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ABSTRACT: Light energy conversion often relies on photo-
sensitizers with long-lived excited states, which are mostly made of
precious metals such as ruthenium or iridium. Photoactive
complexes based on highly abundant iron seem attractive for
sustainable energy conversion, but this remains very challenging
due to the short excited state lifetimes of the current iron
complexes. This study shows that a luminescent Fe(III) complex
sensitizes triplet−triplet annihilation upconversion with anthracene
derivatives via underexplored doublet-triplet energy transfer, which
is assisted by preassociation between the photosensitizer and the
annihilator. In the presence of an organic mediator, the green-to-
blue upconversion efficiency ΦUC with 9,10-diphenylanthracene
(DPA) as the annihilator achieves a 6-fold enhancement to ∼0.2%
in aerated solution at room temperature. The singlet excited state of DPA, accessed via photon upconversion in the Fe(III)/DPA
pair, allows efficient photoredox catalytic radical polymerization of acrylate monomers in a spatially controlled manner, whereas this
process is kinetically hindered with the prompt DPA. Our study provides a new strategy of using low-cost iron and low-energy visible
light for efficient polymer synthesis, which is a significant step for both fundamental research and future applications.

■ INTRODUCTION
Sensitized triplet−triplet annihilation (TTA) upconversion
(sTTA-UC) has become a popular biphotonic process used in
bioimaging,1,2 photovoltaics,3,4 organic light-emitting diodes,5

and photocatalysis.4,6−11 This process converts two low-energy
input photons into one higher-energy output photon under
noncoherent light irradiation.12−15 Photoactive complexes
made of platinum group metals including Pd(II), Pt(II),16−22

Ru(II), Ir(III),23−28 and Os(II)9,29−33 are favorable photo-
sensitizers due to their long-lived triplet excited states, which
enable efficient triplet−triplet energy transfer (TTET) to an
annihilator, followed subsequently by TTA.7,14,15

Biphotonic sTTA-UC has become an attractive approach to
drive energy-demanding photochemical reactions, because the
low-energy visible irradiation light is less harmful and can avoid
photodamage as well as inner-filter effects caused by high-
energy UV photons.4,6,11,34−45 This is particularly true for
photopolymerization, which is of interest, for example, for 3D
printing that requires high spatial control.11,46,47 UC-driving
photopolymerization reactions rely mostly on two-photon
absorption that requires coherent laser excitation with high
photon fluxes48 and lanthanide-doped upconversion nano-
particles.46,47,49,50 sTTA-UC is becoming an emerging
technology for photopolymerization due to the high
upconversion efficiency, the use of noncoherent low-power
inpu t l i gh t , and ad ju s t ab l e i r r ad i a t i on wave -

length.11,34,42,43,47,51−54 However, photosensitizers used for
this purpose are mostly made of heavy metals.11,34,42,47,52,53

Increasing efforts are recently made to develop heavy-atom-
free photosensitizers for sTTA-UC.55−60 Photoactive first−row
transition metal complexes are seen as further sustainable
alternatives to those based on platinum group metals, but only
a few attempts have been given so far for sTTA-UC, including
Cr(0),43 Cr(III),61 Mn(I),62 Cu(I),63,64 and Zn(II).65−68 Even
fewer efforts have been made to use these photosensitizers for
polymerization reactions via sTTA-UC.43,54

Photosensitizers based on iron could be highly attractive for
sTTA-UC due to their high natural abundance, low cost, and
low-energy visible light absorption. However, this remains a
significant challenge due to the extremely short excited state
lifetimes for, e.g., 3d6 Fe(II) and 3d5 Fe(III) complexes, as a
consequence of the excited state deactivation by the energeti-
cally low-lying metal-centered states.69−73 Over the past few
years, remarkable progress has been achieved in elongating the
lifetime of the doublet ligand-to-metal charge transfer
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(2LMCT) excited state in Fe(III) complexes.74−78 Among
these Fe(III)-based luminophores, the [Fe(phtmeimb)2]PF6
complex with tridentate scorpionate ligands (Figure 1a) shows

a long luminescence lifetime of 2.0 ns from the 2LMCT excited
state in acetonitrile at room temperature,75 which enables
symmetry-breaking charge separation and photoredox catal-
ysis.79−86 However, examples of using Fe(III)-based photo-
sensitizers for sTTA-UC remain scarce and underexplored.78

This is because (i) the doublet-triplet energy transfer (DTET)
from the 2LMCT excited state of a Fe(III) complex to the
triplet state of an organic annihilator is still poorly understood,
and (ii) the up to multinanosecond lifetimes of the 2LMCT
excited state severely limit the diffusion-controlled DTET in
solution. The very recent proof-of-principle study shows that a
luminescent Fe(III) carbene complex ([Fe(ImPP)2]+), which
was prepared with improved synthesis to avoid a blue-emitting
impurity,87 shows subnanosecond 2LMCT excited state
lifetime and sensitizes red-to-green upconversion with an

anthracene derivative.78 Further efforts seem necessary to
understand the energy transfer mechanism with Fe(III)-based
photosensitizers in photon upconversion and to make
photoactive Fe(III) complexes suitable for energy conver-
sion-based applications, such as photopolymerization.

In this work, we use the [Fe(phtmeimb)2]+ complex for
sensitizing green-to-blue upconversion with three anthracene-
based annihilators with various energy levels of the energeti-
cally lowest triplet state (T1), including anthracene (An), 9-
phenylanthracene (PhAn), and 9,10-diphenylanthracene
(DPA) (Figure 1a). The obtained luminescence quenching
rate constants kq are beyond the diffusion limit of the
employed solvent due to the preassociation between [Fe-
(phtmeimb)2]+ and the anthracenes in their ground states.
DTET was evidenced by femtosecond- and nanosecond-
transient absorption spectroscopy, and the upconversion
luminescence shows a delayed nature with a μs-scaled lifetime.
Assisted by an organic mediator, the upconversion lumines-
cence quantum yield ΦUC for the Fe(III)/DPA pair is
enhanced by a factor of 6.3 and reaches ∼0.2% in aerated
DMSO at 20 °C. Driven by the Fe(III)/DPA upconversion
pair, photocatalytic polymerization of acrylate monomers was
efficiently initiated in a spatially controlled fashion with green
irradiation light under aerobic conditions.

■ RESULTS AND DISCUSSION
DMSO is known as a deoxygenating solvent, which can be
converted to sulfone by singlet oxygen that is generated by a
triplet photosensitizer,88 and this has been used to solve the
oxygen quenching issue of sTTA-UC solutions.45,89 Therefore,
DMSO was used as the solvent throughout this study. The
UV−vis absorption and luminescence spectra of [Fe-
(phtmeimb)2]+ in DMSO at 20 °C show an absorption band
maximized at 502 nm, which is attributable to the LMCT
transition with an extinction coefficient ε = 2214 M−1 cm−1 at
532 nm (excitation wavelength used in photon upconversion
studies below), and a broad luminescence band centered at
670 nm from the 2LMCT excited state (Figure 1b), similar to
those obtained in other polar solvents, such as acetonitrile,
dichloromethane, and acetone.75,81,82 The 2LMCT excited
state shows a photoluminescence quantum yield ΦPL of 1.82%
and a lifetime τ0 of 1.60 ns in aerated DMSO at 20 °C (Figure
1b, inset, Supporting Information, Figure S7 and S8), which
corresponds to a radiative decay rate constant of kr = ΦPL/τ0 =
1.1 × 107 s−1, in line with the literature values obtained in
dichloromethane or acetonitrile.75,81,82

Doublet-Triplet energy transfer. The 2LMCT excited
state energy of [Fe(phtmeimb)2]+ is 2.13 eV,75 which is 0.32−
0.40 eV above the calculated energy levels of the T1 state for
the employed anthracenes (Figure 1a, Supporting Information,
Section 3).90 Therefore, DTET from the 2LMCT state of the
Fe(III) complex to the T1 of the employed anthracenes is
thermodynamically feasible,61,91 and a reversed process is
inhibited due to the large energy gaps. The addition of DPA
quenches the luminescence intensity of [Fe(phtmeimb)2]+ in
DMSO (Figure 2a), and the derived Stern−Volmer plot
follows a linear fitting (Figure 2b). The quenching rate
constant kq derived from the linear regime increases in the
order of Fe(III)/An < Fe(III)/PhAn < Fe(III)/DPA in
DMSO, presumably due to the free energy ΔGEnT dependence
of the DTET rate constant (Figure 2b, inset, Table 1,
Supporting Information, Section 5.3).91

Figure 1. (a) Molecular structures of [Fe(phtmeimb)2]PF6 and
anthracene-based annihilators, together with the 2LMCT excited state
energy of the Fe(III) complex and the energetically lowest triplet state
(T1) energy of the anthracenes (Supporting Information, Section 3).
(b) UV−vis absorption (solid traces) and normalized luminescence
spectra (dashed traces, excitation at 532 nm) of [Fe(phtmeimb)2]PF6
(40 μM) and the anthracenes in aerated DMSO at 20 °C. Inset:
Normalized luminescence decay of the corresponding sample,
excitation occurred with a pulsed LED at 455 nm for [Fe-
(phtmeimb)2]PF6 and at 390 nm for the anthracene-based
annihilators (Supporting Information, Section 4).
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For all the Fe(III)/anthracene pairs, the obtained kq values
are found in the region of 11.3−182 × 109 s−1, which exceed
the diffusion limit of DMSO at 20 °C (kdiff. = 2.9 × 109 s−1)90

by a factor of 4−63 (Table 1, Supporting Information, Section
5.1−5.3). This is likely attributed to preassociation, which
occurs noncovalently between a photosensitizer and a
quencher in their ground states prior to excitation.92 For the
Fe(III)/anthracenes pairs, π−π stacking between the aromatic
systems of the anthracenes and the phenyl moieties on the
backbone of the Fe(III) complex seems viable. 1H NMR
titration of the Fe(III) complex by DPA exemplarily evidences
the π−π interactions, and the obtained association constants
Ka follow a 1:1 model with values ranging from 149 to 295 M−1

for the phenyl moieties of the Fe(III) complex, in line with the
Ka of 158 M−1 determined from the chemical shift of DPA

(Supporting Information, Section 6). The magnitude of these
association constants is found to be representative of weak
π−π interactions occurring in a dynamic fashion.93−96 Ground-
state preassociation is particularly beneficial for bimolecular
reactions involving short excited state lifetimes because it
circumvents the diffusion-controlled encounter and allows
efficient bimolecular electron- and energy transfer.77,92,97

Assuming that the observed luminescence quenching of the
Fe(III) complex is all attributed to the energy transfer to the
annihilator, the maximal DTET efficiency would be 12.3% for
An, 14.5% for PhAn, and 22.5% for DPA at the given
concentrations (Table 1, Supporting Information, Table S2,
Figure S9−11), and these values exceed the estimated DTET
efficiency (∼9.6%) occurring at the diffusion limit (Supporting
Information, Section 5.3).

Figure 2. (a) Luminescence intensity-based Stern−Volmer quenching of [Fe(phtmeimb)2]PF6 (40 μM) by DPA with different concentrations (0−
10 mM, blue to red) in deaerated DMSO at 20 °C. The rise of luminescence at ∼570 nm with increasing DPA concentration is attributed to the
excimer fluorescence from DPA.100−102 (b) Stern−Volmer plots derived from the quenched luminescence intensity of [Fe(phtmeimb)2]PF6 (40
μM) by An (yellow squares), PhAn (light green triangles), and DPA (green stars) (Supporting Information, Figure S9−11); linear fitting of the
data in (b) gives the quenching rate constant kq (kq = KSV/τ0, τ0 = 1.60 ns in aerated DMSO from the lifetime obtained in Figure 1b, inset). Inset:
plot of the quenching rate constant kq as a function of the free energy ΔGEnT for DTET with different anthracenes. (c) UV−vis transient absorption
spectra of [Fe(phtmeimb)2]PF6 (100 μM)/DPA (10 mM) in aerated DMSO at 20 °C with different time delays after excitation at 532 nm with a
ns-pulsed laser (pulse energy ∼12 mJ). UV−vis transient absorption spectra of (d) [Fe(phtmeimb)2]PF6 (500 μM) and (e) [Fe(phtmeimb)2]PF6
(500 μM)/DPA (10 mM) in aerated DMSO at 20 °C with different time delays after excitation at 532 nm with a fs-pulsed laser (pulse energy
∼0.92 μJ). The wavelength region between 510 and 555 nm is removed due to the pump scattering. (f) Transient absorption decays of samples
from (d) (red scatters) and (e) (blue scatters) recorded at 445 nm, together with their monoexponential (red solid traces) and biexponential (blue
solid traces) fits. Excitation occurred with a fs-pulsed laser at 532 nm. (g) Reaction scheme of [Fe(phtmeimb)2]PF6 and DPA with their
corresponding electronic microstates.
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To obtain deeper insight into the intermolecular DTET, the
[Fe(phtmeimb)2]PF6 (500 μM)/DPA (10 mM) pair was
studied on transient absorption spectroscopy equipped with a
femtosecond-pulsed laser at 532 nm (Supporting Information,
Section 7.1). In the absence of DPA, the initially formed
excited state absorption signal of [Fe(phtmeimb)2]PF6
maximized at 580 nm (Figure 2d)75,98 follows a mono-
exponential decay with a time constant of 1.44 ns (Supporting
Information, Figure S24a), which agrees well with the decay
kinetics at 445 nm (1.55 ns, Figure 2f, red traces) and the
previously obtained luminescence lifetime (Figure 1b, upper
panel, Supporting Information, Figure S7b). In the presence of
10 mM DPA, the transient absorption signal at 580 nm decays
faster with a time constant of 1.11 ns (Supporting Information,
Figure S24a). This corresponds to a DTET efficiency of 22.9%,
which is identical to the DTET efficiency obtained from
steady-state luminescence quenching with the same concen-
tration of DPA (Table 1). This agreement implies that DTET
seems to account exclusively for the luminescence quenching,
and the above-mentioned preassociation does not lead to
luminescence quenching. For such a multistep process, in
which the DTET occurs following the preassociation between
the Fe(III) complex and the anthracenes, simple static or
dynamic quenching does not readily apply (Supporting
Information, Section 7.1).92,99 For the reported [Fe-
(ImPP)2]+-sensitized photon upconversion, the maximum
DTET efficiency is estimated to be ∼4%, with the assumption
that DTET occurs at the diffusion limit of the employed
solvent.78 For our [Fe(phtmeimb)2]PF6/DPA (10 mM) pair,
the higher DTET efficiency of ∼23% obtained from the excited
state quenching studies is ascribed to the preassociation that
narrows the bimolecular distance and the longer luminescence
lifetime of [Fe(phtmeimb)2]+ than [Fe(ImPP)2]+. Selective
excitation of the [Fe(phtmeimb)2]PF6 (500 μM)/DPA (10
mM) pair with fs-pulsed laser at 532 nm leads to the formation
of the spectral signature of 3DPA* at ∼445 nm (Figure
2e),61,90 which decays significantly slower than the transient
absorption signal of neat [Fe(phtmeimb)2]PF6 solution at the
same wavelength and reaches a plateau around 3 ns after the
laser excitation (Figure 2f). Excitation of the [Fe-
(phtmeimb)2]PF6/DPA pair with a 532 nm ns-pulsed laser
confirms the spectral signature of 3DPA* (Figure 2c), which
decays with a time constant of 2.4 μs under the measurement
conditions (Supporting Information, Figure S29c).81 These

spectroscopic investigations indicate DTET from the 2LMCT
excited state of the Fe(III) complex to the T1 state of DPA.

DTET has been recently unambiguously evidenced with
luminescent Cr(III) complexes with spin-flip doublet excited
states,61,103 the above-mentioned [Fe(ImPP)2]+,78 and organic
π-radical photosensitizers.104,105 For the [Fe(phtmeimb)2]-
PF6/DPA pair, the spin multiplicity of the Fe(III) complex
remains doublet during the DTET, whereas the spin state of
DPA changes from a singlet ground state (S0) to the triplet
excited state (Figure 2g). This is in contrast to most triplet and
doublet sensitizers, whose spin multiplicity is typically changed
upon energy transfer to an acceptor (Supporting Information,
Section 5.4). Importantly, the overall spin multiplicity of the
donor−acceptor pair remains unchanged after the DTET,
which makes the energy transfer a spin-allowed process
according to the Wigner spin conservation rule.106−108 The
overall spin multiplicity is often discussed in photoinduced
electron transfer and charge recombination of a donor−
acceptor pair caged in solvent molecules,83,109,110 but only very
few examples have applied this concept for energy transfer.108

A representative example is the triplet-quartet energy transfer
from a Re(I)-based energy donor (3MLCT → 1MLCT) to a
Cr(III)-based energy acceptor (4A2 → 4T2), and this process is
rationalized with the Förster theory.108 However, this seems
not to be our case due to a lack of spectral overlap between the
donor emission and the acceptor absorption, which is a crucial
parameter for Förster-type energy transfer.111,112 Instead, the
Dexter-type electron exchange mechanism seems plausible for
the Fe(III)/anthracenes pairs (Figure 2g, blue arrows,
Supporting Information, Section 5.4), similar to the DTET
reported for Cr(III)/anthracene pairs.61,103 The preassociation
between the Fe(III) complex and DPA makes the strong
distance dependence of Dexter energy transfer and the short
2LMCT excited state lifetime less challenging. The spin-
allowed and thermodynamically feasible DTET in the Fe(III)/
anthracenes pairs provides an important fundamental basis for
using photoactive Fe(III) complexes for energy transfer-based
applications, such as photon upconversion.
Sensitized TTA Upconversion. Selective excitation of the

Fe(III) (40 μM)/DPA (10 mM) pair in aerated DMSO at 532
nm leads to an upconversion luminescence from the S1 state of
DPA with a maximum at 435 nm, which corresponds to a
pseudo anti-Stokes shift ΔE of 0.52 eV, and a higher ΔE of
0.72 eV is reached with An as the annihilator (Table 1). The

Table 1. Photon Upconversion Parameters of the [Fe(phtmeimb)2]PF6/Anthracenes Pairs in the Presence and Absence of an
Anthracene-Based Mediatore

mediator λem
a/nm ΔE/eV ΦUC

b/% τUC
c/μs kq/M−1 s−1 ΦDTET

d/%

Fe(III)/And none 407 −0.72 0.003 109 1.13 × 1010 12.3
Fe(III)/PhAn none 420 −0.62 0.06 119 7.04 × 1010 14.5

An 0.04 102
Fe(III)/DPA none 435 −0.52 0.03 110 1.82 × 1011 22.5 (22.9)

An 0.19 108
PhAn 0.16 97

aUC luminescence maximum. bUpconversion luminescence quantum yield (ΦUC) of [Fe(phtmeimb)2]PF6 (40 μM)/annihilators (An 20 mM,
PhAn 20 mM, DPA 10 mM) in the absence and presence of a given mediator (10 mM) in aerated DMSO at 20 °C. Excitation occurred with a 532
nm cw-laser at the maximal power density of 144 W cm−2. A 495 nm long pass filter was placed between the laser and the sample. cUpconversion
luminescence decays of the same samples used in the ΦUC measurements at the UC luminescence maximum wavelength in deaerated DMSO at 20
°C. dThe DTET efficiency. The DTET efficiency is given by the equation: ΦDTET = 1 − I/I0 = 1 − τ/τ0, I0 and I are the luminescence intensity in
the absence and presence of the anthracene annihilators at the given concentrations (Supporting Information, Section 5), respectively; in
parentheses is the DTET efficiency value determined from the transient absorption lifetimes of [Fe(phtmeimb)2]PF6 (500 μM) at 580 nm in the
absence (τ0) and presence of DPA (10 mM) (τ) (Supporting Information, Section 7.1). eExcitation occurred at 532 nm with a cw-laser.
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first fluorescence band of DPA at 413 nm becomes an emission
shoulder due to the reabsorption phenomena that occurred at
the high annihilator concentrations.113−115 In the absence of
the Fe(III) complex, no upconversion luminescence is
observed from the neat solutions of the anthracenes under
identical measurement conditions (Supporting Information,
Section 8.2). The upconversion luminescence from DPA is
dramatically enhanced by increasing the excitation power
density (Figure 3a). The integrated upconversion lumines-

cence I410−510 follows a quadratic dependence on the excitation
power density (slope of 1.92) due to the biphotonic nature of
TTA (second-order reaction).116 No upconversion saturation
is reached for the Fe(III)/DPA pair under our conditions
(Figure 3b, Supporting Information, Section 8.5), despite the
high excitation power densities used in this study, likely due to
the low DTET efficiency and therefore low concentrations of
3DPA*.117,118

The upconversion luminescence of DPA decays with a time
constant τUC ranging from 110 to 304 μs, which decreases at
higher concentrations of DPA, as a consequence of more
frequent encounters between the triplet excited DPA (Figure
3c, Supporting Information, Section 8.5).117 These τUC values
exceed the prompt fluorescence lifetime of 1.10 ns for DPA by
approximately 5 orders of magnitude (Supporting Information,
Figures S6b and 42b). Using [Fe(phtmeimb)2]PF6 (40 μM in
DMSO) as the reference, the reachable upconversion quantum

yield ΦUC was determined twice independently to 0.03%
(relative to a theoretical limit of 50%)119 for the Fe(III) (40
μM)/DPA (10 mM) pair in aerated DMSO under our
conditions. This is lower than the ΦUC of 0.06% obtained from
the Fe(III) (40 μM)/PhAn (20 mM) pair, presumably due to
the lower concentration of DPA limited by the solubility in
DMSO (Table 1, Supporting Information, and Section 8.3−
8.5). These values are found in the same magnitude as the ΦUC
of ∼0.02% reported for the [Fe(ImPP)2]+-sensitized photon
upconversion in deaerated solution at room temperature,78

even our Fe(III)/anthracene pairs show higher DTET
efficiencies as mentioned previously. This is likely because
our anthracene-based annihilators form excimers at such high
concentrations (Figure 2a, Supporting Information, Section
8.2), which diminishes the upconversion quantum yield.8,120

The even lower ΦUC of 0.003% obtained from the Fe(III) (40
μM)/An (20 mM) pair is attributable to the low fluorescence
quantum yield and the photodimerization reaction of the
singlet excited An.61,90 These generally low ΦUC values are
mainly attributed to the low DTET efficiency, as previously
discussed.
Mediator-Enhanced Photon Upconversion. To en-

hance the energy transfer efficiency between the Fe(III)
complex and DPA, a mediator based on an organic
chromophore is introduced, which features a triplet state
with a longer excited lifetime than the photosensitizer and an
energy level between the 2LMCT and the T1 states. The
mediator can be introduced either via a direct mixing fashion
with the sensitizer/annihilator pair121 or via Coulombic
interactions with the ionic sensitizer.122,123 Addition of An
(10 mM) to the [Fe(phtmeimb)2]PF6 (40 μM)/DPA (10
mM) pair leads to significantly enhanced upconversion
luminescence from DPA, and no fluorescence features from
An are observed (Figure 4b, Supporting Information, Section
9.2). With the T1 state energy of 1.81 eV (Figure 1a,
Supporting Information, Figure S3), An acts as an energy
acceptor for the DTET from the Fe(III) complex and
simultaneously as an energy donor with a long-lived T1 state
for TTET to DPA (Figures 4a and S31). The μs-scaled lifetime
of 3An* is favorable for a more efficient population of the T1
state of DPA than that sensitized solely by the Fe(III) complex,
which leads to a maximal ΦUC of 0.19% under our conditions
(Figure 4c). This value exceeds the reachable ΦUC in the
absence of An by a factor of 6.3 under identical conditions, and
the use of PhAn as a mediator improves the ΦUC by a factor of
5.3 (Table 1, Supporting Information, Section 9.3). A ΦUC of
∼0.2% is moderate, but this is comparable to those sensitized
by Ru(II)122 and Os(II)30,32 complexes, and this exceeds the
reported ΦUC value sensitized by [Fe(ImPP)2]+ by one order
of magnitude.78

For the [Fe(phtmeimb)2]PF6/PhAn pair, however, the
presence of An as the mediator lowers the ΦUC value (Table
1, Supporting Information, Section 9.1). This is because the
reverse TTET from the T1 state of PhAn to that of An is
thermodynamically feasible due to their small energy gap,90 as
evidenced by the significantly elongated T1 lifetime of PhAn
from 2.1 to 81.3 μs by the addition of An (Supporting
Information, Figure S26c and 27c). As a competing
deactivation pathway to TTA, strong reserve TTET accounts
likely for the observed drop of the ΦUC and τUC values (Table
1, Supporting Information, Figure S28, Section 8.4 and 9.1).
Evidently, the energy level of the mediator is a crucial
parameter for the upconversion performance.

Figure 3. (a) Upconversion luminescence spectra of [Fe-
(phtmeimb)2]PF6 (40 μM)/DPA (10 mM) in aerated DMSO at 20
°C, excited with a green 532 nm cw-laser at different powers (1 mW
to 200 mW). (b) Excitation power density dependence of the
upconversion luminescence integral from 410 to 510 nm extracted
from a) as a log−log plot. A linear fit of the plot gives a slope of 1.92,
indicating a biphotonic nature of the upconversion. (c) Normalized
upconversion luminescence decay at 430 nm recorded from a solution
containing [Fe(phtmeimb)2]PF6 (40 μM) with different concen-
trations of DPA (0.07−7 mM) in aerated DMSO at 20 °C. Excitation
occurred with the 532 nm laser (200 mW) with a pulse width of 250
μs. (d) Upconversion luminescence quantum yield (ΦUC) obtained
with [Fe(phtmeimb)2]PF6 (40 μM) and different anthracenes [An
(20 mM), PhAn (20 mM), DPA (10 mM)] in aerated DMSO at 20
°C as a function of the excitation power density from 0.72 to 144 W
cm−2 using a tunable 532 nm cw-laser. For all upconversion
luminescence measurements, a 495 nm long pass filter was placed
between the laser and the samples.
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The [Fe(phtmeimb)2]PF6/DPA pair in aerated DMSO
shows high photorobustness, as evidenced by the ∼85%
retaining upconversion luminescence after two-hour continu-
ous irradiation with a 532 nm cw-laser at the maximal power
density of 144 W cm−2, and this is not affected by the presence
of the An mediator (Supporting Information, Section 10). The
high photostability coupled with a moderate upconversion
efficiency of ∼0.2% makes the luminescent Fe(III) complex
promising for sustainable conversion of light energy.
UC-Driving Photocatalytic Radical Polymerization.

Acrylate polymers are widely used in industry and
biomedicines due to their light transparency, elasticity,
weatherability, and high biocompatibility.124,125 Photocatalytic
radical polymerization allows the synthesis of these polymers in
a spatially and temporally controlled manner by light,126−128

and using low-energetic visible light to drive these reactions is
particularly attractive for 3D printing.11,46,47 DPA is a well-
known blue emitter for sTTA-UC,16,129 but the utilization as a
photoredox catalyst remains underexplored, and the extremely
few examples require high-energy irradiation photons at ∼395
nm.130,131 DPA radical anion has a strong reducing power E1/2

0

(DPA/DPA•−) = −1.94 V vs SCE in the ground state,90 which
enables the reduction of an alkyl halide-based initiator, such as
ethyl 2-bromopropionate (EBP) shown in Figure 5e.132−134

We decide to use our Fe(III)/DPA upconversion pair for
green-light-driving photocatalytic radical polymerization of
acrylate monomers, including trimethylolpropane triacrylate
(TMPTA) and poly(ethylenglycol)diacrylate (PEGDA) (Fig-
ure 5a and b, Supporting Information, Section 11).

The DPA radical anion (DPA•−) can be formed via
photoinduced electron transfer with an electron donor.131

The singlet excited state redox potential of DPA is estimated to
be E0(1DPA*/DPA•−) = 1.06 V vs SCE (Supporting
Information, Section 11.1), which allows exothermic reductive
quenching by TEOA (E1/2

0 (TEOA•+/TEOA) = 0.90 V vs

Figure 4. (a) Energy-level diagram for the sTTA-UC occurring in the
[Fe(phtmeimb)2]PF6/DPA pair with An as the mediator. DTET:
doublet-triplet energy transfer; TTET: triplet−triplet energy transfer;
and TTA: triplet−triplet annihilation. (b) Upconversion lumines-
cence spectra of the [Fe(phtmeimb)2]PF6 (40 μM)/DPA (10 mM)
pair in the absence (green traces) and presence (purple traces) of An
as the mediator in aerated DMSO at 20 °C; inset: corresponding
photographs of the upconversion samples in the absence and presence
of An. (c) Upconversion luminescence quantum yield (ΦUC) of
[Fe(phtmeimb)2]PF6 (40 μM)/DPA (10 mM) in the absence and
presence of An (10 mM) as the mediator in aerated DMSO at 20 °C
as a function of the excitation power density (532 nm cw-laser). A 495
nm long pass filter was placed between the laser and the samples.

Figure 5. Photopolymerization reaction schemes of (a) trimethylolpropane triacrylate (TMPTA) and (b) polyethylene glycol diacrylate (PEGDA)
with their respective polymerization images at the indicated irradiation time (right). (c) Normalized upconversion luminescence decays of the
Fe(III) (70 μM)/DPA (7 mM) upconversion pair at 430 nm in the presence of triethanolamine (TEOA) with different concentrations in aerated
DMSO at 20 °C. Excitation occurred with a 532 nm laser (200 mW) with a pulse width of 250 μs. Inset: linear Stern−Volmer plots derived from
the lifetime data in (c), giving a quenching rate constant of kq = 3.20 × 106 M−1 s−1. (d) Normalized prompt fluorescence decays of DPA (10 μM)
at 430 nm in the presence of TEOA with different concentrations. Excitation occurred with a 390 nm pulsed LED. (e) Plausible photocatalytic
polymerization mechanism employing the Fe(III)/DPA upconversion pair under green light irradiation. DTET: doublet-triplet energy transfer;
TTA: triplet−triplet annihilation; SET: single electron transfer; and RP: radical polymerization.
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SCE)90 with a driving force ΔGET = −0.16 eV. This is
evidenced by the quenched upconversion luminescence
lifetime of DPA by TEOA with a quenching rate constant kq
of 3.20 × 106 M−1 s−1 (Figure 5c), which is 3 orders of
magnitude below the diffusion limit of DMSO at 20 °C (kdiff. =
2.9 × 109 M−1 s−1).90 This low kq value and the small driving
force ΔGET fit qualitatively to the Rhem-Weller trend, in which
the rate constants for electron transfer with a small driving
force (ΔGET near 0) fall typically in the regime of ∼106 to 107

M−1 s−1.45,109,110,135−137 However, for the prompt fluorescence
of DPA, no quenching of the decay kinetics was observed in
the presence of TEOA (Figure 5d). This is because the
upconversion luminescence of DPA decays ∼100,000 times
slower than the prompt fluorescence of DPA (see previous
discussion). For the 1DPA* accessed via sTTA-UC, the long
luminescence lifetime of ∼130 μs enables a quenching
efficiency of ∼62% at a TEOA concentration of 70 mM used
below for photopolymerization (Figure 5c, Supporting
Information, Section 11.1). This quenching process is
kinetically hindered for the prompt 1DPA*, as a consequence
of the short fluorescence lifetime (Figure 5d, Supporting
Information, and Section 11.1). This agrees well with our
previous finding that long excited state lifetimes boost the
excited state reactivity for electron- or energy transfer with
small driving forces and slow reaction rates.45

Figure 5e illustrates the proposed mechanism for photo-
catalytic polymerization using the Fe(III)/DPA upconversion
pair and green irradiation light. In an aerated DMSO solution
containing the acrylate monomer TMPTA or PEGDA, EBP as
the initiator, TEOA as the additive, and the Fe(III)/DPA pair,
irradiation with a 532 nm green laser (200 mW) forms the
1DPA* in the laser beam via sTTA-UC. Upon encounter with
TEOA, the 1DPA* is reductively quenched, giving a TEOA
radical cation and a DPA radical anion. The formed DPA•−

reduces subsequently the C−Br bond of the EBP initiator,
which gives a bromide ion and a propagating alkyl radical for
radical polymerization (Figure 5e, Supporting Information,
Figure S51).132,133 Meanwhile, the catalytic cycle is closed
upon recovering DPA to the ground state. The introduction of
An as a mediator to the Fe(III)/DPA pair led to a significantly
slower reaction rate, likely due to the photoredox noninnocent
3An* that induces unwanted side reactions (Supporting
Information, Section 11.1). After irradiation of the reaction
mixtures in a dark environment for 5 min with green light, the
liquid solutions transformed into a freestanding gel for the
TMPTA polymer (Figure 5a, right image) and a polymer stick
along the light beam for the PEGDA polymer (Figure 5b, right
image). The latter indicates a spatial control of the polymer
synthesis, which is highly attractive for stereolithographic 3D
printing.2,11,47,53 With a longer irradiation time of up to 60
min, the reaction mixture containing PEGDA was converted
into a freestanding polymer gel (Supporting Information,
Figure S54). Control experiments, in which either the Fe(III)
complex, DPA, TEOA, or light was omitted, did not yield any
polymers (Supporting Information, Section 11.2, 11.3, and
Figure S53 and 54).

Visible light-mediated organophotocatalysts are receiving
substantial attention for polymer synthesis,134,138−141 but they
often rely on high-energy purple or blue irradiation light,
whereas our Fe(III)/DPA upconversion pair benefits from the
low-energy green irradiation light and high excited state
reactivity toward efficient photopolymerizations (Supporting
Information, Section 11.1). Current UC-driving photopolyme-

rization relies mostly on a highly emissive upconverted state,
which undergoes radiative or nonradiative energy transfer to
activate a photoinitiator for polymerization.11,43,46,49−53 Only
very few examples have used sTTA-UC for photoredox
catalytic polymerization.34,42,54 The proof-of-principle experi-
ment in Figure 5 performs a new strategy for initiating
photopolymerization via sTTA-UC, which benefits from (i)
the low-energy visible light irradiation, (ii) the photoredox
catalytic properties of the singlet-excited annihilator, and (iii)
the long-lived nature of the upconverted excited state with
enhanced excited state reactivity. This makes a fundamentally
important step toward efficient photochemical reactions via
photon upconversion.

Examples of using photoactive first−row transition metal
complexes for UC-driving photopolymerizations remain very
few,43,54 as previously mentioned. A Cr(0) isocyanide complex
was reported to sensitize red-to-blue upconversion with an
anthracene derivative and initiate radical polymerization, in
which a photoinitiator was activated by absorbing the
upconversion luminescence.43 This approach performs a
clean polymer synthesis with separated vessels for polymer
reaction and for photon upconversion with red irradiation
light, but the reaction requires multiple hours of laser
irradiation. Another example involves a Zn(II) meso-
tetraphenylporphyrin (ZnTPP) complex, which performs
homomolecular photon upconversion in solution.54 The
upconverted, highly reducing S2 excited state undergoes
single-electron transfer with the monomers and initiates radical
polymerizations in deaerated solutions with green light. Our
Fe(III)/DPA upconversion pair, which allows rapid initiation
of polymerization reactions under aerobic conditions (Sup-
porting Information, Section 11.3), is seen furthermore as a
competitive candidate for catalyzing future polymer synthesis.

■ CONCLUSIONS
Photoactive iron complexes are attracting enormous attention
for photoredox catalysis77,81−86,142−144 and photoinduced
charge separation,79,80 but they remain underexplored for
energy transfer and photon upconversion. This is mainly
restricted by the short excited state lifetime, up to a few
nanoseconds. Using the low-spin 3d5 [Fe(phtmeimb)2]PF6 as
the photosensitizer, which features a luminescent 2LMCT
excited state, we report here a few green-to-blue/purple
upconversion pairs with anthracene-based annihilators. The
Fe(III) complex and the anthracenes are preassociated in their
ground states via dynamic π−π interactions, as evidenced by
luminescence quenching studies and 1H NMR titration. Such
preassociation is particularly beneficial for electron- or energy
transfer involving a short-lived excited state.77,92,97

Assisted by the preassociation, Dexter-type electron
exchange mechanism enables DTET from the 2LMCT excited
state of the Fe(III) complex to the T1 state of the anthracenes,
with perpetually unchanged overall spin multiplicity of the
donor−acceptor pair according to the Wigner spin con-
servation rule (Figure 2).106−108 DTET from a photoactive
Fe(III) complex to an organic chromophore remains
fundamentally underexplored, and we try to uncover this
aspect in this study with advanced spectroscopic techniques
and spin discussions. Based on this DTET, an intramolecular
“doublet-triplet reservoir” between the 2LMCT excited state of
a photoactive Fe(III) complex and the T1 state of an attached
organic chromophore is in principle feasible, which seems a
highly promising strategy for extending the 2LMCT excited
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state lifetime of the photoactive Fe(III) complexes. Such a
strategy has been successfully applied to many coordination
compounds based on precious metals, such as Ru-
(II),25,45,145−150 Re(I),151,152 Os(II),30,153,154 Ir(III),28,155 Pt-
(II),156 and more abundant Cu(I),157−159 leading to essentially
elongated triplet excited state lifetimes.

DTET from [Fe(phtmeimb)2]PF6 to different anthracenes
allows consequently green-to-blue/purple upconversion with
an efficiency ΦUC ranging from 0.003% to 0.06% in aerated
DMSO, and the delayed fluorescence shows a μs-scaled
lifetime (Figure 3). For the Fe(III)/DPA pair, the addition of
An as a mediator leads to a 6-fold enhancement of the ΦUC to
0.19% in aerated DMSO at room temperature (Figure 4). This
moderate upconversion efficiency and the high photorobust-
ness promise the future of using the photoactive Fe(III)
complex for sensitizing photon upconversion.

The Fe(III)/DPA upconversion pair furthermore enables
efficient photopolymerization of acrylates with green light
under aerobic conditions, in which the singlet excited state of
DPA accessed via sTTA-UC undergoes single electron transfer
and catalyzes the radical polymerizations of TMPTA and
PEGDA, whereas this process is kinetically hindered with the
prompt DPA (Figure 5). Our study offers an important
strategy of using a photosensitizer based on low-cost iron for
catalytically initiating radical polymerization with low irradi-
ation energy. This is not merely an academic interest but does
indeed bring iron a significant step forward in future
applications.
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