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ABSTRACT: Photothermal conversion is a growing research area that promotes thermal transformations with visible light
irradiation. However, few examples of dual photothermal conversion and catalysis limit the power of this phenomenon. Here, we
take inspiration from nature’s ability to use porphyrinic compounds for nonradiative relaxation to convert light into heat to facilitate
thermal polymerization catalysis. We identify the photothermal conversion catalytic activity of a vitamin B,, derivative, heptamethyl
ester cobyrinate (HME-Cob), to perform atom transfer radical polymerization (ATRP) under irradiation. Rapid polymerization are
obtained under photothermal activation while maintaining good control over polymerization with the aid of a photoinitiator to
enable light-induced catalyst regeneration. The catalyst exhibits exquisite temporal control in photocontrolled thermal
polymerization. Ultimately, the activation of this complex is accessed across a broad range of wavelengths, including near-IR
light, with excellent temporal control. This work showcases the potential of developing photothermal conversion catalysts.

hotothermal conversion is a powerful tool for conducting Porphyrinic compounds, such as chlorophyll, heme,

thermal transformations using visible light irradiation." aluminum, and zinc porphyrin, have been reported to show
Photothermal conversion agents can generate localized heat by photothermal conversion effects upon irradiation with visible
converting light to thermal energy, thereby enabling highly light.lg_21 These and related metallomacrocycles provide a
selective reactions with spatial and temporal control.” While modular platform for developing molecular photothermal
heat alone can overcome high activation barriers, combination conversion agents with catalytic activity to unlock new
with other forms of catalysis can facilitate more sophisticated reactivities in thermal transformations controlled by light.*'
reactions. Much effort has been made toward developing Although structurally resembling porphyrins, corrin complexes
colloidal or macroscopic photothermal agents, such as precious found in vitamin B, derivatives are underexplored as
metal-based nanoparticles, semiconductors, or metal—organic photothermal conversion catalysts.”*** The corrin macrocycle
frameworks, to promote energy-intensive reactions under mild possesse.s aziower. degree of conjugation co.m‘p.ared with the
photochemical conditions.”™" However, this strategy relies on porphyrins,” which allows molecular flexibility and non-
localized surface plasmonic resonance, a highly wavelength- radiative relaxation pathways to be favored when photo-

excited.”

We hypothesized that vitamin B, complexes would serve as
molecular photothermal conversion agents akin to other
naturally occurring porphyrinic compounds.'” Our group
recently developed a strategy to use heptamethyl ester
cobyrinate (HME-Cob), a hydrophobic vitamin B, derivative,
as a cobalt catalyst for atom transfer radical polymerization
(ATRP) under thermal conditions.”® We envisioned that upon
irradiation, HME-Cob could be used as a molecular photo-
thermal conversion catalyst to mediate ATRP with temporal
control. We posit that under light irradiation, the HME-Cob
complex undergoes nonradiative decay to generate localized
heat gradients, thereby enabling a complementary reactivity for

specific phenomenon (Figure 1A)." Additionally, competing
energy and electron transfer pathways can complicate the
reaction development.

Alternatively, inexpensive, abundant, carbon-based photo-
thermal agents generate localized heat on the surface of the
material via photoexcitation of electrons that move around the
carbon-based lattice (Figure 1B).” Through heat generation,
these materials can mediate high activation barrier reactions
using broad wavelength irradiation.'°™"° However, the
reactivity of carbon-based nanomaterials is primarily limited
to heat generation via photothermal conversion without any
inherent catalytic reactivity. Chromophores represent a third
class of photothermal conversion agents. The nonradiative
decay pathway via molecular vibrations has been observed in
molecular dyes (Figure 1C).'° An example of this mechanism Received:  January 12, 2024
can be seen in nature where plants can dissipate the excess Revised:  March 12, 2024
photonic energy as heat using photothermal conversion Accepted: March 13, 2024
enabled by chlorophyll.'”'® However, there is limited research Published: March 20, 2024
into identifying and developing photothermal conversion -
catalysts that promote photocontrolled thermal reactions.
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Figure 1. Mechanisms of photothermal conversion pathways via (A) plasmonic nanostructures, (B) carbon-based nanomaterials, and (C)

molecular photothermal agents.
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Figure 2. (A) Reaction scheme. (B) Absorption spectra of HME-Cob after reduction and emission spectra of all light sources used. (C)
Polymerization via bulk heating in oil bath. (D) Polymerization via photothermal conversion with different wavelengths. Conditions: [MA]/

[EBP]/[HME-Cob]/[TBABr] = 200/1/0.05/0.10 in DMF (50 vol %); the catalyst prereduced via [HME-Cob]/[Z

Relative intensity output for all light sources was kept at 0.08 W.

n]/[NH,CI] = 1/0.5/1.

thermal catalysis of the ATRP process. This strategy would
promote thermal polymerization with temporal control under
visible light (Figure 2A).

Polymerization of methyl acrylate (MA) with prereduced
HME-Cob in the presence of ethyl 2-bromoproprionate (EBP)
provided high monomer conversion with controlled molecular
weight in bulk heating (temperatures = ~60 °C) (Figure 2C).
The activity and polymerization efficiency of the catalyst
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diminished at decreased temperatures, which resulted in <20%
monomer conversions below 40 °C (Figure S2). Irradiation of
a polymerization solution containing HME-Cob (S mol % with
respect to the EBP initiator) under white LEDs enabled
photothermal conversion catalysis, thereby providing ~50%
monomer conversion in 2 h with control over the molecular
weight and dispersity (Figure 2D, entry 4). We hypothesized
that this complex would be activated to convert light to heat
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across a broad spectrum of light because HME-Cob has an
absorption profile ranging from 300—600 nm (& = ~4000—
9000 M~ cm™") (Figure 2B). Gratifyingly, we observed similar
monomer conversions using LED lights in various wavelengths
under the same intensity output (Figures 2D, SS, and S6).
These results indicate wavelength-independent behavior of
HME-Cob as a photothermal catalyst. In contrast, the
polymerization efficiency of photoredox catalysts often
depends on their absorption profile and the incident light.”” >’

To determine the photophysics of the HME-Cob, ultrafast
laser spectroscopy was used to elucidate the reactivity when
photoexcited. Upon photon absorption, HME-Cob(III)
exhibited exponential decay with time scales of 30 and 200
ps (Figure S8). Upon reduction the complex (Co™) showed a
change in dynamics with triexponential decay with time scales
of 0.5, 4.6, and 80 ps (Figure S9). The 0.5 ps component is
attributed to metal-to-ligand charge transfer with a back
electron transfer that occurred on a 4.6 ps time scale where the
80 ps components are spectrally identical to unreduced HME-
Cob. Addition of the EBP initiator changed the excited-state
dynamics of HME-Cob, which indicated coordination of the
alkyl halide to the complex. A triexponential decay with
modified dynamics was observed and attributed to a charge
transfer complex with the ligand. A forward electron transfer
with 0.5 ps, followed by back electron transfer, occurred on a
slower time scale of 34 ps (Figure S10). A longer lifetime of
280 ps was also observed with small features, which indicates
that almost all photon absorption leads to rapid decay to the
ground state with low quantum yields when photoexcited.
Because of the formation of similar spectral features in the
absence of the initiator, energy transfer can be ruled out.

To further probe the photothermal behavior of the catalyst,
a thermal imaging camera monitored the effect of photo-
thermal conversion on the bulk temperature of the reaction
(Figure 3 and Figure SI11). Rapid temperature increase

A [HME-Cob] (mM) = B HME-Cob
1.38 055 0.05 0.0
- o
10 | Light off
Light on AW
8 | 70 Il/
=3
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2 o
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Figure 3. Changes in bulk reaction temperature using HME-Cob (A
and B) compared with an iridium-based photoredox catalyst (C)
under a white LED chip (relative intensity output 1.89 W).

occurred in a solution of HME-Cob (1.38 uM in DMF) and
reached a change in bulk temperature of 8 °C after 2 min. At
reduced catalyst concentrations (0.55 and 0.05 uM,
respectively), the bulk temperature increase was lower and
slightly slower than observed with a higher catalyst loading.
These observations have been noted in other photothermal
porphyrin reactions where intense heat is generated soon after
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light exposure until reaching a constant bulk temperature."*"*°

In the absence of the catalyst, the temperature increased by 2
°C after 10 min of light exposure, thereby showing that HME-
Cob generates additional heat. In comparison, a traditional
iridium-based photoredox catalyst showed no bulk temperature
increase, which further highlights the reactivity of the
cobyrinate complex enabling photothermal conversion catal-
ysis (Figure 3C and Figure S12). These temperature changes
reflect only the bulk temperature of the solution, whereas the
thermal gradients generated by the catalyst are much higher in
its proximity, which leads to increased photothermal catalytic
efficiency for polymerization reactions. Once the light was
turned off, the temperature decreased sharply.

Polymerization kinetics using 5 mol % HME-Cob was
monitored under white LED irradiation (Figure 4). Control
over the polymerization was achieved with molecular weights
in agreement with theoretical values and low dispersity (P <
1.2). However, the polymerization rate decreased around 4S
min, with the monomer conversion stalling at ~60% (Figure
4B). Using 2 mol % of the catalyst, polymerization of MA
reached 29% monomer conversion (Figure S13), which
indicates the effect of irreversible termination reactions that
convert the activator catalyst to the deactivator species,
[Co'™]/ Br.’®*' To circumvent this plateau in kinetics, we
used a visible-light-active photoinitiator, bisacylphosphine
oxide (BAPO), to generate radicals for catalyst regeneration
(Figure 4A).333 Using 2 equiv of BAPO (10 mol %) with
respect to HME-Cob (5 mol %), a substantial increase in the
rate of polymerization was observed with near quantitative
monomer conversions and agreement between theoretical and
experimental molecular weights (Figures 4B and S16). Even
faster polymerization rates and control can still be seen by
using higher-intensity light (Figures S17 and S18). Notably,
the addition of BAPO with 0.2 mol % catalyst loadings
achieved high monomer conversion, albeit with lower
efficiency and higher dispersity (Figure S19). Increasing the
concentration of bromide anion in the polymerization to favor
deactivation decreased the dispersity and resulted in better
initiator efficiency when using 0.5 and 0.2 mol % of HME-Cob
(Figure 41).

Structural analysis of the resulting polymers obtained at low
catalyst loadings by 'H NMR spectroscopy confirmed the
presence of bromine chain-end functionality where all the
polymer chains were initiated by the EBP initiator at catalyst
concentrations as low as 0.2 mol % (Figures 527 and S28 for
chain extension experiments).

Using photothermal conversion catalysis, we hypothesized
that irradiation would subject the polymerization to temporal
control. After four trials of on/off intervals, the reaction
reached a conversion of ~70% with excellent temporal control
(Figure 4E). We were pleased to observe that polymerization
was reactivated even after a longer off period where the
reaction was left in the dark for 30 min and reactivated for 5
min to give 53% monomer conversion, identical to what is seen
during continuous irradiation (Figure 4F and Figure S$20).
Conversely, temporal control is not adequately achieved under
bulk heating conditions because polymerization continues after
removal of the heat source (Figures $23, S29, and $30). This
observation showcases how photothermally generated thermal
gradients provide excellent temporal control. This temporal
control is a feature that cannot be achieved on demand with
commonly used copper-based catalysts in ATRP.”* While light
irradiation enables catalyst regeneration to activate polymer-
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Figure 4. Kinetics of the polymerization of MA using HME-Cob as a photothermal catalyst. (A) Schematic representation of the ATRP catalytic
cycle where exogenous radicals via photolysis of BAPO allow for catalyst regeneration. (B) Kinetics of the polymerization, (C) evolution of
molecular weight (M,), and (D) dispersity (D) of resulting polymers using HME-Cob (S mol %) in the presence or absence of BAPO
photoinitiator. (E,F) Temporal control of polymerization via intermittent light on/off periods. Thermal polymerization was conducted at 60 °C in
the dark using azobis(isobutyronitrile) (AIBN, 0.2 equiv) by placing the vial in/out of oil bath for temporal control. (G,H) GPC analysis of
resulting polymers. Conditions: [MA]/[EBP]/[HME-Cob]/[TBABr]/[BAPO] = 200/1/0.05/0.10/0.10 in DMF under white LEDs (relative
intensity output of 0.2 W). (I) Polymerizations at low catalyst concentrations.

ization with copper complexes, switching the light off does not
immediately stop the reaction.”> In contrast, we directly
controlled the activity of the cobalt catalyst and achieved
excellent temporal behavior in polymerization via photo-
thermal conversion.

Lastly, given our ability to photocontrol the polymerization
with visible light, we envisioned that this photothermal
conversion catalyst could also be controlled with near-infrared
(NIR) irradiation. Previous work achieved in NIR polymer-
ization required special photosensitizers as copper complexes
show no photocatalytic reactivity under NIR light and require
long irradiation times for modest conversion.’® Despite the low
absorptivity of the HME-Cob complex in the NIR region,
photothermal conversion catalysis without additional photo-
sensitizers activated polymerization (Figure SA). Under these
conditions, monomer conversion reached ~40% after 2 h

(Figure SB). Reasonable control over the polymerization was
achieved with dispersity around 1.30 and initiator efficiencies
~80% (Figure SC). Gratifyingly, excellent temporal control
was maintained with polymerization ceasing during off periods
(Figures SD,E), thereby signifying the versatility of this
photocontrolled process across a broad range of wavelengths.
Higher monomer conversion can be obtained by the addition
of BAPO to the reaction for subsequent catalyst regeneration
under white LEDs to confirm the polymerization control under
NIR (Figure S24).

Here, we have demonstrated a vitamin B;, derivative as a
molecular photothermal catalyst that efficiently converts visible
light to thermal energy. Localized heat gradients generated via
photothermal conversion by the cobyrinate complex increase
its catalytic reactivity to allow photocontrolled cobalt-catalyzed
ATRP. The efficiency of cobyrinate as a photothermal catalyst
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A « Cobalt-catalyzed ATRP controlled by near-infrared (NIR) light ¢
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Figure S. (A) Polymerization scheme of MA using HME-Cob as a
photothermal catalyst under near-infrared light. (B) Kinetics of the
polymerization. (C) Evolution of molecular weight (M,) and
dispersity (D) as a function of monomer conversion. (D,F) Temporal
control via intermittent light on/off periods. Conditions: [MA]/
[EBP]/[HME-Cob]/[TBABr]/[BAPO] = 200/1/0.05/0.10/0.10 in
DME. Relative intensity output, 1.0 W.

was demonstrated in catalyzing ATRP reactions in a controlled
manner under visible or NIR light irradiation, thereby enabling
excellent temporal control over polymerization.
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