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Triplet-sensitized photon upconversion (UC) has been proposed for
broad applications. However, the quest for superior solid materials
has been challenged by the poor exciton transport often caused by
low crystallinity, a small crystal domain, and aggregation of triplet
sensitizers. Here, we demonstrate substantial advantages of the van
der Waals solid solution concept to yield molecular crystals with
extraordinary performance. A 0.001%-order porphyrin sensitizer is
dissolved during recrystallization into the molecular crystals of a
blue-fluorescent hydrocarbon annihilator, 9-(2-naphthyl)-10-[4-(1-
naphthyl)phenyllanthracene (ANNP), which contains bulky side
groups. This attempt yields millimeter-sized, uniformly colored,
transparent solid solution crystals, which resolves the long-
standing problem of sensitizer aggregation. After annealing, the
crystals exhibit unprecedented UC performance (UC quantum yield
reaching 16% out of a maximum of 50% by definition; excitation
intensity threshold of 0.175 sun; and high photostability of over
150 000 s) in air, which proves that this concept is highly effective in
the quest for superior UC solid materials.

Introduction

Photon upconversion (UC) creates high-energy photons that are
useful for many purposes from less-useful, longer-wavelength
photons. UC based on triplet-triplet annihilation (TTA) is an
active area of research because of broad applicability spanning
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New concepts

Herein, the concept of van der Waals solid solutions has been demon-
strated to yield triplet-sensitized photon upconversion (UC) organic
crystals with extraordinary performance. The use of a hydrocarbon
annihilator with bulky side groups (ANNP), which we discovered to
embody this concept, has been shown to dissolve triplet-sensitizing
porphyrins into the crystals of ANNP during recrystallization and
generate uniformly colored and transparent crystals, which are solid
solutions we aimed towards. The large conformational freedom of the
side group in the crystal is elucidated to be the key to generate solid
solutions. Near-equilibrium formation of only the a-phase (ANNP crystal
doped with sensitizer molecules) without generating the p-phase
(sensitizer aggregates) differentiates this concept from the existing
kinetically controlled concept that causes a small crystal domain size
and a short exciton diffusion length. The present concept effectively
enhances the lifetime and diffusion length of triplet excitons because
of the high crystallinity. After annealing, the crystals exhibit outstanding
UC performance in air, which demonstrates the effectiveness of this
concept. Suppression of the detrimental back energy transfer from the
annihilator to the sensitizer has been shown to be an additional
advantage. Therefore, the proof-of-concept here opens a large domain
of versatile dispersion-force-based organic systems in the quest for
superior UC solids.

solar energy harvesting,'” optoelectronics,™ photochemistry,®®
photoelectrochemistry,” ' and bio-related applications.'*?

To date, the majority of reports on TTA-UC have studied
liquid samples.'” However, liquid samples have risks of freez-
ing, evaporation, and ignition, although some samples have
high stability even against a flame."*'*> Furthermore, the large
gas diffusivity in liquids requires suppression of damaging
singlet oxygen.">"®'® To resolve these issues, a solid UC system
is being queste where triplet energy transfer (TET) from
the sensitizer to the annihilator and triplet exciton diffusion
should be efficiently designed (Fig. 1a).

After some initial works,>*® the major obstacle has been
the segregation of the sensitizer from the condensed phase of
the annihilator,”**® which forms an aggregate of the sensitizer
and greatly diminishes the UC quantum yield (®yc, defined as
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Fig.1 (a) Schematic energy diagram illustrating TTA-UC where triplet
excitons in the annihilator diffusively migrate until they undergo a TTA or
nonradiative decay to the ground state. (b) Schematic phase diagram of a
two-component system with limited mutual solubility, where o and B
represent solid solutions. The concept of the present study is to selectively
generate a dispersion-force-based o solid solution where a small quantity
of sensitizer is dissolved in the crystal of the annihilator. (c) Molecular
structures of PtOEP, ANNP, and DPA. (d) Schematic of sample preparation
and a typical photograph taken after 3 days of crystal growth in a screw
cap glass vial, where transparent crystals are evident at the bottom.

a maximum of 50% in this report), as typically reported for the
combination of platinum octaethylporphyrin (PtOEP, Fig. 1b)
and 9,10-diphenylanthracene (DPA, Fig. 1b).>**?

To avoid this segregation issue, previous studies used a
kinetically controlled approach®**® where organic solids were
quickly formed. For example, Simon and coworkers®® reported
the fabrication of molecular glasses by rapidly cooling a hot
melt of a sensitizer-annihilator mixture, but suppression of the
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aggregate was incomplete. Other studies®'™* formed organic
thin films by casting a solvent solution on a flat substrate,
where researchers, to an effective extent, suppressed the segre-
gation of the sensitizer from the annihilator chromophores.

Some mechanistic studies showed, however, that the grain
boundary and thus the grain size were the limiting factors for triplet
exciton diffusion.***® Mikhnenko et al*" pointed out a significant
degree of disorder in amorphous and polycrystalline organic thin
films, in particular when the films were cast from solution.

Although the number of reports is limited, some studies
used nonkinetic approaches.”**™*> For example, Oldenburg
et al.** fabricated sensitizer-annihilator heterojunctions of
thin metal-organic framework (MOF) layers and reported
®yc < 0.1% and an excitation threshold intensityi () of ca.
1 mW cm 2 Ogawa et al.*® reported an aggregation-free dis-
persion of an anionic sensitizer in the crystal of an ionic
annihilator utilizing ionic interactions between the chromo-
phores (®yc = 3% and Iy, = 49 mW cm 2 in Ar), in which the
photographs of the crystals, photostability data, and information on
whether or not the crystals included the solvent methanol were not
presented. Recently, Roy et al.*®> reported MOF crystals with ®yc =
1.95% and I, = 5.1 mW cm™ 2. However, these values were, as in
other MOF-based reports,">** for a liquid suspension and no
photostability data were shown, whereas ref. 13 (Oyc = 0.64% and
Iy, = 2.5 mW cm %) showed photodegradation data.

Surprisingly, van der Waals crystals formed by dispersion
forces, representing the simplest class of organic crystals, have
been nearly unexplored in the quest for high-performance UC
solids. This lack of study may be because of the impact of the
initial work®® that showed considerable segregation of PtOEP
from the molecular crystal of DPA, which was also found in
subsequent reports;>®* the authors of ref. 43 described that
dispersion-force based strategies sacrifice the advantages of
crystalline systems.

The dispersion force approach has, however, many inherent
advantages. First, by use of a weak dispersion force, the cost of
the chromophores can be minimized because there is no need
for elaborate moieties or ligands that cause specific interac-
tions. Second, by use of a defined phase, samples can gain
thermodynamic stability. This is in contrast with the previous
strategy of using kinetically controlled methods because solids
formed by such rapid methods rely on a nonequilibrium state.

Herein, we show, to our best knowledge, the first explicit
exploitation of van der Waals forces to unequivocally resolve
the long-standing sensitizer segregation problem by means of
the classical but resurging concept of solid solutions.*® In solid
solutions, represented by o and B phases in Fig. 1b, mixing
entropy is the driving force that molecularly disperses one
component into a solid of the other component.***” Thus,
the strategy envisaged here is to selectively generate
dispersion-force-based o crystals and avoid emergence of a f
phase that is the sensitizer aggregate (Fig. 1b). We generated
such solid solution crystals with an extremely low sensitizer:
annihilator mole ratio (ca. 1:50000). Note that the similar
term mixed crystal can include heterogeneous systems, such as
a mixture of o and B phases,*” which was not targeted here.

This journal is © The Royal Society of Chemistry 2021
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One of the key factors of the success here is attributable to our
discovery of an excellent hydrocarbon annihilator, 9-(2-naphthyl)-10-
[4-(1-naphthyl)phenyljanthracene (ANNP, Fig. 1c), originally devel-
oped as a blue organic light-emitting diode (OLED) chromophore.
Researchers often choose an asymmetric structure in OLED
molecules.*®** The key mechanism responsible for successful for-
mation of a-phase crystals is attributable to the 4-(1-naphthyl)phenyl
side group, which features two distinct conformations and provides
an interstitial site in the crystal. The sample was generated by a
recrystallization method (Fig. 1d and Experimental section, ESIt)
over 2-3 days. We thereby generated crystals that display extra-
ordinary performance in air, as shown below.

Results and discussion

The crystals were pinkish (color of PtOEP) and transparent
(Fig. 2a), with a flat-plate shape and thickness between ca. 50
and 250 pum (Fig. 2b). Polarization microscopy indicated twin-
like multiple single-crystalline domains (Fig. 2b). The results
were highly reproducible and we found no polymorph.
Optical absorption measurements of a crystal were straight-
forward because of the flat shape (Fig. S1, ESIT). The absorption
spectrum of the single crystal (Fig. 2¢) was identical to that of a
dilute toluene solution of PtOEP, albeit with a 3.5 nm redshift
of the peak. Fig. 2c also shows a spectrum of an over-saturated
suspension of PtOEP in toluene, exhibiting an aggregation
feature at 550 nm.>>*" The absence of the aggregation feature
in the UC crystal indicates molecular dissolution of PtOEP in
the crystal of ANNP and thus formation of a solid solution.
Optical microscopic observations at a high magnification did
not indicate aggregates (Fig. S2, ESIt). The spectrum did not
depend on the light polarization (Fig. S3, ESIT) and thus PtOEP
had no preferential orientation, at least for the direction
normal to the largest crystal plane. From the absorption
spectra, the concentration of PtOEP in the crystals was ca.
5 x 107> M (Table S1, ESIt). This corresponds to a significantly
low sensitizer: annihilator mole ratio of ca. 1:50000, which
also supports that the crystals in Fig. 2 are a solid solution.
Below, we conducted all of our experiments in air. We
excited the samples with a laser at 542 nm, which was 3.5 nm
away from the absorption peak at 538.5 nm (Fig. 2c), unless
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otherwise stated. In this report, an excitation of 1 mW cm >
intensity at 542 nm corresponds to a sensitizer excitation
density’>*® of ca. 4.8 x 107° M s~ '. We used a microscope-
based setup (Fig. S4, ESIt) to investigate the photoemission
from a single crystal.

During excitation at 542 nm, we observed an UC emission
peaked at 434 nm (Fig. 3a). Conversely, we observed no UC emission
from a reference crystal prepared with DPA by the same method
(Fig. 3a and S5, ESIt). This demonstrates that the side groups of
ANNP (Fig. 1c) played a key role in accommodating PtOEP in the
crystal, as discussed below. The quantum yield of the phosphores-
cence of PtOEP (inset of Fig. 3a) was ca. 1 x 10~ >, indicating that the
TET from PtOEP to ANNP was quantitative.

Notably, we greatly enhanced the emission intensity
(Fig. 3a), ®yc (Fig. 3b), and Iy, (Fig. 3c) of the as-generated
crystals by annealing at 90 °C for 4 days to ®yc = 16.4% and
I = 0.77 mW cm™? for the maximum and lowest values,
respectively, for measurements of 10 samples. The average
values were 13.4% and 2.1 mW cm™ >, respectively; Table S1
and Fig. S6 and S7 (ESIT) present the entire data. This dramatic
enhancement is attributable to the improved crystallinity, as
supported by the selective increase of the intensities of higher-
angle peaks in the powder X-ray diffraction patterns by anneal-
ing (Fig. S8, ESIt). This hypothesis is further supported by the
drastic increase of the triplet lifetime 7 from a value of 470 pus
to a value of 5.1 ms (Fig. 3d). We also found a slight increase in
the fluorescence quantum yield @, (from a value of 38.7% to a
value of 41.7%, Table S2, ESIf). Note that these values were
lower than the ®g;, of ANNP in a toluene solution (3 x 107° M,
deaerated by three freeze-pump-thaw cycles), which was mea-
sured to be 84.3%; refer to Fig. S9 in the ESIT for the fluores-
cence spectra of ANNP in the crystal and toluene solution.
Therefore, ®yc in the present materials system is largely
limited by @y, in the crystalline state.

In Fig. 3¢, we regarded 2.31 mW cm™?, obtained by integrat-
ing an AM1.5 solar spectrum®* over the range of 538.5 & 7 nm,
as an equivalent solar irradiance for monochromatic excitation
at 542 nm (O s42nm) based on eqn (1):

1 545.5

S — 1
tsm = ey s Jstdh ®

— UCCrystal
«== PtOEP toluene soln. (dilute)
~ PtOEP toluene soln. (dense)

Absorbance
o
Ll

0.0l
450 500 550
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Fig. 2 Morphological and optical absorption properties of the UC crystals. (a) Digital photographs of the crystals. (b) Micrographs of typical crystals and
the corresponding images under a polarization microscope. Their thicknesses were 56 um (left) and 118 pum (right). (c) Optical absorption spectra of a UC
crystal (blue, crystal thickness: 242 pm), a dilute toluene solution of PtOEP (black dash, 6 x 10~ M), and an over-saturated toluene suspension of PtOEP
(orange, greater than 2 x 10~ M). Here, we normalized the peak absorbance values of the solutions to that of the UC crystal. The asterisk and arrow
indicate the absorption feature of the aggregate of PtOEP and the excitation wavelength (542 nm), respectively.
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Fig. 3 Photoemission properties measured in air. (a) Typical emission spectra acquired from a UC crystal before and after annealing. For comparison, we
show the results of a reference crystal prepared with DPA (Fig. S5, ESIf), from which we observed no UC emission. The inset shows a 3000x
magnification of the 625-675 nm range. (b) Dependence of @ on the excitation intensity at 542 nm acquired from 10 crystals for the cases of before
and after annealing. Refer to Table S1 (ESIt) for the entire dataset for the 20 crystals in total. (c) Dependence of the UC emission intensity on the excitation
intensity at 542 nm acquired from samples #A7 and #B2 in Table S1 (ESI¥) (refer also to Figs. S6 and S7, ESIT). We fit the curves by a theoretical function
(ref. 53), from which we obtained Iy, values. (d) Time-resolved UC emission intensity decay curves (excitation: 540 nm, monitor: 455 nm) acquired from
an ensemble of ca. 10 UC crystals before and after annealing. Note that the triplet lifetime 7 is twice the decay time-constant of the UC emission
intensity. (e) Dependence of the UC emission intensity on the simulated sunlight irradiance in units of sun (®) to an ensemble (3.2 mg) of the UC crystals.
Refer to the Experimental section for details. The inset shows the emission spectra acquired under 1© irradiance after being passed through a 510 nm
long-pass filter, where the results obtained with the as-supplied ANNP powder (3.2 mg) are also presented. (f) Photostability test under continuous

irradiation of 542 nm laser light (intensity: 20 mW cm—2)

to an ensemble of ca. 10 UC crystals on a glass slide, as shown by the inset photograph acquired

through a notch filter. We corrected the fluctuation of the excitation laser power during the measurement (refer to Fig. S14, ESIt). In panels (c) and (e), we
acquired the data represented by open marks first by increasing the excitation light power, and then we acquired the data represented by filled marks to

check the quantitative reproducibility.

in the spectrum shown in Fig. 2c, where ¢, is the molar
absorption coefficient of PtOEP in the crystal at wavelength 4.
However, such an equivalent irradiance has an unclear mean-
ing, which can be also recognized by the lack of a clear
definition for it.>> One clear problem of such @ s4nm is that
it cannot include ¢, that is outside the integration range of
eqn (1).

We thus resort to direct evaluation using a solar simulator.
We passed the simulated sunlight through a 510 nm long-pass
filter and irradiated onto an ensemble (3.2 mg) of the crystals
(batch #1) (Experimental section and Fig. S10, ESIf). We
obtained the UC emission from the sample under one-sun
(1®) irradiance, whereas we observed no emission when we
replaced the crystals by the same quantity of ANNP (inset of
Fig. 3e). This verified that the blue fluorescence exclusively
originated from UC. From the dependence of the UC emission
intensity on the irradiance (Fig. 3e), the slope in the double-
logarithmic scale was 1.21 at 1®. Using this slope, we calcu-
lated the dimensionless excitation intensity®>® (A) to be 11.1 at
1(©. Because this is well above the value A = 2 that corresponds
to In,>® we have confirmed the subsolar nature of the present
UC. The theoretical curve fit>® to the data points yielded
Iy = 01750, which matched A = 2 as shown by the top
axis of Fig. 3e. This Iy, value is unprecedentedly low.

3452 | Mater. Horiz., 2021, 8, 3449-3456

The reproducibility check carried out using another sample
batch (batch #2, 3.2 mg) reproduced the results with a slightly
different I, = 0.216 ©.

There are two additional features of the crystals. First, the
crystals exhibit high photostability under continuous photo-
irradiation in air (Fig. 3f, at 542 nm and 20 mW cm™?). Such
photostability may come from the close-packed molecular
arrangement that is attributable to the high crystallinity. Sec-
ond, thermo-gravimetric analysis (TGA) showed that the crys-
tals contained 2.1 wt% solvent, and this quantity did not
change by annealing (Fig. S11, ESIt). This indicates stable
accommodation of the solvent, which can escape at a tempera-
ture greater than 150 °C (Fig. S11, ESIY).

We analyzed single-crystal X-ray diffraction (sc-XRD) data for
a single crystal of the as-received ANNP (Fig. 4a) and a single
domain cut out of the UC crystal (Fig. 4b). For the latter, only
the case after annealing is shown here because the change in
the crystallographic parameters caused by annealing is too
small to be clearly evident pictorially (see Table S3 for these
crystallographic data, ESIt). In Fig. 4b, PtOEP is not seen
because of its significantly low concentration.

These data indicate that the 2-naphthyl group had two
slightly different conformations, displayed in green and light
pink whose ratio was 72 : 28 for both Fig. 4a and b. Conversely,

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Crystal structures determined from the single crystal X-ray diffraction data. (a) As-supplied ANNP and (b) UC crystal after annealing. Here, the side
groups of ANNP have two distinct conformations (4-(1-naphthyl)phenyl group in light blue and orange, and 2-naphthyl group in green and light pink) that
coexist in both cases. In panel (b), ethanol molecules are shown in magenta. Refer to Table S3 (ESIT) for the crystallographic data for all the cases. CCDC
deposition numbers 2109297 and 2109300 contain the supplementary crystallographic data for panels (a) and (b), respectively.

the 4-(1-naphthyl)phenyl group had two substantially different
conformations, displayed in light blue and orange whose ratio
was 51 : 49 for both Fig. 4a and b. As evident in the center of the
graphics, simultaneously adopting light-blue configurations by
two adjacent ANNP molecules is prohibited because of their
spatial overlap. Only “light blue + orange” or “‘orange + orange”
pairs are allowed. This large conformational freedom suggests
the presence of an interstitial space near it.

We discuss two notable points. First, as shown in Fig. 4b, there
are ethanol molecules, shown in magenta color, near this confor-
mational freedom with a mole ratio of ANNP: ethanol = 5: 1. This
ratio did not change by annealing, which agrees with the constant
quantity of the included solvent (2.1 wt%) by annealing found by
TGA. Here, 2.1 wt% ethanol corresponds to the mole ratio of
ANNP: ethanol = 4:1, which roughly agrees with the ratio deter-
mined by the sc-XRD analysis. Second, the crystal structure of the
UC crystal did not change from that of the as-supplied ANNP,
except for slight changes in the crystallographic parameters
(Table S3, ESIt). This implies the rigidity of the ANNP arrangement
in the crystal. From the sc-XRD data, the density of ANNP was
2.44 x 10° mol m™3, which is much lower than those of anthracene
(6.99 x 10> mol m 3 and DPA (3.72 x 10° mol m 3)>° We
surmise that PtOEP molecules were also accommodated near that
side group, although not directly evident by this analysis. Thus, the
rigid and low-density network of ANNP and the movable 4-(1-
naphthyl)phenyl side group are the key factors for realizing the
concept we targeted. Notably, analysis of the sc-XRD data assuming
toluene instead of ethanol was impossible. However, a trace quan-
tity of toluene could have also been included. The inclusion of a
much lesser quantity of toluene could be ascribed to the larger
molecular volume of toluene in organic crystals (Voronoi-Dirichlet
polyhedron volume, 157.5 A) than that of ethanol (86.4 A®).”

Triplet exciton diffusion characterizes the properties of a
solid TTA-UC system.*"”® Monguzzi et al. derived®

1
a O((DTETgTan DT'L"[‘27

(2)

I

This journal is © The Royal Society of Chemistry 2021

where « is the sensitizer absorption coefficient at the excitation
wavelength, ®pgr is the quantum efficiency of the TET
(assumed to be unity), a, is the minimum distance required
for the annihilation of two annihilator triplets, and Dy is the
diffusion coefficient of the triplet exciton. For a,, we used the
average value of the nearest-neighbor and second-nearest
neighbor distances (7.44 and 8.84 A, respectively, Fig. S12,
ESIt). Using the average value of I, for monochromatic excita-
tion at 542 nm (2.1 mW em %), a (3.5 x 107° em™"), and ¢
(5.1 ms), Dy was 9.22 x 107 ecm® s~ '. The triplet exciton

41,58

diffusion length Lt is given by
Lt = 2ZDrrr, (3)

where Z is the dimensionality (from 1 to 3). We assume Z = 3,
although this must be elucidated by future work. Depending on
the custom, the other form

Lfr =4/ ZDT‘L'T7 (4)

is also used.*"*® From these relations, the present UC crystals
have an Ly (L}) of 1.68 (1.19) pm. These values are
approximately two orders of magnitude larger than the pre-
viously reported values for solid TTA-UCs,"**%%%! except
Ly ~1.6 pm for water-suspended MOF nanoparticles of ca.
55 nm size."> We compared these reported Ly and D values in
Table S4 (ESIf). Thus, within a sphere with radius Lt (Lf),
there are approximately 1.25 x 10° (4.43 x 10%) PtOEP mole-
cules. Therefore, the significantly low concentration of PtOEP
caused by our use of the a-phase (¢f. Fig. 1b) was not proble-
matic. These results reconfirm previous suggestions®****? that
high crystallinity and a large crystalline domain are important
for efficient UC in solids.

Finally, we discuss back-energy transfer (BET, Fig. 5a). BET
was previously regarded as inevitable in a binary sensitizer-
annihilator solid based on the estimated BET efficiency (®ggr)
as high as 40%.>> When Férster resonance energy transfer
(FRET)** is the dominant mechanism, ®ggr can be estimated
by comparing the fluorescence decay time-constant (t,) from

Mater. Horiz., 2021, 8, 3449-3456 | 3453


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1mh01542g

Open Access Article. Published on 28 October 2021. Downloaded on 2/8/2026 1:37:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

a ')
be N kIA(BF.T)
|eees i
he = ? 1
N Cagx :
: 1
1
klA(nom'ad) :
1
1
s ‘
b 10 g7 T T T T T i
af = Reference crystals without PtOEP ]
2 7T TIA : |
= 103 L kia@ad) + Kiaqonrad) :
o E 3
o E ]
c ar —— Fitcurve 1
) L ]
S
2 7 ]
o 2 = UCcrystals
10" £ 3
aF 1A( e
2 1 l 1 1 1 | 1
0 5 10 15 20 25 30

Time / ns

Fig. 5 Investigation of BET from the excited singlet annihilator *A* to the
ground state sensitizer S. (a) Schematic energy diagram of BET, where
Kiawraa) @nd Kiamonrad) refer to the radiative and non-radiative decay rates of
IA*, respectively, and kiage refers to the rate of BET by the Forster
mechanism. (b) Time-resolved fluorescence intensity decay curves (exci-
tation: 405 nm, monitor: 455 nm) for the UC crystals (blue) and reference
crystals prepared without PtOEP (pink). We generated these curves by
averaging the curves acquired from 10 crystals for each case. We multi-
plied the data for the “UC crystal” by 1.21 to match the heights of these
curves at time = 0.

the UC crystals and 744 from the crystals prepared without
PtOEP (Fig. 5b). Note that this method cannot be used to
evaluate the BET caused by simple reabsorption of UC photons
by the sensitizer because this reabsorption does not change 744.
Thus, here we assess the BET by FRET that actively quenches
the "A* state. Our double-exponential fits in Fig. 5b yielded fast
and slow components, where the time-constants were 2.50 and
7.04 ns for the UC sample, and 2.45 and 7.18 ns for the
reference, respectively. These small differences are considered
to have mostly arisen from the uncertainty in the curve fitting.
Thus, ®ger in the present system is negligible because of the
low concentration of PtOEP. We mention that the 7,4, of ANNP
in a toluene solution (3 x 10~® M, deaerated by three freeze-
pump-thaw cycles) was 3.78 ns (Fig. S13, ESI{), which was
similar to 744 for the crystals.

Conclusions

We demonstrated the concept of explicitly exploiting van der
Waals solid solution crystals consisting of only an a-phase to
resolve the long-standing problem of sensitizer segregation and
realize materials with outstanding UC performance. Compared
with the existing concept of using kinetically controlled fast-
solidification conditions, the present approach has the

3454 | Mater. Horiz., 2021, 8, 3449-3456
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advantages of (i) higher thermodynamic stability because of
the reliance on (near-)equilibrium states and (ii) higher UC
performance because of the simultaneous achievements of a
long triplet exciton diffusion length and suppression of detri-
mental BET from the 'A* states. The factors in (ii) were caused,
respectively, by the large single-crystal domain with high crys-
tallinity and the significantly low concentration of the sensiti-
zer. To form crystalline solid solutions, the interstitial site
created by the bulky and movable side group of ANNP has been
found to be the key factor, as supported by the comparison with
a reference crystal prepared with DPA. The elucidated high ®yc,
low Iy, and high photostability in air are promising for applica-
tions. In particular, the extraordinarily low I,, demonstrated by
using simulated sunlight indicates that solar concentration
optics are no longer needed for efficient upconversion of
terrestrial sunlight. Probably the most important advantage of
this concept lies in its reliance on the versatile van der Waals
force and hydrocarbon annihilators. Overall, the proof-of-
concept here is a major technical leap forward in the quest
for high-performance UC solids, which will open up diverse
photonics technologies in the future.
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i When calculating I;,, the definition of the laser spot area is impor-
tant. Some researchers used the 1/¢” diameter to calculate the spot area
for Gaussian laser beams. However, as described in ref. 63, the laser
spot area calculated by the 1/¢* diameter yields a 50% lower excitation
intensity than the actual peak intensity in the laser spot. In all previous
TTA-UC papers authored by Y. M., a FWHM diameter of the Gaussian
profile was used to calculate the spot area, yielding a 1.44 times higher
intensity than the actual peak intensity; i.e., conservative calculation of
I,. In the present article, however, all excitation beams had a top-hat
intensity profile (c¢f. Fig. S4, ESIT), and therefore the intensity values for
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all laser-based experiments matched the actual excitation intensity on
the sample.
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