (after 1 h) to 43% (after 2 h). This signal most likely stems from
deactivated high-spin Fe" species that are no longer catalytically
active, as suggested by the light-induced latency kinetics.

Under the same conditions, the sample containing
[(Cp)>’Fe"(naphthalene)l(PFs) (3) also showed the presence of
two major species (Figure 5b). The starting cationic low-spin
[(Cp)Fe"(naphthalene)]™ complex (green line) was present in 53%
after 1 h (§=055mm s~' and AE,=1.79mm s ). Deactivated
high-spin Fe" species was also observed (yellow line; 42%,
0=052mm s, AEq=0.56 mm s ). After 2 h, 40% of the the
low spin [(Cp)Fe'(naphthalene)]™ complex was left, and the amount
of deactivated high-spin Fe" species had increased to 60%.

Interestingly, during curing of paint with complex 3 a minor,
third species (pink line, 5%) was also detected after Thr
(6=137mm s7', JAEq| = 2.68 mm s, 5%), consistent with a
high-spin Fe" species. This high-spin iron(ll) species is most likely
a [(Cp)Fe'(solv)]™ species (Scheme 3b), where solv represents sol-
vent or a donating group of the alkyd binder. This species is likely
formed directly upon photo-induced dissociation of naphthalene
from the [(Cp)Fe"(naphthalene)]™ complex. This high-spin Fe"
(pink line, Figure 5b) species is proposed to be a reactive inter-
mediate towards O, and/or peroxides present in the alkyd binder.
As such, we anticipated higher concentrations of this species
upon photo-activation of [(Cp)Fe"(naphthalene)] (PFs) under
anaerobic conditions using a peroxide-free alkyd binder. This is
indeed the case. An O, and peroxide-free binder was prepared
by filtering the alkyd resin over neutral alumina using acetone as
a solvent, after which the solvent was evaporated. Subsequently
the alkyd was subjected to freeze-pump-thaw cycles to remove
residual O,. All subsequent steps were performed inside a nitro-
gen-filled glovebox. The paint formulation was prepared using
dry and degassed solvent and kept in a dark vial for 24. After this
period, the samples were transferred into transparent vials and
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Figure 5. a) Aerobic freeze-trapped 80 K *’Fe Mdssbauer spectra of light-activated [(Cp)*’Fe"(benzene)l(PFe) (1) (blue; 6 =0.52mm s~', |AEy| = 1.67 mm s~")

reacting with Setal-270 alkyd resin after 1 h, showing 26% formation of a deactivated Fe

" species (orange; §=0.51mm s, |AEg| = 0.67 mm s "), increasing

to 43% after 2 h. b) Same experiment with [(Cp)*’Fe" (naphthalene)l(PFe) (3) (green; §=0.55mm s, |AEg| = 1.79 mm s~ ), yielding 42% Fe" species (yellow;
0=052mm s, |AEq] = 0.56 mm s7') after 1 h, increasing to 60% after 2 h. ¢) Anaerobic conditions: light-activated [(Cp)Fe'(naphthalene)](PFe) (green, 25%) in

Setal-270 after 2 h forms a 69% high-spin Fe" species (pink; 6 =1.37 mm s, |AEo| = 2.68 mm s~), and a minor (9%) Fe" species (yellow; 6 =0.52mm s~ ',

1

|AEo| = 0.56 mm s7) is present. d) After 2 h anaerobic light-activation followed by exposure to aerobic conditions, [(Cp)*’Fe"(naphthalene)](PFs) (green, 31%)

in Setal-270 forms a high-spin Fe'" species (pink, 36%), a high-spin Fe"

|AEo|=2.84mm s7").

subjected to controlled photoactivation using a slightly higher
light-intensity  (290Lx /4143 mWm™3) compared to
the aerobic samples. After 10 min of illumination, the samples
remained liquid, indicating that no oxidative curing had occurred
due to absence of O,. One of the samples was transferred to a
Maossbauer sample cup for analysis. As expected, this sample con-
tained a substantial higher concentration of the abovementioned
high-spin iron(ll) [(Cp)Fe"(solv)]" species, reaching 33% already
after 10 min of irradiation (Figure S19, Supporting Information,
pink). This is in agreement with the relatively fast photo-activation
of [(Cp)Fe"(naphthalene)]™ shown in Figure 1.

After 2 h of continued photoactivation (Figure 5c) the
samples were still liquid, further confirming that oxygen is essen-
tial for initiating the oxidative cross-linking reactions required for
film formation. The contents of the vials were then transferred to
two Mossbauer sample cups. One of the samples was frozen
under liquid nitrogen prior to measurement (Figure 5c). The
resulting Mossbauer spectrum revealed formation of the high-
spin [(Cp)Fe"(solv)]™ species in 69% yield. These results support
that, in the absence of O,, the photogenerated high-spin Fe"
intermediate (pink line) remains stable and does not convert into
other species, leading to build-up of the high-spin [(Cp)Fe"(solv)]™
(Supporting information S19-523).

To investigate the effect of reintroducing oxygen, the second
sample—photoactivated for 2 h under anaerobic conditions—
was removed from the glovebox and exposed to air for 5 min
prior to Freeze-trapped 80 K *’Fe Mdssbauer analysis.

The resulting spectrum (Figure 5d) showed that 31% of the [(Cp)
Fe'(naphthalene)]* species was present, comparable to the amount
observed in the fully anaerobic sample (Figure 5c). The high-spin
[(Cp)Fe"(solv)]™ species was still present but had decreased signifi-
cantly to 36%, down from 69% in the nitrogen-protected sample.
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species (yellow, 27%), and a second high-spin Fe" species (purple, 6%; 6 =1.10mm s,

1

Upon exposure to air, a substantial part of the high-spin [(Cp)
Fe'(solv)]* (pink line, Figure 5c¢) species converted to the abovemen-
tioned deactivated high-spin Fe" species (27%, yellow line), consis-
tent with prior observations. Notably, a new Fe" species (6% purple
line, Figure 5d) species was detected (§=1.10mm s, |AEy| =
2.84mm s™"), which had not been observed in the paint matrix
before. This species, which appears only after exposure to air, likely
results from degradation of the original complex and is tentatively
assigned to a cyclopentadienyl-free Fe'" species. Its Mdssbauer
parameters resemble those reported for ferrous (Fe') oxalate
(Fe'(C,0,) - 2H,0), suggesting a weak-field, high-spin Fe" coordina-
tion environment. This may arise from Fe" binding to carbonyl func-
tionalities present in the alkyd resin®*°,

The deactivated high-spin Fe" species observed after prolonged
exposure to light and air (Figure 5a, orange line; Figure 5b, yellow
line) exhibit Méssbauer parameters resembling those of Fe" (acac);
and ferric oxalate complexes such as Fe",(C,0,)3(H,0),)"°. This
similarity supports a mechanistic pathway in which the photogen-
erated high-spin Fe" species undergoes Cp-ring dissociation
followed by oxidation. These results show that the catalyst is grad-
ually photo-converted leading to low steady state concentrations of
the active high-spin Fe" species. Under aerobic conditions, this
species is rapidly oxidized—likely by peroxides or oxygen—into
Fe" species of lower activity. This supports a photoactivated curing
mechanism, continuously generating enough active Fe" to sustain
the cross-linking process.

2.7. Application of Photolabile Iron Naphthalene Complexes
in Pigmented Alkyd Paints

As mentioned above, the combination of higher extinction
coefficients, a red-shifted UV-vis adsorption band and overall
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faster paint curing performance positions the iron-naphthalene
complexes as promising candidates for application in colored
alkyd paints. To explore this potential, three commercial pigment
pastes were explored (Figure 6 a,b). The blue and black pigment
pastes contain phthalo blue and carbon black, respectively
(Scheme 4), while the full compositions are detailed in the
Supporting Information (Table S2, Supporting Information).
Paint formulations were prepared using a pigment-to-binder
ratio of 1:10 to assess how the pigments influence curing
behavior. Optical characterization revealed that the orange
and blue pigments allow partial light transmission through
the film: the orange pigment absorbs light primarily around
320 nm and above 600 nm, while the blue pigment absorbs
light below 350 nm and between 500 nm and 700 nm. In
contrast, the black pigment absorbs broadly across the
UV-Vis range (270-900nm), effectively blocking light
penetration.

2.8. Contrast-Ratio and AE,y,, Analysis

To quantify the hiding power of the different pigments, a combina-
tion of UV-Vis spectroscopy (Figure S25 , Supporting Information),
the contrast-ratio method, and AE,y, color difference analysis
(Supporting Information S27) was employed. The contrast ratio
is defined as the ratio of a material’s apparent reflectance
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on a black background to that on a white background.
Formulations were prepared using pigment-to-binder ratios
of 1:10 and 1:5 (see Table 3) and dried with the CoNeo catalyst.
As shown in Table 3, both orange and blue paint exhibited low
opacity values and high AE,q values, reflecting their limited
absorption across the full light spectrum. These pigments are
often combined with others in commercial formulations to
enhance hiding power. The black pigment, in particular,
absorbs light effectively. This observation aligns with the con-
trast ratio and AE,o0 values in Table 3. At a pigment-to-binder
ratio of 1:5, complete hiding was achieved (opacity = 100%)
with a AE,o0 value of just 0.06, confirming the formulation’s
excellent visual coverage.

Table 3. Contrast-ratio and AE2000 analysis for pigmented paints with a
1:10 or 1:5 pigment-to-binder ratio.
Pigment Ratio (Pigment paste/binder) Opacity AE000
Orange (sO1) 1:10 60.1 14.0
Orange (sO1) 1:5 58.5 14.6
Blue (sB1) 1:10 27.8 259
Blue (sB1) 1:5 25.2 27.1
Black (sZ1) 1:10 914 0.6
Black (sZ1) 1:5 100.0 0.1
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- 05 —— black
2
< o4
§ 03
g
02
01
0.0 T T T T T 1
300 400 500 600 700 800 900
Wavelength (nm)
(d) clear
i N wlsass,, 3-OMe orange
o, Thal e ‘A‘A. *— blue
2 ®1 '.. ‘A‘AAEM by O *.—a— black
§ *e 3 et T
5 o e, = 5 o0 ®e. . ‘
* 20 = 204
¢ 0 5‘0 ‘é!) |é0 2('30 2;0 360 3;0 0 5'0 "Im ‘%ﬂ ?60 7;0 3!'10
Time (min) Time (min)
3-OMe’ 3-OMe,
100 S B SN 100 A
o 804 ..o. ‘A‘AAg)w % - “A‘
% & e ... g & S N
%.I - % @ .
a 204 : 20
o T T T T T T T [ T T T T
50 100 150 200 250 300 350 50 100 150 200 250 300
Time (min) Time (min)

Figure 6. a) On the left, an alkyd paint without pigment is shown. The larger vials contain pigment paste, the smaller vials display pigmented alkyd paints,
mixed at a 1:10 ratio of pigment to solid binder. b) UV-Vis spectrum of the pigment pastes in heptane. c¢) Conversion of cis-alkene monitored by FT-IR in
Setal-270 formulations containing different pigments (pigment-to-alkyd ratio = 1:10) for CoNeo (0.125 wt%), Mn/TACN (0.0125 wt%), BOC (0.00125wt%)

and [(Cp)Fe'(benzene)](PF,) (1) (0.05 wt%). d) Conversion of cis-alkene monitored by FT-IR in Setal-270 formulations containing different pigments

(pigment-to-solid alkyd ratio = 1:10) incorporating 3 and its methoxylated derivatives as driers (0.05 wt%).
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2.9. The Influence of Pigments on the Alkyd Paint Curing
Kinetics of [(Cp)Fe"(benzene)](PFs) Compared to Commercial
Co-Neo, Mn/MeTACN and BOC Driers

To assess the impact of pigmentation on curing performance,
the drying kinetics of 1 was evaluated and compared to those
of commercial driers—CoNeo, Mn/MeTACN, and BOC—using
transmission FT-IR spectroscopy. Monitoring the integration
of the cis-alkene band (3030-2992 cm™") remained feasible
even in the presence of pigment paste, allowing us to study
curing rates at a pigment-to-solid alkyd ratio of 1:10 (Figure
S44—46, Supporting Information). As shown in Figure 6¢, the
curing behavior of the commercial driers was largely unaf-
fected by the pigments, which is expected since initiation of
alkyd drying solely depends on the presence of oxygen and
evaporation of MEKO in these cases. In contrast, the curing
performance of the photo-latent complex 1 was clearly
affected by the presence of pigments. In the presence of the
orange pigment, the curing rate was comparable to that of
the transparent sample, indicating that the partial light
transmission of this pigment did not significantly interfere with
photoactivation. However, for the blue samples, a delayed
onset of paint curing was observed, accompanied by a much
slower curing rate. Most notably, in the presence of black pig-
ment, no measurable curing occurred within the 6-hour obser-
vation period. This was further confirmed by BK recorder
measurements, where no drying was observed over a 12h
timeframe for the black pigmented formulation containing
complex 1.

It is worth noting that white pigments did not interfere
with the curing process. On the contrary, their light-scattering
properties appear to enhance catalyst activation by improving
light distribution and promoting photodissociation.

2.10. The Influence of Pigments on the Alkyd Paint Curing
Kinetics of [(Cp)Fe" (naphthalene](PF¢) Driers

We next investigated the effect of pigments on the curing
behavior of complex 3 and its methoxylated derivatives
(Figure 6d). Remarkably, these catalysts exhibited a much-
reduced sensitivity to pigment interference, especially in the
presence of the blue pigment paste. Most significantly, the
methoxylated derivatives retained effective drying perfor-
mance even in black-pigmented paints, achieving full curing
within acceptable timeframes. In particular, the performance
of 3-OMe; in black paints stands out, showing significantly
improved curing rates relative to the parent compound and
previously reported analogues.

Consistent with the FT-IR curing profiles of pigmented coat-
ings containing 3 and its methoxylated derivatives, BK drying
measurements further confirmed that the presence of orange
pigment (at a 1:10 ratio) had negligible influence on the drying
kinetics compared to the unpigmented (transparent) formula-
tions (Figure 2b, Figure 7a). Curing delays became more pro-
nounced upon addition of darker pigments such as the blue
(Figure 7b) and black pigment pastes (Figure 7c), in which the
initiation and progression of curing were slowed. Nevertheless,
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Figure 7. Paint curing in different climate rooms (10 for the room at 10 °C
and light intensity of 190 Lux/2.7 mW/m?, and 23 for the room at 23 °C
and light intensity of 116 Lux/1.7 mW/m?) for the different catalysts in
alkyd paints containing different pigments in a 1:10 pigment-to-solid alkyd
binder ratio. a) Orange; b) Blue; ) Black pigment.

even under these more demanding conditions, coatings containing
the naphthalene-based catalysts—especially the methoxy-
functionalized versions—still achieved complete drying within
6 h, a marked improvement over complex 1, which failed to dry
under similar conditions.

Moreover, under full-hiding conditions (1:5 pigment-
to-binder ratio) using black pigment paste and standard illumi-
nation (23 °C, 116 Lux/1.7 mW/m?), 3-OMe, continued to cure
the alkyd paint, albeit at a slower rate (Figure 7d). This result
highlights the potential of these photo-latent catalysts to
approach the performance of conventional cobalt-based driers
in pigmented paint systems, although a higher concentration
of the Fe catalysts might be needed to get a decent curing
within an acceptable time frame. However, the cationic nature
of the 3-OMe, complex limits its maximum solubility in the (apolar)
alkyd matrix. Therefore, to assess our hypothesis, we chose to
employ the more soluble neutral complex 3-OMe,H, which can
be synthesized by NaBH, reduction of 3-OMe, (Scheme 5,
Figure S16 and S33 , Supporting Information). When formulated
at a higher concentration (0.14 wt% Fe) and applied in a 1:5 black
pigment paste-to-binder formulation, the reduced catalyst
3-OMe,H indeed enabled faster curing, with BK-recordings
indicating completion of phase 3 after 13 h (Figure 7d).
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2.11. Influence of Pigment Pastes on the Hardness of the
Paints

Konig hardness measurements performed on the orange pig-
mented samples (1:10 pigment-paste to alkyd ratio; Supporting
Information, Table S4), formulated at an iron loading of
0.05wt% vs solid binder show a similar hardness development
for the different catalysts. After 14 days of drying at 23 °C,
followed by post-curing at 50 °C for 100 h, the cured coatings
exhibited hardness values of 30 oscillations or more (Table S4,
Supporting Information).

In contrast, samples formulated with blue or black pigment
generally resulted in softer films compared to transparent
samples or those formulated with orange pigment (Table S5
and S6, Supporting Information), with hardness values ranging
between 20 and 25 oscillations even after the same 14-day drying
period and post-curing at 50 °C. This may be attributed to slower
overall curing in these darker pigmented systems, and possibly to
more pronounced top-down curing caused by light absorption
hindering crosslinking in the lower layers of the paint film (thus
leading to reduced overall hardness).

Interestingly, when examining the Konig hardness of catalyst
1 in the black-pigmented paint after 14 days of drying without
subsequent heating, a value of 15 oscillations was observed. In
contrast, all iron-naphthalene complexes already showed very
acceptable Konig hardness values of 20 oscillations or higher
at this stage, even prior to thermal post-curing.

3. Conclusion

This study demonstrates the efficacy of [(Cp)Fe'(naphthalene)](PFe)
complexes as photo-latent catalysts for alkyd coating curing. These
naphthalene-based systems outperform the previously reported
[(Cp)Fe"(benzene)](PFs) complex, showing superior activity at
lower concentrations, faster drying rates, and significantly
improved performance in dark-pigmented formulations. As
such, they present a broadly applicable alternative for alkyd
systems, offering optimal drying and hardness without requiring
anti-skinning agents.

Their activation mechanism aligns with that of other [(Cp)
Fe'(arene)]™ complexes, reinforcing their potential as viable
cobalt replacements. NMR spectroscopy confirms that the naph-
thalene derivatives are more photolabile than the benzene ana-
logue, while in situ *”Fe-labelled Mdssbauer spectroscopy of alkyd
films during the curing process reveals faster conversion of the
naphthalene complex to catalytically active high-spin Fe" species.
Two distinct high-spin Fe" species are observed—one likely cor-
responding to the anticipated photochemically formed [(Cp)
Fe'(solv)]™ species, and the other appearing only in the presence
of air, possibly resulting from Cp-ring dissociation.

Our investigations into pigmented systems show that white
and orange pigments have only a marginal impact on the drying
times of the photoactivatable iron complexes, whereas blue and
black pigments significantly increase the drying times in general.
Nevertheless, the [(Cp)Fe"(naphthalene)](PF¢)-based catalysts
show markedly reduced drying times under these challenging
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conditions compared to [(Cp)Fe"(benzene)l(PF¢), even enabling
curing of black-pigmented paints within a reasonable time frame.

While these findings mark significant progress, further work is
needed to enhance both curing rates and final hardness in
pigmented systems to bring their performance even closer to
that of commercial driers. Strategies to enhance the lifetime
and/or improve the catalytic activity of the formed iron species
after photoactivation are currently under investigation in our
laboratory.
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