A Macrocyclic Parallel Dimer Showing Quantum Coherence of Quintet
Multiexcitons at Room Temperature
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ABSTRACT: Singlet fission (SF) is a promising approach in quantum information science because it can generate spin-entan-
gled quintet triplet pairs by photoexcitation independent of temperature. However, it is still challenging to rationally achieve
quantum coherence at room temperature, which requires precise control of the orientation and dynamics of triplet pairs.
Here we show that the quantum coherence of quintet multiexcitons can be achieved at room temperature by arranging two
pentacene chromophores in parallel and close proximity within a macrocycle. By making dynamic covalent Schiff-base bonds
between aldehyde-modified pentacene derivatives, macrocyclic parallel dimer-1 (MPD-1) can be selectively synthesized in a
high yield. MPD-1 exhibits fast sub-picosecond SF in polystyrene film and generates spin-polarized quintet multiexcitons.
Furthermore, the coherence time Tz of the MPD-1 quintet is as long as 400 ns even at room temperature. This macrocyclic
parallel dimer strategy opens up new possibilities for future quantum applications using molecular multilevel qubits.

INTRODUCTION

Quantum information science (QIS), an application of
quantum mechanics, is revolutionizing a wide range of
fields from computing to communications and sensing.13 As
the fundamental elements of QIS, molecular-based quan-
tum bits (qubits) have the advantage that their structure is
uniform at the atomic level and their structure and proper-
ties can be precisely controlled by chemical modification.*8
It is essential for any quantum applications to prepare the
initial pure quantum state in the qubit and to have a suffi-
ciently long quantum coherence time. As for initialization,
cryogenic conditions are required to initialize qubits in
thermal equilibrium, which severely limits the range of

applications. On the other hand, molecular qubits composed
of chromophores can generate non-equilibrium electron
spin polarization, i.e., the initialization state, by photoexci-
tation even under high temperature conditions such as
room temperature.’-

Among photo-initializable molecular qubits, singlet fission
(SF) can generate a quintet triplet pair state with four en-
tangled electrons, which should be useful for future two-
qubit gate operation and highly sensitive quantum sens-
ing.10-20 Singlet excited state S1, which is generated by pho-
toexcitation, quickly becomes a singlet triplet pair state 1TT,
which is then converted to a quintet triplet pair state STT by
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spin evolution. Recent theoretical studies have shown that
when the orientations of the chromophores are parallel, it
is possible to selectively populate certain sub-levels of the
quintet.2% 21 Although many dimer compounds have been
reported in which chromophores are covalently linked, in
most cases the linkages contain single bonds and have
structural freedom of rotation, which would suffer from
decoherence.?2-26 While dimers linked by rigid linkers have
been reported,'’ 13 quantum coherence of quintet multiex-
citons at room temperature has not yet been observed.

Recently, quantum coherence of quintet multiexcitons has
been observed for the first time at room temperature for
pentacene chromophores densely arranged in a metal-or-
ganic framework (MOF), indicating that suppressed penta-
cene motion in the MOF structure is responsible for both the
conversion from TT to 5TT and the quintet quantum coher-
ence.” However, the quintet with long coherence time was a
minor component due to the poor crystallinity of the MOF.
It is desirable to construct a system that can produce quin-
tet with long coherence time in a homogeneous structure.
In particular, isolated dimer molecules in an inert host can
function as multilevel qubits exhibiting long coherence
times, since exciton diffusion-induced spin decoherence, as
seen in MOFs and crystals,!? is suppressed because of the
absence of exciton diffusion. Furthermore, it is expected
that the combination with microscopy techniques will ena-
ble quantum manipulations of electron spins in a single di-
mer molecule, which is promising for future applications in
ultra-sensitive and ultra-high spatial resolution quantum
sensing technologies.?”

Here we report the synthesis of a macrocyclic parallel di-
mer (MPD) and the observation of quintet quantum coher-
ence even at room temperature. A few macrocyclic com-
pounds exhibiting SF have been synthesized, but in low
yields or requiring special reaction systems.?® 2° By employ-
ing the Schiff-base chemistry, which is commonly used for a
dynamic covalent bond formation,3°-32 MPD-1 with two
pentacene chromophores can be selectively synthesized in
a good yield (Figure 1a). The relatively rigid bridging struc-
ture including benzene ring together with the m-m interac-
tion between pentacene units would suppress the rota-
tional degree of freedom of the pentacene moieties and ori-
ent the pentacene units in parallel. This parallel proximity
between adjacent pentacene would lead to ultrafast intra-
molecular SF and selective generation of the quintet states.
MPD-1 dispersed in polystyrene film exhibits the longest
room-temperature coherence time T2 of quintet of ca. 400
ns, indicating that the macrocyclic structure is a promising
strategy for generating multilevel qubits that can be driven
at room temperature.

RESULT AND DISCUSSION

The monomeric pentacene dialdehyde, 4,4'-(pentacene-
6,13-diyl)dibenzaldehyde (PDA), was synthesized by fol-
lowing the previous report.33 MPD-1 was synthesized using
PDA and m-xylylenediamine with a few drops of trifluoroa-
cetic acid as a catalyst. The dynamic covalent bond chemis-
try such as Schiff-base formation can selectively produce
the thermodynamically most stable compounds.3% 34 In the
current case, MPD-1 was selectively obtained in a high iso-
lated reaction yield of ca. 50%. The purity of MPD-1 was

fully confirmed by 'H NMR spectroscopy (Figure S5),
MALDI-TOF MS (Figure S6), high-resolution MS (Figure S7),
and elemental analysis. Single-crystal X-ray diffraction
(SCXRD) measurements of MPD-1 revealed the parallel ori-
entation between two pentacene units (Figure 1b and c).
The proximate carbon-carbon distance between the two
pentacene units is 3.3 to 3.7 4, indicating the presence of -
m interactions. NMR measurements were performed to elu-
cidate the dimer structure in CD2Clz solution at room tem-
perature (Figure S4 and S5). The significant upfield shift of
the pentacene protons in the dimer MPD-1 in comparison
with the monomer PDA indicates the m-m interactions be-
tween pentacene units are maintained in solution.

Schiff base dynamic bond

cooco °f;:‘;:“ oooeo
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Figure 1. (a) Synthetic scheme of MPD-1. (b, c) Single
crystal structure of MPD-1. (Solvent molecules and hydro-
gen atoms are omitted for clarity.)

Molecular dynamics (MD) simulations were performed to
investigate whether the orientation between the pentacene
units in MPD-1 can be kept parallel when molecularly dis-
persed (Figure 2a and 2b). A single molecule of MPD-1 was
placed in the center of the cubic MD cell and the remaining
space was filled with toluene molecules, which were used
as the initial structure for MD simulations. In the system at
300 K, MPD-1 was found to maintain the distance between
the centers of the mass of the pentacene units around 5.5 A
for most of the time (Figure 2c), which is close to the center-
to-center distance in the XRD structure of 5.5 A. Two types
of angles between the long axis vectors of the pentacene in
the plane perpendicular (¢) and parallel (¢) to the aromatic
ring planes did not take the significant values; the average
values during the last 400 ns were 6= 9+9 degree and ¢ =
848 degrees, respectively (Figure 2d and 2e). It indicates
that the pentacene units remained parallel for most of the
time while they were occasionally tilted and moved back
and forth and from side to side due to thermal fluctuations,
as recently demonstrated in the exciton pairs in linked par-
allel pentacene dimers. In toluene glass at a lower tempera-
ture of 80 K, the fluctuations of the distance between the
centers of the mass of the adjacent pentacene were smaller
and the structure in solution was maintained (Figure S8).
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The excitonic interactions between pentacene chromo-
phores in the dimer structure were investigated from the
absorption spectra of MPD-1 at room temperature. Beer-
Lambert plots of toluene solutions of MPD-1 showed that it
is in the molecularly dispersed state up to 200 uM (Figure
S9). Absorption spectra of PDA and MPD-1 in toluene at
room temperature showed a slight broadening of the spec-
trum with a redshift of the peak from 601.5 nm to 611.5 nm
for the dimer compared to the monomer (Figure S10). This
is due to excitonic interactions between neighboring penta-
cene chromophores, which is consistent with the dimer
structure with pentacene moieties in close proximity ob-
served in NMR measurements and MD simulations.
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Figure 2. Snapshots of MD simulation at 300 K in equilib-
rium for (a) the whole system and (b) only MPD-1. Time de-
pendences during the 500 ns of (c) the distance between the
centers of the mass of the pentacene units of MPD-1 and
two types of angles between the long axis vectors of the
pentacene units in the plane (d) perpendicular and (e) par-
allel to the aromatic ring planes, #and ¢, respectively.

The emission spectra of the monomer and dimer samples
are strikingly similar when taking self-absorption into ac-
count (Figure S10). This spectral similarity, together with
observations from the transient spectroscopy described be-
low, suggests that the 45-fold weaker photoluminescence
from the dimer sample is from a minority of emissive mon-
omer ‘impurities’ in the sample. As we discuss below, these
may originate from photo-damaged or dissociated dimers
and indicate a need to improve the stability of the dimer in
the future work. Nevertheless, the dominant photophysics
we study in this work originates from the dimers, with mon-
omers contributing a very minor component, as indicated
by the absorption and transient absorption spectroscopy
described below.

Since it is necessary to evaluate the spin properties in the
solid state by EPR measurement, we also measured optical
properties of MPD-1 dispersed in polystyrene film. The ab-
sorption spectrum of MPD-1 in polystyrene indicates its
molecular dispersion with no change in peak position and
shape up to 5 mol% (Figure S12). The absorption spectrum
of MPD-1 in polystyrene is close to that in toluene solution,
indicating that the same dimer structure is maintained in
polystyrene (Figure S13).

Transient absorption spectroscopy (TAS) measures the
signature of excited states as a function of time after excita-
tion, allowing us to track their evolution from femtoseconds
to milliseconds. In Figure 3, we show TAS of PDA monomer
and MPD-1 dimer measured in polystyrene films at 0.05
mol% with excitation at 532 nm. We chose these conditions
for ease of comparison with EPR measurements in Figure 4
and 5, but find that at these concentrations, the TAS behav-
ior does not depend on concentration (Figure S20) between
0.05 mol% and 0.005 mol% (at the limit of our ability to
measure TAS), suggesting that the majority of the doped
molecules are well isolated from each other and show no
signs of inter-dimer aggregation at 0.05 mol%.

Selected TAS spectra and dynamics of the PDA monomer,
are shown in Figure 3a and 3b (the full TAS spectra/dynam-
ics are shown in figure S14 to S16). Our results reproduce
the reported behavior of pentacene monomers in solution:
at early times, represented by the 10 ps spectrum (blue) in
Figure 3a, the spectra are dominated by singlet S1 states ex-
hibiting a strong excited state absorption (ESA) band
peaked at ca. 450 nm (452 nm for PDA). Over nanosecond
timescales, the spectrum evolves, due to intersystem cross-
ing (ISC) to form triplets.3> The triplets are characterized by
vibronically structured ESA bands with a dominant peak at
ca. 530 nm (514 nm for PDA), represented by the brown
spectrum taken at 200 ns pump-probe delay in Figure 3.
The ISC-generated triplets in this sample decay with a ~50
us time-constant (Figure S14).

Conversely, selected TAS spectra/dynamics of MPD-1 di-
mer in Figure 3c and 3d (full spectra/dynamics in Figure
S17 to S20) show the formation of only one excited species
on the measured timescales. This species decays with only
minor spectral evolution from 100 fs (light green) to be-
yond 1 ps (dark green). Given the similarity of this spectrum
to the monomer triplet spectrum in Figure 3a (reproduced
in brown in Figure 3b for ease of comparison), we assign the
MPD-1 TAS spectrum to triplets. The rapid sub-100 fs
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generation of these triplets in MPD-1 suggests that they are
generated by SF within our instrument response time
(<100 fs). In the dimer, the triplet signatures initially decay
rapidly (10s of nanoseconds), orders of magnitude faster
than the ISC-generated triplets on isolated molecules (com-

pare figure 3b and 3d), as expected for SF-generated triplets.

This rapid decay is associated with the spin-allowed non-
radiative decay of the strongly exchange-coupled !TT triplet
pair state, the initial triplet pair state of SF.36

Following the initial decay, the remaining population de-
cays on a slower timescale. Initially, the spectra are similar
to those at the earliest times; compare the spectra at 200 ns
and 100 fs in Figure 3c, for example. We assign the triplet
signatures on these 10-100s of nanosecond timescales to
triplet pairs with quintet character, >TT, formed from 'TT
via spin evolution, rather than to isolated triplets. We make
this assignment for three reasons: (1) the slower decay im-
plies spin-forbidden decay to the singlet ground state, and
therefore it is unlikely to be due to 'TT population; (2) the
ESA spectrum on these timescales (200 ns) is the same as
the early-time 'TT spectrum (100 fs), but different to the
monomer ESA triplet spectrum (brown) and therefore is
likely to be a triplet pair state on the dimer, rather than iso-
lated triplets; (3) for symmetry reasons, it is most likely that
ITT converts to STT rather than 3(TT).3” This assignment is
confirmed by TREPR measurements described below.
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Figure 3. Selected TAS spectra (a, c) and their correspond-
ing kinetics in the full-time window (from ps to ms) (b, d) of
(a, b) PDA monomer in polystyrene film (0.05 mol%) at
room temperature; and (c, d) MPD-1 dimer in polystyrene
film (0.05 mol%) at room temperature. In the monomer (a,
b), singlet states (blue) evolve to form triplets by intersys-
tem crossing (brown). In the dimer (c, d), triplet signatures
are present from 100 fs (green). Ground state absorption
spectra are also shown for reference (grey shadowed lines).

Before describing the EPR results, we note that the TAS
spectral shape in MPD-1 evolves to form the 1 ps spectrum
reported in figure 3c that is identical to the ISC-generated
triplets on the PDA monomer (the differences around 532
nm are artifacts from different pump scatter in the different
experiments). These states could be due to ISC-generated
triplets on monomer impurities in the dimer sample or

could indicate uncoupled triplet pairs on dimers. Given the
emission spectral features assigned to monomer emission
described above and results from the EPR reported below,
we conclude that these > 1 ps features are from ISC-
generated triplets on monomer impurities in the sample.
The TAS signature from these monomers is weak, for exam-
ple we see negligible evidence of early-time singlet ESA at
456 nm, and therefore conclude that the proportion of mon-
omers within the dimer sample is small, a conclusion sup-
ported by the absorption/emission spectroscopy described
above.

We also observe that the strongly exchange coupled triplet
pair in the dimer, !'TT at ~100 fs shows no shift of the main
ESA band compared with the monomer triplet ESA; a shift
has previously been associated with the triplet pair binding
energy.3® This could suggest that the exchange coupling in
this dimer is smaller than in previously measured sys-
tems.36

Finally, we note that TAS of MPD-1 in toluene shows iden-
tical ESA 'TT signatures at early times similar to MPD-1 dis-
persed in polystyrene films (Figure S19), confirming SF in
the isolated dimers. However, in solution, where the dimer
is unhindered by the polymer matrix, 'TT decays to the
ground state with a ~60 ps time constant, much faster than
in the polymer film. We speculate that this short lifetime is
due to efficient non-radiative decay, enabled by conforma-
tional reorganization in the solution environment. In solu-
tion, at room temperature, therefore, 'TT does not live long
enough to form quintets.

Continuous-wave transient electron paramagnetic reso-
nance (CW-TREPR) measurement of MPD-1 in polystyrene
film was conducted at room temperature (Figure 4a and 4b).
The highly symmetric spin polarization signals with
A/A/E/A/E/E pattern were observed, which is the typical
signal of SF-derived quintets. In addition, no triplet signal in
outer side than quintet was observed. This implies the dis-
sociated triplets from triplet pairs were not generated due
to the strong m-m interaction by the rigid bridge between the
close-contact pentacene units in the macrocyclic structure
(Figure 4c). After prolonged laser irradiation, the sample
showed a color change (Figure S30). No signal was ob-
served in the steady-state CW-EPR spectrum before the la-
ser irradiation, while some signals were detected after the
TREPR and pulsed EPR measurements (Figure S29). These
results suggest a partial photo-induced decomposition of
MPD-1 in polystyrene. As noted above, improving the pho-
tostability of the dimer is an important future task.

The TA spectroscopy described above suggests that after
excitation with 532 nm laser, the initially generated 'TT can
be converted to quintet triplet pair (°TT). Our calculations
suggest this occurs by the modulation of spin-spin exchange
interaction J (Figure 4c). In this case, the /] modulation
would be induced by the chromophore fluctuation.?! Based
on this theory, we performed the simulation of TREPR spec-
trum with two quintet exciton conformations (*TT: and
5TT2) using the density matrix formalism analysis.
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Figure 4. (a) Time evolution of TREPR spectra of MPD-1 in polystyrene at room temperature. (b) Spectrum simulation of
TREPR at 200 ns after laser irradiation using the density matrix formalism analysis. (c¢) Schematic image of quintet polariza-

tion generation through the fluctuation of exchange interaction.

The EPR spectrum was simulated by assuming MPD-1 di-
mers with two different conformations of the dihedral angle
between the aromatic planes, 0° and 10°, as the stable 5TT1
and the activated >TTz by an energy of 80 cm, respectively.
We also assumed that the structural fluctuations between
them modulate the exchange coupling J to generate quintet
triplet pairs (Figure 4c). This is in good agreement with the
dimer fluctuations observed in the MD simulation for tolu-
ene solution, suggesting that the angle of molecular fluctua-
tions in polystyrene film is similar to those in toluene solu-
tion.

The negative exchange coupling J represents that >TT is
more energetically unstable than !TT and is responsible for
the fast deactivation of the quintets. Transient absorption
measurements show that the 1TT lifetime in toluene solu-
tion is very short (60 ps), whereas in polystyrene it is rela-
tively long (10-100 ns). This suggests that the large struc-
tural fluctuations of MPD-1, as seen in the MD simulations
of toluene solution, should be suppressed in the rigid poly-
styrene matrix. However, small fluctuations of MPD-1 (10-
degree angle change) may result in the quintet generation
because ] would substantially be modulated by the subtle
angle changes (Figure 4c).

When the principal axes of the pentacene units in the di-
mer are aligned to parallel, sublevel-selective transition
from !TT to 5TT occurs based on the anisotropic terms in
the spin Hamiltonian. In the polystyrene matrix, the parallel
orientation of MPD-1 was maintained, resulting in the
highly symmetric EPR spectrum (Figure 4b). This spectrum
shape represents the selective population distribution of
quintet sublevels of Qo and Q2 thanks to the parallel orien-
tation of MPD-1. The selectivity would be further enhanced
when the dimers take a certain orientation to the external
magnetic field.

By simulating the case that MPD-1 is aligned parallelly
against the external magnetic field (Bo||z), the maximized
selective population distribution of quintets was observed
(Figure S23). This result is in good agreement with the pre-
vious theoretical studies,?> 2! indicating that MPD-1 can
work as a high-quality multilevel qubit that produces pure
quintet states.

Note that when the TREPR was measured again one month
after the first measurement, additional triplet signal origi-
nating from ISC was also observed. This suggests that even
under vacuum conditions, MPD-1 can be slowly photo-de-
composed to partially produce monomers (Figure S24).

In order to assign the spin multiplicities of EPR signals, we
performed a nutation measurement of MPD-1 using X-band
pulsed EPR (Figure 5b). The nutation signals were obtained
under the magnetic fields fixed at the peak tops of the echo-
detected EPR spectrum (Figure 5a) and Fourier trans-
formed (Figure 5b). Nutation frequencies of a transition
(Adms = £1) are represented as a following equation;

w = gusB,
h

VS(S + 1) —mg(mg + 1)

where g is the g-value, us is the Bohr magneton, # is the
reduced Planck constant and Bi is the effective magnetic
field strength of the microwave pulse. Therefore, nutation
frequency ratio is represented as doublet: triplet: quintet
(Qs1 <> Qs2): quintet (Qo <> Q1) = 1: v2: 2: /6. In the spin
nutation measurements, the nutation frequency ratio of
1.00: 1.46: 2.16: 2.68 was obtained, which approximately
coincides with the theoretical values. Furthermore, we
measured the delay time (tdelay) dependence between the
microwave pulses and the laser flash on the echo signal
(Figure 5c). The quick rise in the quintet echo originates
from deactivation rate constant in the singlet TT with krec =
2.0x107 s1 (Table S3). This is due to the quick deactivation
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of 1TT, the source of quintet generation. This singlet TT de- The !TT -> 5TTo spin relaxation time constant is thus ob-

activation kinetics is in good agreement with the initial tained to be 534 ns from the echo signal decay in Figure 5c.
rapid decay (10s of nanoseconds) observed in the TA signal. This is close to the decay time constant (283 ns) of the quin-
tet signal obtained by CW-TREPR at reduced microwave
power (Figure S27).
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Figure 5. (a) An echo detected spectrum (bottom) of MPD-1 in polystyrene obtained by 532 nm laser irradiations at room
temperature and its pulse sequence (top). The pulse sequence was employed as laser—tdelay—t1—Techo—t2— Techo—echo. The dura-
tions of the first pulse (¢1) and the second pulse (t2) are 16 ns and 32 ns, respectively. The delay time of taelay and Techo are 300
ns and 200 ns, respectively. Spin nutation measurements were carried out at the magnetic field indicated by arrows. (b) Fou-
rier transformed spin nutation signals. Inset shows time profiles of spin nutation signals with baseline corrections. The peaks
of the nutation frequencies at the magnetic field, indicated by the arrows in Fig. 5a, were 9.03, 13.18, 19.53, and 24.17 MHz,
respectively. (c) Dependence of taelay Of the echo intensity at 346.6 mT (blue line) employing m/2 = 10 ns, w = 20 ns and Techo =
200 ns with a fitting line (red line). The 5TTo spin relaxation time obtained from the echo signal decay was 534 ns. (d) Coher-
ence time (T2) of the quintet triplet pairs. A pulse sequence of the Hahn echo detection (laser- tdetay - t1-Techo-t2-Techo-echo) used
in the measurement with t1 = 16 ns, t2 = 32 ns and Techo = 200 ns. T2 = 395 ns was obtained by plotting the echo signal with
varying Techo at Bo = 346.6 mT with taelay = 300 ns.
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This means that the components observed in the spin ech-
oes are the major components in the system, i.e., the dimers
are well dispersed in the polystyrene matrix and in a uni-
form environment. The slight difference in the two time
constants is probably due to the fact that the decay time of
CW-TREPR is influenced by the high power intensity of the
irradiated continuous microwave in the dielectric resona-
tor.12 While previously report on Pn-MOF concluded that
the quintets observed in CW-TREPR and pulsed EPR comes
from different components due to low crystallinity,?® in this
study, the dimers are uniformly dispersed in polystyrene
and the signals observed in CW-TREPR and pulsed EPR
should be derived from the same component. In addition,
overlapping the kinetics of TA signal at 488 nm and the ki-
netics of the echo signal obtained by pulsed EPR shows rel-
atively good agreement on the 100-1000s of nanosecond
timescales, indicating good consistency between TA and
EPR regarding the quintet dynamics (Figure S29).

In addition to the triplet signal, a signal derived from radi-
cal was also observed in the subsequent pulsed EPR, sug-
gesting degradation of pentacene itself: the sample after
TREPR and pulsed EPR measurements was discolored only
in the light-irradiated area, confirming the degradation of
pentacene (Figure S30).

In the spin coherence time (72) measurements of MPD-1
by the Hahn echo detection (Figure 5d), notably long T2 of
395 ns was observed even at room temperature. The quin-
tet is generated by / modulation with slight conformation
change (Figure 4c), and the large and random fluctuation of
anisotropic zero-field splitting interactions should not dom-
inate in this system. This relatively long coherence time
opens the possibility of quintet spins as multilevel qubits
that can be driven even at room temperature.® The T2 ob-
tained in the present study is about three times longer than
thatin the MOF (120 - 150 ns). The reason for longer T2 may
be due to the absence of phonon effect by the molecular ag-
gregation in the present dispersed dimer system, reflecting
the suppressive fluctuations of the solid polystyrene envi-
ronment at room temperature. This is very different from
the kinetic behavior in toluene shown in Figure 2, and an
ideal environment for generating spin quantum nature. As
pointed out previously, there is a trade-off between quintet
generation efficiency and spin coherence time.!* The quin-
tet generation efficiency in MPD-1 dimer was low (<1 %).
This is consistent with long coherence time due to the lack
of decoherence through mixing of 1TT and 5TT. On the con-
trary, when the quintet generation efficiency is high, the fast
spin evolution from 5TT to 'TT leads to a shorter quintet
spin coherence time.

CONCLUSION

In conclusion, we have shown that the macrocyclic parallel
dimer is an appropriate molecular design for exhibiting a
long coherence time T2 of quintet state even at room tem-
perature. The use of dynamic covalent Schiff base chemistry
allowed us to easily synthesize the MPD-1 dimer in high
yield, and the macrocyclic structure keeps the pentacene
units oriented parallel to each other in close proximity in
solution or polymer matrix, leading to ultrafast SF of less
than 100 fs and allowing the selective population of specific

quintet sublevels. The structural fluctuations of the penta-
cene units in the MPD-1 dimer were kept small, and the
longest room-temperature quintet coherence time to date
of nearly 400 ns was achieved. Unlike previous MOF sys-
tems, the homogeneously dispersed dimers have the ad-
vantage that the component with the long coherence time is
major. Further fine tuning of linker and chromophore struc-
tures would provide a wide range of attractive MPDs from a
viewpoint of flexibility, distance, orientation, and stability.
In addition to the potential of strict structural control, opti-
cally-detected magnetic resonance at the single-molecule
level will be possible by using chromophores that exhibit
delayed fluorescence due to triplet-triplet annihilation, the
reverse process of SF. The multilevel qubits, whose struc-
ture can be strictly defined at the atomic level, and which
have long coherence time, would be very powerful in eluci-
dating a wide range of biological and physical phenomena
in the future.
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