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Photon Upconversion in a Molecular Container

Red
can yield high-energy emitting photons from low-energy incident T Ao ¢ 4‘%
light. TTA-UC is believed to fuse two triplet excitons into a singlet Je =
exciton through several consecutive energy-conversion processes. '

Annihilator

When organic aromatic dyes—i.e., sensitizers and annihilators— =5 \
are used in TTA-UC, intermolecular distances, as well as relative (i » i N/
orientations between the two chromophores, are important in an Anrihilator _{_@

attempt to attain high upconversion efficiencies. Herein, we s .

demonstrate a host—guest strategy—e.g,, a cage-like molecular S i Uner
container incorporating two porphyrinic sensitizers and encapsu- Red

lating two perylene emitters inside its cavity—to harness photon oalioss

upconversion. Central to this design is tailoring the cavity size

(9.6—10.4 A) of the molecular container so that it can host two annihilators with a suitable [7--7] distance (3.2—3.5 A). The
formation of a complex with a host:guest ratio of 1:2 between a porphyrinic molecular container and perylene was confirmed by
NMR spectroscopy, mass spectrometry, and isothermal titration calorimetry (ITC) as well as by DFT calculations. We have
obtained TTA-UC yielding blue emission at 470 nm when the complex is excited with low-energy photons. This proof-of-concept
demonstrates that TTA-UC can take place in one supermolecule by bringing together the sensitizers and annihilators. Our
investigations open up some new opportunities for addressing several issues associated with supramolecular photon upconversion,
such as sample concentrations, molecular aggregation, and penetration depths, which have relevance to biological imaging
applications.

Blue
Emission

B INTRODUCTION

Photon upconversion'—a photophysical phenomenon that
involves changing low-energy photons into high-energy ones—
is a rapidly growing field of research from both fundamental

annihilator ('An)—whose triplet state (*An*) energy is
lower than the triplet exciton (3Sn*) of the sensitizer—is
excited to *An* as a result of efficient triplet energy transfer
(TET) from the sensitizer to the annihilator. Finally, TTA

and applied perspectives. Possible applications include photo-
detectors,” solar cells,” ™ solid-state laser and light-emitting
devices,"™ in addition to biomedical imaging and theranos-
tics.'""'* One possible mechanism for this photophysical
phenomenon operates through triplet—triplet annihilation-
based molecular photon upconversion (TTA-UC).

TTA was first observed in solutions of anthracene more than
60 years ago.'*™'® Since then, the concept of using two
functional components—i.e., a sensitizer (Sn) and an
annihilator (An)—to convert light energies has been
adopted"'®™"* widely within the scientific community. The
energy-transfer steps of TTA-UC often proceed as follows:
first, a sensitizer in its ground state ('Sn) is excited (Figure 1a)
to a singlet excited state ('Sn*) by absorbing low-energy
incident photons before undergoing intersystem crossing
(ISC), leading to a triplet exciton (*Sn*). Second, an
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occurs between two annihilators (*An*), resulting in the
generation of one singlet exciton ('An*) and the emission of
high-energy photons.

Porphyrin and perylene derivatives are among the most
promising and effective sensitizer/annihilator [pairs of dyes
used in TTA-UC applications.'”*" Porphyrin®"* is a light-
absorbing photosensitizer with several absorption peaks
located in the red and even near-infrared regions. Perylene,
acting as an annihilator, has demonstrated” ¢ high
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Figure 1. Design of an upconverted porphyrinic molecular container.
(a) Schematic energy-level diagram of TTA upconversion. (b)
Schematic illustration showing that the sensitizers and annihilators
are bound in a molecular container courtesy of host—guest chemistry.
(c) Supramolecular engineering leading to the preparation of a
porphyrinic molecular container with the plane-to-plane distance of
10.4 A between the floor and roof provided by two porphyrins.

fluorescence quantum yields with robust photostability. The
similar triplet energies of porphyrins and perylene make them
viable candidates for TTA-UC. In addition to these properties,
intermolecular distances between a sensitizer and an
annihilator, as well as their superstructures and relative
orientations, are also important in attempts to obtain®" ™%
high upconversion efficiencies. We envision that (Figure 1b) if
upconversion can be achieved in a molecular container’' ~**—
wherein sensitizers and annihilators are bound together in a
host—guest complex’* **—it could offer the opportunity to
overcome™ ™ *' the challenges associated with intermolecular
distances and relative orientations of sensitizers and
annihilators. In this context, we designed (Figure 1b) a

three-dimensional porphyrinic molecular container with two
porphyrin sensitizers serving as the roof and floor, thus
enabling the encapsulation of annihilators in the form of two
large perylene molecules.

The use of porphyrins extends the dimensions of the
molecular container. The challenge, however, lies in the
engineering of the cavity size that allows the molecular
container to host two annihilators. Considering that the
averaging (7] stacking distance® is 3.3 to 3.5 A, the
distance separating the roof and floor should be located in the
range of 9.9 to 10.5 A. In 2012, Li®* prepared a zinc porphyrin
cage using four triazole units as linkers. A single-crystal X-ray
structure revealed that (Figure lc, left) the distance between
the two Zn atoms was 7.9 A, resulting in a cavity that is too
small to host™* two 7-conjugated guest molecules. In 2018,
we*? described a three-dimensional porphyrinic molecular
container, TPPCage®, which is composed of two porphyrins
linked by four viologen units in a rhomboid prismatic manner.
Although the enlarged cavity size (122 A) of TPPCage®
allows (Figure lc, right) the encapsulation®™ " of large
fullerene guests, it fails to confine® " two 7-conjugated guests
because of their weak binding affinities. Here, we report the
synthesis (Scheme 1) of a porphyrinic molecular container
(Figure 1c, middle)—namely, PorCage®", in which 5,10,15,20-
tetra(pyridin-3-yl)porphyrins serve as the roof and floor
separated by four p-xylylene linkers. The use of four pyridine
units with their meta-positions connected to the §,10,15,20-
positions on the porphyrin is the key design element of this
cage. The partial rotation of four pyridine units allows the
stretching and compressing of the nanocage, leading to the fine
tuning of the cavity size to ~10.4 A and successful
encapsulation of two perylene guest molecules. When the
porphyrins in the complex are excited with low-energy light,
the upconverted fluorescence at 470 nm originates from the
perylene guests. This research offers a new strategy in
molecular engineering for the rational design of molecular
containers along with prospects for controlling the host—guest
chemistry as well as the photophysical properties of the host—
guest complex.

42—50

B EXPERIMENTAL SECTION

Synthesis of PorCage®. PorCage-8PF, was prepared (Scheme
1) by a couple of successive Sy2 reactions from commercially
available materials—i.e., 5,10,15,20-tetra(pyridin-3-yl)porphyrin
(TPP) and 1,4-bis(bromomethyl)benzene. The intermediate, TPP-
4PF, was obtained from the substitution of the four pyridines with an
excess of 1,4-bis(bromomethyl)benzene in DMF at 100 °C. Cage
formation was performed in MeCN at 110 °C by employing TPP and
TPP-4PF, as starting materials in the presence of tetra-n-
butylammonium iodide (TBAI) as a catalyst. This reaction proceeds
very slowly and takes between 14 to 30 days to go to completion on
account of the low solubility of TPP in MeCN. The synthesis was

Scheme 1. Synthesis of PorCage'8PF,

i)DMF /100°C /24 h [

ii) NH,PF, / H,0

TPP-4PF;
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i) TPP / 20 mol% TBAI
MeCN /110 °C / 14 Days

ii) NH,PF, / H,0

PorCage-8PFs
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completed by collecting the precipitate directly from the reaction
solution—bypassing the use of column chromatography—followed
by counterion exchange (NH,PFs/H,0). The isolated yield of
PorCage-8PF; was ~19%.

Characterization of PorCage®". The structure of PorCage®" in
solution was confirmed by one-dimensional (1D) 'H (Figure S1) and
BC (Figure S2) NMR spectroscopy. Each peak in the 'H NMR
spectra was assigned unambiguously based on a variety of two-
dimensional (2D) NMR spectroscopic investigations, namely, "H—"H
COSY (Figure S3), NOESY (Figure 54), '"H-1*C HSQC (Figure S5),
and HMBC (Figure S6). ESI-MS spectrometry confirmed (Figure
$13) the formation of PorCage-8PF; by indicating the presence of
[M—2PF;]** and [M—3PF,]* ions with m/z values of 1261.25 and
792.51, respectively.

Purple-colored single crystals of PorCage-8PF, were grown by slow
diffusion over the course of 4 days of i-Pr,O into PorCage-8PF;
dissolved in MeCN. The solid-state (super)structure of PorCage-
8PF, (Figure S14) reveals that the molecular container crystallizes in
the Pmma space group. It consists of two parallel tetra(pyridin-3-
yl)porphyrins linked by four p-xylylene units. PorCage® adopts
(Figure 4a—c and Figure S14) a cage-like geometry, with average
dimensions of 104 X 103 X 11.4 A. The centroid-to-centroid
distance (10.4 A) between the two porphyrins is smaller than the
corresponding distance*” (12.2 A) in TPPCage® (Figure lc, right).
Considering an average [#-7] interaction distance of 3.4 A, we
envision that the “open window”—the distance between two
porphyrins—in PorCage®" will accommodate two a-conjugated
planar guests in its cavity (3.4 A X 3 = 102 A). The solid-state
superstructure of PorCage®" reveals (Figure S14) that it crystallizes in
a layer-by-layer manner—utilizing [7-7] interactions between
porphyrins in adjacent cages—with plane-to-plane distances of ~3.3

B RESULTS AND DISCUSSION

Host—Guest Complex Formation. The perfectly crafted
cavity inside the molecular container, in addition to the affinity
of the porphyrins for Perylene, courtesy of [7-+-7] interactions,
ensures that the PorCage® acts as a good molecular container
for the accommodation of two Perylenes. The formation of
the 1:2 complex was confirmed by traditional means, ie., '"H
and C NMR spectroscopy and mass spectrometry, as well as
by isothermal titration calorimetry (ITC). Upon addition of
excess (5 equimolar) Perylene into a MeCN solution of
PorCage®’, the 'H NMR spectra reveal (Figure 2b—d)
significant changes in chemical shifts for both Perylene and
PorCage® protons in keeping with complex formation
between Perylene and PorCage®. Peaks in the 'H NMR
spectra of the host, the guest, and the 1:2 complex were
assigned based on 2D NOESY (Figure 3b), COSY (Figure
S7), ROESY (Figure $8), HSQC (Figure $9), and HMBC
(Figure S10) spectra. As indicated by the red dashed lines in
Figure 2, the chemical shifts of H-e and H-d on the pyridinium
units and H-p on the porphyrins show (Figure 2c,d) upfield
shifts (A& = —0.80, —0.27, and —0.61 ppm for H-e, H-d, and
H-p, respectively), while protons H-c and H-f on the
pyridinium units and H-a and H-b on the p-xylylene linkers
display downfield shifts (A§ = 0.07, 0.19, 0.69, and 0.38 ppm
for H-c, H-f, H-a, and H-b, respectively). These changes in
chemical shifts indicate that the chemical environment inside
PorCage® is altered on account of the inclusion of the
Perylene guest molecules inside the cavity, forming a 1:2
complex. The aromatic protons on Perylene that resonate
(Figure 2a) at & 8.30, 7.76, and 7.53 ppm for H-A, H-C, and
H-B, respectively, are separated (Figure 2d) into two sets of
signals—i.e., (i) those exhibiting a large upfield shifts with & =
5.57 for H-A" and & = 3.82 for the overlapping resonances for
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Figure 2. '"H NMR spectroscopy of the molecular container. (a—c)
Stacked "H NMR spectra (500 MHz, CD,CN, 298 K) of Perylene
(a), PorCage-8PF, (b), and PorCage-8PF, D 2Perylene (c) with
proton assignments. (d) 'H NMR spectrum (600 MHz, D,0, 298 K)
of PorCage-8PF; O 2Perylene with proton assignments.

H-C’ and H-B’ and (ii) those exhibiting small upfield shifts
with 6 = 8.23, 7.72, and 7.50 ppm for H-A", H-C", and H-B",
respectively. The first set of peaks is assigned to the protons
(H-A’, H-B’, and H-C’) of the Perylenes that are encapsulated
inside the cavity of PorCage®*. The second set is assigned to
protons (H-A”, H-B”, and H-C”) in Perylenes that are located
outside the cavity of PorCage®".

An 'H NMR spectrum in D,0 demonstrated (Figure 2d) a
similar result except for the broadening of H-b and the
separation of the overlapping resonances for H-C' and H-B'.
These phenomena indicate that the complexation of Por-
Cage® D 2Perylene in D,0 is less dynamic than that in
MeCN. An 'H NMR titration demonstrated (Figure S11) that
the complex between the first Perylene and PorCage®*
undergoes slow exchange on the 'H NMR time scale. A
variable-temperature 'H NMR experiment was performed
(Figure S12) on a 1:2 molar mixture of PorCage-8PF, and
Perylene. Upon lowering the temperature from 20 to —30 °C,
resonances for H-B” and H-C" gradually appear, signaling that
the second Perylene is experiencing fast exchange. A 2D
'"H—'H NOESY spectrum (Figure 3b) shows through-space
interactions between C"—A’, B"—C’, and A”"—B’, indicating
that two Perylenes are bound as a pair of molecules inside the
cavity of PorCage®".

ESI-MS is another powerful technique that can provide
evidence for complex formation. In an MeCN solution
containing a 1:2 equimolar mixture of PorCage®" and
Perylene, several new peaks appear (Figure 3c) in the ESI-
MS. The emergence of m/z peaks at 684.20 and 960.59
confirms (Figure 3¢, red) the formation of the 1:2 complex
PorCage® D 2Perylene. Signals for the 1:1 PorCage®" D
Perylene complex are also obtained (Figure 3c, green), with
m/z values in its mass spectrum at 621.17 and 876.54, which
can be attributed to the dynamic nature of the host—guest
complex in MeCN. The isotopic patterns (Figure 3c, inset,
blue) with four and three positive charges at m/z = 684.20 for
[PorCage-4PF,]* D 2Perylene and at m/z = 960.59 for

https://doi.org/10.1021/jacs.2c13846
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Figure 3. Formation of host—guest complexes. (a) Schematic illustration showing the inclusion of two Perylene guest molecules in PorCage®*. (b)
'"H—'H NOESY (500 MHz, CD;CN, 298 K) characterization of PorCage® D 2Perylene. Protons are labeled on relevant structural formulas in
Figure 2c. (c) Electrospray ionization mass spectra (ESI-MS) of PorCage®" D 2Perylene. (d) Isothermal titration calorimetry (ITC) results from
adding Perylene (500 pM, in syringe) to PorCage® (25 uM, in cell) at 298 K in MeCN. (e) Nonlinear fitting of enthalpy using a 1:2 host:guest

binding model.

[PorCage-SPF; D 2Perylene]*" are well matched with the
theoretical values (Figure 3c, inset, red), a phenomenon that
confirms the formation of a complex with a 1:2 molar ratio.
In order to gain more information about the 1:2 complex
formed between PorCage-8PF; and Perylene, the binding
constants were determined (Figure 3d,e and Figure S16) by
ITC in MeCN. The titration curve matches (Figure 3e) that of
a 1:2 binding model with averaged binding constants of K, =
(9.0 + 6.3) x 10° M~' and K, = (5.3 = 5.0) x 10* M™% In-
depth analyses of the ITC results reveal that the recognition
between PorCage® and Perylene is the result of (Table S1)
an exothermal process where the binding enthalpies are
determined to be AH, = —1.70 kcal mol™ and AH, = —0.92
kcal mol™, respectively. UV—vis titration experiments were
performed (Figure S18a) subsequently by recording the
absorbance changes at 588 nm. The plotted data also match
a 1:2 binding model, giving (Figure S18b) binding constants of
K, =18 % 10° M™! and K, = 6.1 X 10* M. The mechanism
and driving force behind one and two guest molecules being
included into the cavity of PorCage®", however, is complicated
and beyond the scope of the current research. Based on the 'H
NMR spectroscopic measurements, ESI-MS experiments, ITC,

10064

and UV—vis titration, we conclude that a 1:2 complex can be
assembled by mixing the PorCage-8PF; with 2 molar
equivalents of Perylene in MeCN.

DFT Calculations. Density functional theory (DFT)
calculations were performed (SI) on a PorCage® D 2Perylene
complex in order to gain a better understanding of the
relationship between its superstructure and photophysical
properties. The PorCage® O 2Perylene complex adopts
(Figure 4e—g) a cage-like geometry that is similar to that of the
empty PorCage® in its solid-state structure. The average size
of the complex (Figure 524), however, changes ever so slightly
on account of the encapsulation of guest molecules. For
example, two porphyrins are compelled to be compressed—
with the centroid-to-centroid distance being reduced (Figure
4d) from 10.4 to 9.6 A. The p-xylylene pillars are forced to
bend, with the distances (Figure 4f) between any two
contiguous p-xylylene units being increased to 10.8 A. Two
Perylene guest molecules adopt (Figure 4g—i) a parallel but
slightly displaced 7-stacking geometry with an average [7--7]
distance of ~3.3 A. Independent gradient model (IGM)
analysis demonstrates (Figure 4j and Figure $25) that the two
Perylenes are enveloped by attractive van der Waals contacts

https://doi.org/10.1021/jacs.2c13846
J. Am. Chem. Soc. 2023, 145, 10061-10070
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Figure 4. Solid-state (super)structures of the cage and complex. (a—c) Space-filling representation of the solid-state structure of the PorCage®
obtained by X-ray crystallography showing the dimensions of the cage with front (a), side-on (b), and top-down (c) views. (e) Capped-stick
representation showing the optimized superstructure of PorCage®” > 2Perylene obtained from DFT calculations. (f) Space-filling representation
showing an individual PorCage®* in the complex with compressed dimensions. Side-on views ((g) and (h), respectively) of the superstructures of
PorCage® D 2Perylene and individual Perylene guests. Front view (i) of the superstructure showing a parallel displaced co-conformation for the
Perylene dimer. Intermolecular [7--7] binding isosurface (j) of PorCage®" D 2Perylene. Top-down views ((k) and (1), respectively) showing the

superstructures of the complex and individual Perylene guests.

with the roof and floor in PorCage® as well as between the
two Perylene guests. It transpires that the parallel but
displaced 7-stacking geometry of the two Perylenes (Figure
4k,]) leads to portions of the two Perylenes being located
outside the molecular container, resulting in reduced shielding
effects for H-A”, H-B”, and H-C” in the "H NMR spectrum
(Figure 2c).

Steady-State Photophysical Studies. The steady-state
absorption spectrum (Figure S17) of PorCage® in MeCN
shows a strong porphyrin Soret band centered around 425 nm
and four characteristic porphyrin Q bands with absorption
maxima at 518, 550, 585, and 640 nm. The absorption
spectrum (Figure S$17) of Perylene in MeCN exhibits three
characteristic peaks centered around 390, 415, and 440 nm. A
1:2 mixture of PorCage® and Perylene in MeCN, on the
other hand, exhibits broadening of the porphyrin Soret and Q
bands in keeping with the complexation between PorCage®"
and Perylenes. The band at 430 nm has contributions from
both the PorCage®* and the Perylenes. As the complexation in
MeCN is dynamic, the charge transfer (CT) band is not
prominent, an observation that is consistent with an earlier
study™ on supramolecular photon upconversion.

The steady-state absorption (Figure 5a) of PorCage-8Cl D
2Perylene in H,O (20 M) includes the spectral features of
PorCage®"—i.e, (i) the porphyrin Soret band with a
maximum absorption at around 420 nm, and (ii) the porphyrin
Q _bands centered around 520, 555, 590, and 650 nm. As the
host—guest complexation is no longer dynamic in water, a
weak CT band is observed between 650 and 850 nm, an

observation that corroborates®* the results obtained from DFT
calculations where the HOMO is located on the Perylene and
LUMO on the PorCage®".

When the aqueous solution of PorCage-8Cl and Perylene is
excited (Figure 5b) with low-energy light with wavelengths of
650 and 700 nm, upconverted fluorescence (UCF) signals
originating from Perylenes can be detected between 425 and
525 nm with an emission maximum at 470 nm and anti-Stokes
shifts of 0.73 and 0.87 eV, respectively. The dependence of
UCEF intensity as a function of the incident light power density
at 650 nm excitation was also measured and plotted in Figure
5c. The UCF intensity increases with increasing excitation
power density. Quantitatively, the UCF intensity displays
(Figure Sc, inset) a double-logarithmic relationship with the
excitation power density. The plot demonstrates a quadratic-
to-linear transition with slopes of ~2 and ~1, revealing that a
triplet-fusion upconversion process occurs in the complex. The
threshold of excitation power density, with a value estimated to
be 11.5 mW cm™, is deduced (Figure 5c, inset) from the
intersection of the two slopes. The low AEg, = 0.76 eV
obtained (Figure S31) from the DFT experiment also supports
the involvement of efficient intersystem crossing (S, — T)) in
PorCage-8Cl. Importantly, the perylene-based emission from
PorCage-8Cl D 2Perylene shows a red-shifted 0—0 band
compared to the free monomer, which is likely a result of the
strong [m---7] interactions between the stacked perylenes
within the cavity, possibly resulting69 in excimer-like emission.
The ability to contain 7-stacked dimers within the cavity allows
for accessing longer-lived emissive states from such excimers

https://doi.org/10.1021/jacs.2c13846
J. Am. Chem. Soc. 2023, 145, 10061-10070
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Figure 5. Absorption, emission, and transient absorption of the complex. (a) UV—vis absorption spectrum of PorCage-8Cl O 2Perylene in H,0.
Inset shows the CT band of the complex. (b) Fluorescent emission of PorCage-8Cl O 2Perylene at 470 nm in de-aerated H,O with different
excitation wavelengths. (c) Dependence of UCF intensity at 470 nm of PorCage-8Cl D 2Perylene in H,O with respect to the incident light
intensity. Inset shows a plot of excitation power density versus UCF intensity. (d) In vitro imaging of PorCage-8Cl O 2Perylene in DU145 cells
using confocal laser scanning microscopy following excitation at 600 nm. (e) Transient absorption spectra of PorCage-8Cl and (f) PorCage-8Cl D

2Perylene in H,O at various time delays after excitation at 515 nm.

that would not generally be available in different TTA-UC
platforms.*®

The relative upconversion fluorescence quantum yields of
PorCage-8Cl D 2Perylene in H,O and PorCage-8PF; D
2Perylene in MeCN with the standard of CdSe/CdS core shell
quantum dot in toluene were calculated to be 0.3 and 0.19%,
respectively. In view of the good hydrophilicity of the
PorCage-8Cl O 2Perylene complex with UCF characteristics,
biomedical applications for cancer-cell imaging have been
investigated’’ (Figure 5d). The in vitro investigations in
DU14S5 cells by confocal laser scanning microscopy confirm
the uptake of the PorCage-8Cl D 2Perylene complex into
cancer cells and the intracellular emissions of blue UCF signals.
The UCEF signals are distributed evenly in the cytoplasm of the
DUI145 cells, demonstrating that the PorCage-8Cl D
2Perylene complex can probe cancer cells effectively.

Excited State Dynamics of Porphyrin Cage and
Complex. Transient absorption (TA) spectroscopy was used
to explore the suitability of PorCage-8Cl for TTA-UC and the
upconversion mechanism in PorCage-8Cl O 2Perylene in
H,O and PorCage-8Cl D 2Perylene in MeCN and to compare
to the dynamics of the free PorCage®’. A necessary
requirement for an efficient TTA-UC sensitizer is a long
triplet lifetime in solution. Selective excitation of the porphyrin
Q band at 4,, = 515 nm in each case shows (Figures S20—23)
the formation of the porphyrin first singlet excited-state S, with
a broad excited-state absorption (ESA) band peaking near 450
nm, along with a prominent negative ground-state bleach of
the Soret band at 418 nm and depressions in the ESA on
account of bleaching of the Q bands near 518, 555, 590, and
650 nm.

In H,0, the singlet excited state of the unbound "*PorCage-
8Cl (Figure Se and Figure 520) undergoes structural relaxation
processes in 4, 40, and 650 ps on account of the semi-rigid
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nature of the cage, where the singlet ESA features are fully
maintained but some population is lost because of fluorescence
and internal conversion. Relaxation on §, is followed by ISC
with a time constant of 10.3 + 0.2 ns; this process manifests as
a redshift in the ESA peak maximum. The triplet state decays
with a lifetime of ~660 ps in de-aerated water on account of
collisional quenching with other porphyrin triplets in solution.
The intrinsic triplet lifetime of a free base tetraphenyl
poprphyrin (H,TPP) is determined’' to be ~6 ms, so the
observed incomplete decay on the ~340 us time window of
our experiment in the absence of oxygen must result from
diffusional quenching.

The singlet excited state of '*PorCage-8Cl D 2Perylene
(Figure Sf and Figure S21) undergoes similar relaxation (3.5,
52.6, and 740 ps) prior to intersystem crossing in 10.0 £ 0.1
ns. The subtle changes in relaxation are likely originate from
the increased rigidity of the complex compared to the free
cage, while the intersystem crossing time is unchanged within
the error of the experiment. The triplet state similarly has a
lifetime of ~500 us.

Similar dynamics of both the free cage and the complex are
observed in MeCN (Figures S22 and S23), though the
dynamic nature of the binding leads to more complicated
kinetics on account of the presence of multiple, parallel
excited-state populations from the distribution of free and
bound cages. Using the same kinetic model, we observe that
both the free cage and complex undergo similar relaxation of
the singlet state prior to intersystem crossing with comparable
~9 ns lifetimes. The largest difference is the significantly
shorter triplet lifetime (4 and 6 us, respectively) because of the
lower viscosity of MeCN leading to faster diffusion of the
triplet states. These lifetimes are still suitable for TTA-UC, as
discussed below.

https://doi.org/10.1021/jacs.2c13846
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Importantly, no *¥Perylene is observed in the TA
experiment, though its presence is required, albeit transiently,
to explain the perylene emission in the steady-state data. The
reason for this observation lies with the precise energetic
ordering of the sensitizer and annihilator triplet levels. The
experimental triplet energy of the perylene annihilator was
determined’” to be 1.53 eV (though it is possible that the
triplet energy is lowered upon 7-stacking in the cavity), while
that of the unmetallated porphyrin derivative used here as the
annihilator is unreported. The triplet energy of H,TPP has
been measured’' to be 1.45 eV and may be taken as a
surrogate triplet energy for the porphyrins used in the cage
structure. Thus, even though the sensitizer—annihilator triplet
energy gap AEpy is small, TTA-UC is still endoergic by —80
meV and is therefore thermally activated. At room temper-
ature, triplet—triplet energy transfer would only be (—AEpr/
kpT) = ~4% efficient, an observation which is consistent with
the small but non-negligible TTA-UC signal observed in the
steady-state experiments. In the transient absorption experi-
ments, however, the majority of the porphyrin triplet
population does not undergo energy transfer and the fraction
that does produces a perylene T, « T, absorption that
overlaps strongly with that of the porphyrin, near 460 nm, and
as such would be difficult to observe.”””* The change in triplet
lifetime upon complexation with two perylene units may be
indicative of triplet energy-transfer in some of the population.
Since the triplet decay is dominated by diffusional quenching
between excited porphyrins in solution, however, the difference
in rate constant may only be reflecting small changes in
concentration.

Despite the low probability of triplet—triplet energy transfer,
the nature of the illumination in the steady-state emission
measurements makes the observation of TTA-UC viable.
Continuous excitation of the sensitizer will lead to a constant
turnover of triplet population such that even a relatively
inefficient triplet energy transfer process can lead to
appreciable TTA-UC signals. This is also true for intra-
molecular TTA-UC, which requires each complex to absorb
two incident photons to produce two sensitizer-excited states.
Under the pulsed excitation conditions of the TA experiment,
the probability of double excitation® is only around 2%,
meaning that the TA data are again dominated by populations
of singly excited complexes. Continuous excitation, however,
makes the probability of multiple excitations on one assembly
within the triplet excited-state lifetime substantial over the
collection time, a situation which is consistent with the
observed TTA-UC yields. Hence, even the few-microsecond
lifetimes in MeCN are still sufficient to accumulate triplet
excitations on a single assembly, while the <l-ms lifetimes in
H,O provide even more opportunity for TTA-UC. A particular
pump and probe technique may be utilized’® in order to
observe the annihilator triplet lifetime directly in the confined
TTA-UC system in future studies.

TTA-UC efficiency may be substantially improved by
metalating the porphyrins in the cage with Zn. The measured
triplet energy of ZnTPP, for example, was found”” to be 1.55
eV, which is 100 meV higher than that of the freebase
porphyrin and higher than the triplet state of the perylene
annihilator, thus making triplet—triplet energy transfer much
more probable. Triplet lifetimes can be further extended in
more viscous solvents, frozen solutions, or even the solid state
where diffusional quenching is hindered or prevented. The
ability of this system to undergo TTA-UC without diffusion is
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unique to supramolecular assemblies such as those described in

this paper.

B CONCLUSIONS

In this research, we have investigated the triplet—triplet
annihilation-based molecular photon upconversion properties
of a complex in which two guest annihilators (perylenes) are
encapsulated inside a porphyrinic molecular container with
two porphyrins as the sensitizers. When the Q bands of the
porphyrins are excited with low-energy light, the upconverted
fluorescence of the perylenes at 470 nm can be detected.
Central to this research is the integration of two sensitizers and
two annihilators in a complex with a 1:2 host—guest ratio. As a
result, the key function of the molecular container is to tune its
cavity size in order to make the container suitable to host two
m-conjugated guest annihilators with a [7---7] distance in the
range of 3.2—3.5 A. These results demonstrate the importance
of molecular engineering in controlling the geometry of host—
guest complexes as well as their photophysical properties.
Supramolecular photon upconversion strategies will aid in the
development of new materials and chemistries as they relate to
electrical, photophysical, and biomedical applications.
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