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Organic crystals are a promising class of materials for various optical applications. However, it has been
challenging to make macroscopic organic crystals with bicontinuous porosity that are applicable to flow
chemistry. In this study, a new class of porous materials, cm-scale crystalline organic monoliths (COMs)
with bicontinuous porosity, are synthesized by replicating the porous structure of silica monolith
templates. The COMs composed of p-terphenyl can take up more than 30 wt% of an aqueous solution,

and the photophysical properties of the p-terphenyl crystals are well maintained in the COMs. The
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Accepted 18th June 2024 relatively high surface area of the COMs can be exploited for efficient Dexter energy transfer from triplet
sensitizers on the pore surface. The resulting triplet excitons in the COMs encounter and annihilate,

DOI: 10.1039/d4sc01650e generating upconverted UV emission. The COMs would open a new avenue toward applications of
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Introduction

Organic crystals have attracted much attention for their
intriguing luminescence functions such as solid-state fluores-
cence,"? photon upconversion,*” room-temperature
phosphorescence,®® photochromism,* and optical
waveguides.'*** While the size of organic crystals is typically in
the range of pm to mm, macroscopic organic crystals on the cm-
scale have also been exploited. Macroscopic crystals of poly-
aromatic hydrocarbons (PAHs) have been studied as organic
scintillators.”>*® Acene-doped PAH single crystals have also
been used for microwave amplification by stimulated emission
of radiation (MASER)">' and dynamic nuclear polarization
using photoexcited triplet electrons (triplet-DNP).>>** These
bulk crystals can be prepared by melting the components and
subsequent cooling. On the other hand, these bulk crystals have
only been used in “dry” systems, and their limited surface area
made it difficult to interact with molecules in solution.
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organic crystals in flow photoreaction systems.

Here, we propose a new class of porous materials, crystalline
organic monoliths (COMs). Monoliths with bicontinuous
porous structures composed of silica and organic polymers have
been used as adsorbents, supports, and chromatographic
columns.”*?* While some photofunctional titania monoliths
have been developed,**~” examples of photofunctional organic
monoliths have been limited.*® If bicontinuous porous mono-
liths can be created with organic crystals, the long exciton
diffusion length in organic crystals would enable excitons to
reach the pore surface to be utilized.*>** This novel design of
monoliths allows conventional bulk organic crystals to interact
with molecules in solution effectively. We synthesized COMs
using a template replication method. First, a melt of p-terphenyl
(TP), a model compound, was introduced into the pores of
template silica monoliths. A base treatment removed the
template, leaving TP-based COMs (TP-COMs) with bicontinuous
pore structures. The pore surface of the TP-COMs could be
utilized for Dexter energy transfer. Upon visible light irradia-
tion, surface-mediated triplet energy transfer from sensitizer
molecules to the TP-COMs and subsequent triplet-triplet
annihilation (TTA) resulted in upconverted UV emission from
the TP-COMs. The visible-to-UV photon upconversion of the
COM containing aqueous solutions shows their promising
potential for applications in flow photochemistry.

Results and discussion
Synthesis of TP-based COMs (TP-COMs)

We used silica monoliths as templates because they can be
easily removed by hydrolysis without dissolving organic crys-
tals. Silica monolith is a monolithic gel with a hierarchical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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porous structure, and the pore structure can be tuned using
synthetic conditions.”” Silica monoliths were synthesized
following the previous report (Fig. 1a).>” Urea and poly(ethylene
glycol) (MW: ~10 000, PEG10 000) were dissolved in an aqueous
acetic acid solution. After complete dissolution, tetramethox-
ysilane (TMOS) was added to the mixture and allowed to react in

(@)
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an ice bath. After stirring for 90 minutes, the resulting mixture
was transferred to a water bath at 30 °C for gelation. The
resulting gels were heated to 110 °C for 4 hours to modulate the
mesoporous structure. After washing and drying, the resulting
gels were calcined at 600 °C for 5 hours to yield white silica
monoliths (Fig. 1c). Scanning electron microscopy (SEM)
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Fig. 1

(a) Synthetic scheme of silica monoliths. TMOS: tetramethoxysilane and PEG10 000: poly(ethylene glycol) mw: 10 000. (b) Synthetic

scheme of TP-COMs. Photographs without (left) and with (right) UV light irradiation of (c) silica monoliths and (d) TP-COMs. (e) SEM images of

silica monoliths and (f) TP-COMs.
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images after calcination showed the formation of bicontinuous
macroporous structures with an average silica width of 0.73 +
0.04 pm and pore sizes ranging from 1.0 to 3.3 pm (Fig. 1e). In
addition, N, adsorption analysis at 77 K showed that the Bru-
nauer-Emmett-Teller (BET) surface area was 362 m> g, and
the mesopore size estimated from the Barrett-Joyner-Halenda
(BJH) method was about 15.6 nm (Fig. S1f). The formation of
mesopores is typical of silica monoliths synthesized by this
method, confirming the successful synthesis of silica mono-
liths. When exposed to water, the silica monoliths exhibited
79.2 wt% of water uptake according to the thermogravimetric
analysis (TGA) curves (Fig. 2a). Considering the density of silica
gel (0.7 g cm?) and water (1.0 g cm ™ ?), the volume ratio of pores
in the silica monoliths was calculated to be 72.7 vol%.

The porous structure of silica monoliths has been trans-
ferred to organic crystals (Fig. 1b). In this work, p-terphenyl (TP)
was chosen as a model compound to synthesize crystalline
monoliths because TP has significant thermal stability and
photoluminescence. A glass tube filled with the silica monoliths
and TP powder was frame-sealed under reduced pressure. The
sample was heated to 230 °C to introduce the molten TP into the
pores of the silica monoliths. After cooling down to room
temperature, excess TP was removed (see details in the ESIY).
The resulting composite was immersed in a 1 M NaOH aqueous
solution to dissolve the silica by hydrolysis. The resulting
sample was washed with water and dried under reduced pres-
sure to obtain TP-based crystalline organic monoliths (TP-
COMs). While the original silica monoliths showed no lumi-
nescence under UV light irradiation (Fig. 1c), the obtained TP-
COMs showed bright purple luminescence (Fig. 1d).

The introduction of TP into the silica pores and the removal
of silica were tracked by TGA (Fig. 2b). The introduction of TP
into the silica monoliths resulted in an 82.5% weight loss,
which corresponds to 73.3 vol% of TP in silica monoliths
(density of TP was estimated to be 1.2 g ecm™> based on the
single crystal structure). This value agrees well with the esti-
mated porosity of water-filled silica monoliths (72.7 vol%),
indicating that the pores of the silica monoliths were filled with
TP. Furthermore, the TGA curve of TP-COMs reached 100%
weight loss at around 230 °C, confirming the complete removal
of the silica templates.
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The porous structure of the TP-COMs was also investigated.
SEM images of the TP-COMs showed a bicontinuous porous
structure with an average size of pore walls and pore sizes of 3.0
£ 0.17 pm and 1.8 £ 0.14 um, respectively, indicating the
successful replication of the template silica monoliths (Fig. 1f).
Since the pore surface of TP-COMs was too hydrophobic to take
up water, an aqueous solution of 10 mM cetyl-
trimethylammonium bromide (CTAB) surfactant was intro-
duced into the TP-COMs. The volume ratio of the aqueous
solution in the TP-COM was estimated to be 32.8 vol% from the
TGA curve (Fig. 2C). The volume ratio of TP to the silica
monolith template (73.3 vol%) predicts the pore volume ratio of
the TP-COMs to be 26.7 vol%. This predicted value is not far
from the observed value (32.8 vol%), indicating the successful
transfer of the porous structure from silica monoliths to TP-
COMs. On the other hand, the N, adsorption analysis showed
less than 1.0 m* g~ of BET surface area, indicating that TP-
COMs have a macroporous structure but are nonporous at the
nanoscale (Fig. S1f). The current method successfully repli-
cated the macropores but not the mesopores of the silica
template, so further developments are needed to improve the
surface area of the resulting COMs. The powder X-ray diffrac-
tion measurements supported the fact that the crystalline
structure of TP is well preserved in the resulting TP-COMs
(Fig. S31). This simple melt crystallization and template
removal method successfully synthesized the organic crystalline
monoliths.

The morphology of the TP-COMs can be easily tuned by
changing the porous structure of the silica monolith templates.
By using different amounts of PEG10 000, the 3 types of silica
monoliths were synthesized. Using these templates, corre-
sponding porous structures of TP-COMs were successfully ob-
tained (Fig. S4f). This result indicates that this method has
excellent versatility in synthesizing COMs with different porous
structures. The following demonstrations utilized TP-COMs
synthesized with silica monolith using 575 mg of PEG10 000.

The optical properties of TP-COMs were evaluated. Although
UV-vis absorption spectra could not be recorded due to the
strong scattering, excitation and fluorescence spectra showed
a similar spectral shape to TP powder (Fig. S5T). In addition, the
TP powder shows a high fluorescence quantum yield (66.5%),
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Fig. 2 TGA curves of (a) silica monoliths (black) and silica monoliths exposed to water (blue), (b) silica monoliths (black), composite of silica
monoliths and TP (red), TP powder (green), and TP-COMs (orange), (c) TP-COMs (orange) and TP-COMs immersed in the 10 mM aqueous CTAB

solution (purple). The same color data represent the same sample.
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which is mostly preserved in the TP-COMs (57.0%). This indi-
cates that TP-COMs can be a promising UV-emitting bulk
material with high porosity.

Dexter energy transfer at the pore surface of COMs

The triplet Dexter energy transfer at the pore surface of the TP-
COMs has been investigated. The organic crystals of 7-conju-
gated compounds with high porosity have the potential to
harvest and convert light energy for various photochemical
reactions. Here, we used the TP-COMs as triplet energy accep-
tors to demonstrate photon upconversion based on triplet-
triplet annihilation (TTA-UC). As a triplet sensitizer, we chose
Ir(ppy)s, which has a suitable T; energy level (T; = 2.48 eV)** for
efficient triplet energy transfer to TP crystals (T; = 2.15 eV).*
Dexter energy transfer requires close contact between
Ir(ppy); and TP molecules. Since TP is soluble in common
organic solvents, the monolithic structure of TP-COMs is easily
lost by organic solvents. On the other hand, hydrophobic
Ir(ppy)s is not soluble in water. To overcome these problems, we
used an aqueous micelle solution to modify Ir(ppy); on the pore
surface of TP-COMs (Fig. 3a). The incorporation of Ir(ppy); into
the micelle allowed Ir(ppy); to dissolve in water. The use of
surfactants also allowed the aqueous solution to be introduced
into the highly hydrophobic pores by reducing the surface
tension. A THF solution of Ir(ppy); was added to the aqueous
solution of the surfactant CTAB, and stirred overnight, resulting
in the Ir(ppy)s;-dispersed micelle solution. After syringe filtra-
tion, the formation of Ir(ppy)s-dispersed micelles was
confirmed by dynamic light scattering (DLS) and zeta potential
measurements. An average micelle size of 3.21 + 0.43 nm
(Fig. 3b) and a zeta potential of +60.7 £+ 1.5 mV were observed,
indicating the formation of the CTAB micelles. Absorption and
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Fig.3 (a) Schematic representation of Ir(ppy)s micelle preparation and
chemical structures of CTAB and Ir(ppy)s. (b) DLS profile of Ir(ppy)s
micelles. (c) UV-vis absorption (solid line) and photoluminescence
(dotted line) spectra of Ir(ppy)s micelles in water.
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photoluminescence spectra of the micelle solution confirmed
the inclusion of Ir(ppy)s; (Fig. 3c), and the concentration of
Ir(ppy); was roughly estimated to be 9.3 uM from the absor-
bance of the aqueous micelle and the molar absorption coeffi-
cient in CH,Cl, (¢35, = 12000 M~ " cm ™) (Fig. S61).*

To modify the macropore surface of the TP-COMs with
Ir(ppy)s, the TP-COMs were immersed in the Ir(ppy); micellar
solution. After 2 hours of immersion, the resulting sample was
washed with water and dried under reduced pressure. The
macropore structure of the TP-COMs was well preserved after
the Ir(ppy); modification (Fig. S7T). The modification of Ir(ppy);
was confirmed by photoluminescence spectra (Fig. S8%).
Notably, the similar photoluminescence spectra of Ir(ppy); on
the TP-COMs compared to those in the toluene solution indi-
cated the good dispersibility of Ir(ppy); on the surface of TP-
COMs (Fig. S8t). On the other hand, the amount of Ir(ppy)s
on the surface of the TP-COMs could not be determined due to
its low concentration.

The TET process was evaluated by monitoring the change in
the photoluminescence lifetime of Ir(ppy); (Fig. 4a). The pho-
toluminescence lifetime of Ir(ppy); on the pore surface of the
TP-COMs became significantly shorter than that in the toluene
solution (Fig. 4b). The photoluminescence decay of Ir(ppy); on
the TP-COMs could be fitted with a biexponential function. The
mean photoluminescence lifetime was 0.38 pus (Fig. 4b, Table
S11). The TET efficiency was calculated using the following
equation:

¢ET = 1-1’/’[0

(©)

. ¥ irppy)s
o~ TP monolith

— IRF
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Fig. 4 (a) Schematic representation of triplet Dexter energy transfer
on the macropore surface of TP-COMs. (b) Photoluminescence
decays and fitted lines (yellow) of Ir(ppy)s in toluene (black) and on the
surface of TP-COMs (red). The instrument response function (IRF) is
shown in the gray line.
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where @gris the energy transfer efficiency, t is the average
photoluminescence lifetime of Ir(ppy); on the surface of the TP-
COMs, and 1, is the lifetime of Ir(ppy)s; in toluene (1.30 ps). The
&y was estimated to be 70.6%, demonstrating efficient Dexter
energy transfer at the pore surface of the TP-COMs.

TTA-UC of Ir(ppy)s-modified TP-COMs

Finally, the TTA-UC properties of Ir(ppy); modified TP-COMs
were evaluated. TTA-UC is one of the photon upconversion
methods that can generate a higher energy photon from two
lower energy photons.***® The photo-excited sensitizer
undergoes intersystem crossing (ISC) to the triplet state. The
triplet energy of the sensitizer is then transferred to the emitter.
When two triplets of the emitter encounter and annihilate, the
upconverted singlet state of the emitter is generated (Fig. 5a).
TTA-UC is promising because it can work at low excitation light
intensity and yield high quantum efficiency, which is expected
for various applications in energy and biology disciplines.>***
The TTA-UC measurements were performed under an Ar
atmosphere for Ir(ppy); modified TP-COMs. Irradiation with
a 445 nm continuous wave (CW) blue laser resulted in UC emission
in the UV region with a peak top at 372 nm (Fig. 5b). The ps scale of
the upconversion photoluminescence (UCPL) decay indicated that
the triplet states were involved, and the triplet lifetime was esti-
mated to be 133 ps (Fig. S9T). No UCPL was observed when the TP-
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Fig. 5 (a) Schematic representation of TTA-UC. ISC: intersystem
crossing, TET: triplet energy transfer, and TTA: triplet—triplet annihi-
lation. (b) Upconversion photoluminescence (UCPL) spectra of
Ir(ppy)s-modified TP-COMs at different excitation intensities (Aex =
445 nm, 425 nm short pass filter).
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COMs without Ir(ppy); were excited using the 445 nm laser, sup-
porting the sensitized TTA-UC mechanism. The TTA-UC efficiency
could not be determined due to the low absorption of Ir(ppy); on
the surface of the TP-COMs and the intense light scattering of the
TP-COMs. Interestingly, no UCPL was detected by photoexcitation
of Ir(ppy)s-doped TP powder prepared by melting and cooling
Ir(ppy)s-modified TP-COMs. This indicates that when Ir(ppy); is
uniformly dispersed throughout the TP powder, almost no TTA is
observed due to the low concentration of Ir(ppy)s; and, thus, the low
concentration of triplet excitons. On the other hand, by selectively
modifying Ir(ppy); on the pore surface of TP-COMs, the local triplet
density increases and TTA is effectively induced. This means that
excitons can accumulate near the pore surface of the COMs and are
expected to be applied to chemical reactions involving energy
transfer and electron transfer using upconverted energy.

At low excitation intensities, TTA-UC behaves as a two-
photon process because triplet deactivation occurs faster than
TTA, but as the excitation light intensity is increased, triplet
consumption by TTA becomes dominant, and the process
behaves as a pseudo-one-photon process.®** The threshold
excitation intensity, Iy, is the point at which this quadratic to
linear transition occurs and is estimated from the intersection
of the fitting lines in the double logarithmic plot of UC emission
intensity versus excitation light intensity (Fig. 6). Iy, is a key
parameter for evaluating TTA-UC because approximately half of
the maximum UC efficiency of the system is obtained at I;;,. The
UC emission intensity at 372 nm of the Ir(ppy);-modified TP-
COMs showed the expected quadratic-to-linear transition and
a relatively low Iy, of 750 mW cm ™2 (Fig. 6). Notably, a similar I,;,
value of 1040 mW cm™> was observed for the Ir(ppy);-modified
TP-COMs immersed in degassed water for 2 h (Fig. 6). This
indicates that the leakage of Ir(ppy); into water is suppressed
and that the upconverted energy can be utilized under aqueous
conditions. An important step toward the possible development
of a flow photoreaction system based on upconverting mono-
liths with bicontinuous porous structures has been
demonstrated.

Dried: Iy, = 750 mW cm™
in H,O: I, = 1,040 mW cm™

A

] Slope: 1.95 j

Slope: 0.99 o100
T

g2

UCPL intensity (a.u.)
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Fig. 6 Excitation intensity dependence of UCPL intensity at 372 nm of
Ir(ppy)s modified TP-COMs under Ar (black) and in degassed water
(red).
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Conclusions

We have developed a method to impart bicontinuous porous
structures to bulk organic crystals. Although examples of
bicontinuous porous monoliths have been limited to amor-
phous materials, we have shown that the porous structure can
be transferred to organic crystals using silica monoliths as
templates. Furthermore, by modifying the monolith surface
with a triplet sensitizer, we have succeeded in inducing highly
efficient Dexter energy transfer and TTA-UC at relatively low
excitation light intensities. The surface-mediated upconversion
from visible light to UV light would lead to the flow of photo-
chemical reaction systems. The method developed in this study
is very simple and can be applied to various organic crystals. It
will create a new class of materials called crystalline organic
monoliths (COMs) with different optical and electronic
functions.
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