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ABSTRACT: The past two decades have witnessed immense advances in quantum
information technology (QIT), benefited by advances in physics, chemistry, biology, and
materials science and engineering. It is intriguing to consider whether these diverse molecular
and supramolecular structures and materials, partially inspired by quantum effects as observed
in sophisticated biological systems such as light-harvesting complexes in photosynthesis and
the magnetic compass of migratory birds, might play a role in future QIT. If so, how? Herein,
we review materials and specify the relationship between structures and quantum properties,
and we identify the challenges and limitations that have restricted the intersection of QIT and
chemical materials. Examples are broken down into two categories: materials for quantum
sensing where nonclassical function is observed on the molecular scale and systems where
nonclassical phenomena are present due to intermolecular interactions. We discuss challenges
for materials chemistry and make comparisons to related systems found in nature. We
conclude that if chemical materials become relevant for QIT, they will enable quite new kinds
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uvantum information and quantum computing have
been developing rapidly in various fields. The

applications of quantum information technology (QIT) are
generally categorized into three main fields: quantum
computation, quantum information processing, and quantum
sensing. Quantum computation employs qubits and principles
of quantum mechanics significantly accelerating certain
calculations.' ™ Quantum computers can solve certain kinds
of “NP-hard” algorithms (i.e., algorithms that cannot work in
polynomial time) faster than classical computers. Quantum
computers today still have a limited number of qubits, with a
recent paper reporting a 127-qubit processor using 60 layers of
quantum gates.” Increasing the number of qubits leads to a
speedup of computation time relative to classical computers,
although there is still progress to be made to increase quantum
computing capabilities. Quantum information uses entangle-
ment to transmit information in a secure way.l’lo_14 Quantum
sensing utilizes the high sensitivity of coherent quantum
systems to the external environment to enhance measure-
ment.””~"7 A variety of materials such as ion traps,'"*”*°
electronic”**™*° and nuclear spins,>*°~* quantum dots, "8
and superconducting circuits”*”~*" have been studied as qubits
for QIT. Are there opportunities for chemical materials that
could facilitate QIT?

Materials chemistry combines molecular building blocks in
sophisticated multiscale organization. There is an incredible
range of systems that have structure on many scales. The size,
complexity, and relatively weak interactions among building
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blocks limit the relevance of chemical materials for current
QIT applications. But are there new opportunities offered by
these systems, especially for fundamental study of quantum
phenomena in large and disordered systems? It is perhaps too
early to answer this question with compelling examples.
Instead we explore what we know so far.

QIT has been focused on platforms where robust entangled
states can be produced with high fidelity, transmitted,
processed, and decoded. Less progress has been made in
working out how to characterize and exploit quantum
correlations that might be present in complex molecular
systems.'” Recent studies have been directed to strongly
correlated solid-state systems known as quantum materials.
Here we examine chemical systems that are, in general, weakly
correlated. We aim to contribute some perspectives on their
main characteristics that might provide opportunities in
quantum information science. To help reach a broad
readership, we begin with a basic review of concepts. We
then discuss examples that are grouped into two themes: (i)
systems where nonclassical function is observed on the
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Figure 1. Representative diagram of different types of quantum materials. (a) UV—vis absorption spectra of series functionalized acenes. Adapted
with (?ermission from ref 55. Copyright 2008 Wiley-VCH. (b) Schematic diagram and (c) normalized photoluminescence spectrum of quantum
dots.*>%* Adapted with permission from ref 63. Copyright 2007 American Chemical Society. (d) The LH complexes of purple bacteria illustrate
phenomena affecting excitation energy transfer. Adapted with permission from ref 74. Copyright 2017 American Chemical Society. (e) Schematic
presentation of three synthetic supramolecular quantum systems associated by noncovalent interaction among molecular chromophores: (i)
classical H-aggregate; (ii) classical J-aggregate; (iii) cyclic coulomb coupled J-aggregate.**

molecular scale; (ii) systems where nonclassical phenomena
are present because of intermolecular interactions.

The advances in quantum mechanics during the early 20th
century have not only revolutionized the creation of new
materials through a bottom-up synthetic approach but also
offered a rationale for the structure—property relationship of
materials across different length scales ranging from subatomic
to atomic to molecular levels and beyond.”* Specifically, at a
molecular level, one could precisely tune the optical band gap
of acenes by controlling the number of fused benzene rings
(Figure 1a).>*™> Similar size-dependent properties have also
been observed in quantum dots (QDs), so-called artificial
atoms, as benchmarks of quantum materials (Figure 1b). QDs
are semiconductor particles on a nanometer scale with unique
size-dependent optical and electronic properties due to the
quantum confinement effect.”**™®" Typical photolumines-
cence (PL) spectra of size-selected fractions of thioglycolic-
and mercaptopropionic-capped CdTe nanocrystals as QDs are
shown in Figure 1¢.°”®* The PL of QDs can be tuned from 500
to 700 nm by decreasing their diameter. The narrow and
tunable PL and tunable spin states of QDs have enabled their
applications not only in bioimaging**®* and light-emitting
diodes (LEDs)**~® but also as single-photon sources®**” and
as qubits in gate-defined devices.””~"*

Molecular aggregates and assemblies enable more elaborate
tuning of photophysical properties.”* Photosynthesis takes
place in light-harvesting (LH) complexes (Figure 1d), which
are highly optimized through thousands of years of evolution.
A notable characteristic of these natural systems is the way
molecules are exquisitely organized in a structural framework.
LH complexes from purple bacteria, for example, are
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comprised of carotenoid and bacteriochlorophyll chromo-
phores that absorb light in the green and far-red light of
wavelengths above 750 nm.”*~7° On the one hand, LH2 (also
termed B800—B850) has a characteristic circular nonamer (or
octamer) structure consisting of nine (or eight) subunits and
absorption peaks at ~850 and 800 nm, respectively. On the
other hand, LH1, with a larger aggregation number with 16-
fold symmetry, shows a single peak at 875 nm. Such intricate
and functional structures remain beyond the reach of the
present synthetic supramolecular systems.

Several types of aggregates, including J-, H-, X-aggregate and
aggregate-induced emission (AIE), composed of synthetic
organic chromophores, have been intensively studied, and
intermolecular interactions dictate nonclassical phenomena
and collective properties.””~”” In synthetic systems, some dye
aggregates or supramolecular polymers present significant
scale-dependent optical properties similar to nature. With
increasing aggregation size or supramolecular degree, the
absorption or emission of chromophores may become
narrower and red-shifted while the nonradiative rate should
decrease quickly according to the computational chemis-
try.*"™ Figure le illustrates three typical aggregate classi-
fications: (i) classical H-aggregate, (ii) classical J-aggregate,
and (iii) cyclic Coulomb coupled J-aggregate.** For typical H-
aggregate (i), a larger aggregation number always leads to a
hypsochromic shift in absorption peaks and suppressed
fluorescence relative to the monomer.** However, for classical
J-aggregate (ii), the dyes are arranged in a slip-stack
arrangement with a slip angle <54.7°®> and a narrower and
bathochromic shifted absorption peak with a stronger
absorption coefficient. One of the exceptions in J-aggregates
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is cyclic Coulomb coupled J-aggregate (iii) found in LH
complexes. The dyes are also aggregated in a cyclic or tubular
slip-stacked manner similar to that in nature. Nevertheless, the
unique topology and the direction of the dipole moment in
cyclic Coulomb coupled J-aggregate do not lead to the narrow
absorption and increased fluorescence decay rate as observed
in other types of ]—aggregates.84’86789 But after natural
evolution, these types of aggregates all have been optimized
to harvest sunlight and transfer energy to the reaction center at
high efficiency.

Herein, we review recent advances in quantum materials
across molecular and supramolecular (or intermolecular)
scales. We describe some representative systems on each
scale and discuss opportunities for future work. In consid-
eration of many excellent reviews on atomic quantum
materials,”’~"* molecular quantum materials,'”'>**°>”° quan-
tum biolo{c:gy,m’w’98 and QIT,2’15’99_105 the present review
mainly focuses on quantum systems at molecular and
supramolecular scales, especially radicals, nuclear spins, and
bioinspired quantum systems, as well as systems where
intermolecular interactions cause nonclassical phenomena.
The challenges of existing quantum materials and the
advantages of synthetic supramolecular materials over conven-
tional materials for QIT are also discussed.

Here we include a very brief overview of some key points
about quantum information science. In other papers, we
provide a more detailed tutorial review.'”® Quantum systems
considered model qubits are typically two-level systems. The
classical analogy is a switch that can take values of 0 or 1, just
like the binary basis for digital communication and
computation, which are based on two-state systems. A system
containing n classical switches can encode 2" different classical
states.

Qubits are states in two-dimensional Hilbert space, that is,
vectors comprising the basis states 10) and [1). In a system of n
qubits, states inhabit a space that is constructed from the
tensor product of the Hilbert spaces of each qubit in our
system. If every qubit were to be definitively set in either the |
0) or I1) state, like the classical switches, then we obtain 2"
unique product states in H, very much like we did for the
classical system of switches. This set of product states forms
one possible basis for our general quantum (pure) states to be
found in the Hilbert space H.

More general states are generated by taking the super-
positions of the product states. These are especially interesting
states because they have no classical counterpart. What makes
these states special is that they have properties that cannot be
exhibited by any classical system, properties epitomized by
entanglement and nonlocality. These quantum correlations
generally come hand-in-hand with strong classical correlations.
For example, consider one of the famous Bell states:

1

Y = f[|O>A|1>B + 11),10)5]
1

Y_ = fUO)A'l}B - |1>A|0>B]
1

q)+ = fUO)A'O)B + |1>A|1>B]

®_ = —[10),10) — 11),11);]
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Say, W,, where we do not know whether subsystem A, or B,
is in the 0 or 1 state. But we do know that if A is 0, the B is 1,
and vice versa. That is a classical correlation. However, more
sophisticated pairs of measurements resolve quantum
correlations that come about because of how the states are
constructed in Hilbert space and thus account for the wave-
basis of quantum mechanics. A physical example is
interference, as seen in the double-slit experiment. Obviously,
interference evidences wave-like properties, but the phenom-
enon is shared by classical and quantum systems. The purely
quantum wave-like properties are uncovered by higher-order
correlations.'”’”

It is not obvious at first glance how to understand the extra
information in a quantum system compared with an analogous
classical system. For example, n classical switches (two-level
systems) can encode 2" distinct binary numbers, which is the
same as the size of the quantum state space. The maximum
amount of information encoded in either case is the same. One
quantum advantage for conveying information comes from
using compression strategies that are only available to quantum
systems. While one qubit does not convey more information
than one classical bit, the quantum correlations in an entangled
system can be exploited to enable information to be more
compressed, allowing quantum communication channels to
have greater capacity than comparable classical channels." A
second advantage is that quantum mechanical laws can be
leveraged to make communication more secure, such as in
quantum cryptography.'”® Another way to view potential
advantages obtainable from quantum systems lies in how states
are constructed, whereby it takes only a linear number of
classical resources to construct an exponentially large super-
position.

Besides qubits on the atomic scale, molecular
qubits have shown impressive characteristics, such as long spin
coherence,”” maneuverable triplet states,"'* and organic
molecules with spin-singlet.”” Chemistry offers a bottom-up
design and synthetic’ approach that enables tunability, control,
and scalability of qubits via chemical reactions of extended
structures and compatibility across different environments."
Thus, molecular qubits can be well controlled over complex
intrinsic and extrinsic environments.

Quantum sensing refers to the use of quantum resources,
such as coherence or entanglement, to measure a physical
property that may be quantum or classical in nature, typically
with higher sensitivity than classical sensors."> Experimentally,
it is important to evaluate and recognize the sensitivity of the
sensor, as well as the physical parameter(s) that the sensor
responds to. There are two parameters that are key to
evaluating the performance of qubits for quantum sensing and
computing: spin—lattice relaxation time (T;) and coherence
time (T,,).”> T represents the time it takes for an excited spin
population to relax to the ground state, while T, represents the
lifetime of the quantum superposition state. In addition, the
physical parameters that the quantum sensors detect include
spin-based systems (like nuclear spins and electron spins),
which respond to magnetic fields, or charged systems (like ion-
traps), which respond to electric fields.

Here, we present some examples of experimental imple-
mentations of quantum sensors in materials-based systems,
such as the use of molecular spins, as well as applications of
quantum information technology from biology and bioinspired
materials. These systems have nonclassical functions that are
observed on the molecular scale.

22,23,94,109—111
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Figure 2. Molecular quantum materials and technologies. (a) Synthetic electron spin systems, M1: (2,2,6,6-tetramethylpiperidin-N-oxyl-4-yl) 3,5-
dimethylbenzoate-4-yl tetrephthalate diradicals;>* M2: magnesium phthalocyanine with three nitroxyl radicals;** M3: Hexamethoxyphenalenyl
radical;*> M4: side-functionalized graphene nanoribbon radicals;'** M5: topological stabilized magnetic centers.'** (b) Schematic representation of
the grafting procedure leading to immobilized BTR radicals inside the pores of SBA-15 host phase.’* Adapted with permission from ref 34.
Copyright 2021 Wiley-VCH. (c) Molecular structure of two GdIII trapped in a C79N fullerene.”> Adapted with permission from ref 95. Copyright
2017 American Chemical Society. (d) TM radicals doped with their corresponding diamagnetic hydrogenated products to increase Tm.'> (e)
Schematic presentation of the impact of polymer rigidity on the luminescence and electron spin dynamics of the radical polymers.*’

Several physical realizations of qubits have been investigated,
among which the use of electronic or nuclear spins has
attracted considerable interest. Spin is intrinsically a two-level
quantum system that can easily be manipulated by electro-
magnetic radiations and detected by magnetic resonance
techniques.''”> Moreover, through the controllability of
chemical synthesis, molecular spins can be created in arrays
of one-, two-, and three-dimensional architectures*>**''* and
can be integrated with electronic and photonic devices.”>'"
We start by discussing the use of electron spins as qubits for
quantum information processing.

The use of electron spins as qubits is instinctive since the
spin up and down states mimic the well-defined qubit states |0)
and I1) and is advantageous due to the scalability of these
molecular systems.”> However, decoherence caused by
environmental interactions (electromagnetic fields, phonons,
or impurities), spin—spin interactions, and spin—orbit coupling
limits the coherence times of electron spins. Some strategies,
such as spin isolation and low-temperature operation
techniques, as detailed below, have been developed to improve
the coherence time. Here, we consider the use of radicals as
electron spins for hosting spin qubits in materials systems for
quantum sensing.

Figure 2a shows some representative examples of organic
spin qubits. Although most molecules with unpaired spins are
unstable, some of them, such as some nitrogen-based radicals
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(M1, M2 in Figure 2a), can operate under relatively mild
conditions.*”""® Nitroxyl molecules are stable by coupling
electron spins with signature '*N, making them an important
probe for electron paramagnetic resonance (EPR) spectrosco-
py.'"” Because they are easily modified and characterized by
nuclear magnetic resonance (NMR), Takui and co-workers
have done systematic work on nitroxyl radicals in single- and
multiqubit molecules. 2836 HOHEIY The biradical (2,2,6,6-
tetramethylpiperidine-oxyl-4-yl)-3,5-dimethylbenzoate-4-yl ter-
ephthalate (M1) was reported as a molecular system to
perform quantum gating,'” where the 3,5-dimethylbenzoate-4-
yl group was applied to link two nitroxyl radicals. The two
well-defined single spins in M1 are weakly coupled, and the g-
tensors at the N—O sites of the tetramethylpiperidine-1-oxyl
(TEMPO) groups are nonequivalent as the principal axes
point in different directions. The distance between N—O from
the TEMPO group is designed as 2.0 nm, which is about 10
MHz of electron spin dipolar interaction.

A magnesium phthalocyanine with three nitroxyl radicals on
the periphery (M2) was first reported for adiabatic quantum
computing.””** EPR/NMR pulse sequences were executed to
manipulate quantum gate operations in open-shell M2
molecular entities. The pulse sequences showed higher
computing speed with stronger spin interactions, especially
electron spins, demonstrating the advantages and possibilities
of molecular spin quantum simulators.

https://doi.org/10.1021/acs.jpclett.4c00264
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ray structures of bimetallic porphyrin complexes.'** Adapted with permission from refs 95 and 135. Copyright 2021 American Chemical Soc1ety
(c) Copper phthalocyanine molecule."*® (d) Crystal structure of Zr—Cu—NU-1102 with each porphyrinic ligand metalated with Cu®*. Gray,
orange, blue, and red represent carbon, copper, nitrogen, and oxygen, respectively. Zr 6 nodes are represented by turquoise polyhedral. Nearest
Cu—Cu distances are highlighted. Structures were obtained from previously published works.** Adapted with permission from ref 43. Copyright
2020 Amerlcan Chemical Society. (e) Schematic diagram of optical excitation and photoluminescence collection for spin initialization and
readout.”® Adapted with permission from ref 13. Copyright 2020 AAAS. (f) Schematic diagram of an array of surface quits, showing potential link
and metal complex geometry. ] indicates the strength of magnetic coupling between the qubits."” Adapted with permission from ref 137.
Copyright 2017 American Chemical Society. (g) A ring-closing metathesis turned the open porphyrin-based macrocycle (U-por) into the
porphyrin macrocycle (mac-por) around the smgle -wall carbon nanotube. The final magnetic MINT (mMINT) structures were obtained by
density functional theory (DFT) calculations.® Adapted with permission from ref 8. Copyright 2021 American Chemical Society. (h) Concept
behind the realization of hierarchical superstructures based on metalated-porphyrin boxes (top) and practical realization using Zn-porphyrins and
dipyridyl terminated bridging ligands (bottom)."*” Adapted with permission from ref 139. Copyright 2018 American Chemical Society.

Takui, Morita, and co-workers have also reported graphite- been actively investigated for applications in electronics,
like fragments of stable organic radicals.'**~"** By applying six biology, and energy, their untapped potential in quantum
methoxy groups to a neutral carbon-centered 7 radical (M3 in devices remains an area yet to be explored.”

Figure 2a), they investigated quantum spin simulators for a In 2019, Bogani and co-workers reported a type of molecular
large number of interacting spins in molecular frames, the qubit based on a saddle-shaped diindeno-fused bischrysene
quantum coherence of which arose from rotational motions of (MS in Figure 2a) with a stable structure of open-shell
the interacting nuclear spins with a delocalized electron in the biradical.'””> The incomplete dehydrogenation in the final
core. synthetic route to M5 resulted in impurities of a monoradical

Another example of graphene-based molecular spins is M4 species that were difficult to separate because of only one
in Figure 2a.'** Such graphene lattices can fuse rings in an sp> single hydrogen difference. However, this monoradical
framework,”” and bottom-up synthesis can be used to relate impurity is useful for determining how a single pentagonal
these structures on a large scale.** Upon the formation of two element behaves in the lattice. Although the signal from
(1,0) dislocations, radical pairs gain the capability to traverse monoradical components was overshadowed by that from M5
the network, facilitating trimming of the lattice along the at room temperature, the monoradiacal signal was still
graphene for the desired geometry. While these molecules have detectable around 100 K.'”> The room-temperature EPR

3298 https://doi.org/10.1021/acs jpclett.4c00264
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results showed signals of delocalized unpaired electrons,
indicating weak dipolar and hyperfine coupling. With the
decrease of temperature from room temperature to 5 K, T of
MS in powders or the solid state can increase from 1 to 100 ys,
while T, of MS increased from ca. 300 ns in the solid state to
28 us at 80 K in solution of CS, as the solvent. Decoherence
may be aroused by electron—electron scattering along z-stacks
in the system, so a new synthetic route to explore may be to
eliminate 7-stacking in solid-state materials for an increased
coherence time.

To enhance the stability of such molecular qubits under
ambient conditions, Froba, Fedin, and co-workers™* proposed
a strategy to embed radicals into mesoporous silica frameworks
with room-temperature coherence times over 2 times higher
than those in metal complexes (Figure 2b). Mesoporous silica
hosts (Santa Barbara Amorphous-type material, SBA-15) with
cylindrical pores with diameters of 9.1 nm were combined with
0-20% weight loading of the Blatter-type bis-
(triethoxysilylvinyl)triazinyl radical (BTEV-BTR) precursor
as a source of paramagnetic spin centers. For the radical
precursor, the isotropic hyperfine interaction (HFI) constant
of three '*N nuclei can be well simulated by the CW EPR
spectrum, which agrees with previous studies of Blatter-type
radicals.””*>"**'>> Additionally, the EPR spectra of different
radical loading ratios appeared similar to that of unloaded
radicals at 80 K; there was a decrease in both T, and T,, with
increasing radical loading ratios, implying that spin—spin
interactions between radicals play a profound role in overall
relaxation. Finally, quantum operations were demonstrated to
be successfully performed with a Rabi oscillation experi-
ment,">® where a single microwave pulse with variable length is
applied to flip the electron magnetization. The feasibility of
spin manipulation was confirmed by the linear dependence of
the oscillation frequencies on the magnitude of the microwave
field. This synthetic approach is promising for tuning the
properties of molecular qubits at room temperature.

To minimize external environmental noise, spins can also be
encapsulated into fullerenes, such as Gd"@C,,N” (Figure
2¢), "N@Cyg,"*""** and ¥P@Cg."*” The cages of fullerenes
can be designed to stabilize the electron spin generated inside
the cage. As a consequence, coherence times of 1.6 us at S K
can be observed in an environment almost free of nuclear
spins, although these coherence times are not adequately long
enough to satisfy T,, > 100 ys and ultralow temperature is still
required."*’

Finally, 7-conjugated organic semiconductors show promise
as materials for quantum information processing. For example,
triphenylmethyl (TM) radicals and its derivatives exhibit long
T, up to 35.6 us and T,, up to 1.08 us under ambient
conditions after being doped with their corresponding
diamagnetic hydrogenated products with a molar fraction of
99.9% (Figure 2d)."*""*> Room-temperature quantum coher-
ence and Rabi cycles in thin films were observed with the TM
derivatives. By designing energy resonance between emissive
doublet and triplet levels, tris(2,4,6-trichlorophenyl) methyl-
carbazole radicals covalently coupled with anthracene
presented both efficient luminescence and near-unity gen-
eration yield of excited states with spin multiplicity S > 1.'*
Recently, Wang’s group reported a series of polyester-tethered
TM radicals with tunable luminescence and electron spin
resonance (Figure 2e).35 By ring-opening polymerization from
a carbazole-substituted TM, four representative polyesters
[poly(S-valerolactone), poly(e-caprolactone), poly(D, r-Lac-
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tide), and poly(L-lactide)] were synthesized to suppress inter-
radical aggregation. The rigidity of the polymeric matrices
significantly affects the PL and electron spin resonances in
solid states. Polymers with high glass-transition temperature
(Ty) lead to stronger photoluminescence intensity with longer
lifetime and longer electron spin correlation time, which offers
a new method to control the PL in light-emitting devices and
coherence for quantum information processing.""

Chemical design offers boundless possibilities to exploit the
electron or nuclear spins of magnetic molecules (Figure 3a).
Nuclear spins on magnetic molecules, compared to NV centers
in diamond and phosphorus impurities in silicon, offer
competitive advantages on their precise structural control at
a molecular level and ease of scalability. Another appealing
advantage of nuclear spins is from suppression of decoherence.
Compared to electron spins, nuclear spins are more robust
against the collapse of the superposition state caused by
environmental perturbations. Despite these advantages, nuclear
spins as qubits still face challenges such as the lack of tunability
and difficulty in switching interactions between them.”
Scaling-up of such qubits has also been limited by the difficult
connection of two nuclear spins located at different molecules,
on account of their small magnetic moments and their weak
coupling to electromagnetic radiation. However, there are
several promising systems in which nuclear spins can be
exploited for use as spin qubits.

Porphyrins and phthalocyanines are among the most studied
families specifically designed for applications on quantum
information and spintronics. Magnetic porphyrins have been
preferable qubit candidates due to their relatively long
coherence times”” and magnetic properties.41 Transition
metal-based porphyrin complexes (Figure 3b) with different
spatial distances (from 1.2 to 2.5 nm) between Cu** and Ti**
were synthesized, and the coherence times were measured by
EPR spectroscopy.'”® The coherence times are dominated by
intramolecular rather than intermolecular spin—spin inter-
actions. Thin films of paramagnetic copper phthalocyanine
(CuPc; Figure 3c) dispersed in diamagnetic matrices of free-
base H,Pc have been reported as possible candidates for
quantum information processing, with decoherence times of
2.6 ps at 5 K.'°° In addition, organic molecules have relatively
weak spin—orbital coupling, resulting in large Hilbert space
with nondegenerate transitions, which can be further
customized by chemical modifications.

Metal—organic frameworks (MOFs) have attracted a lot of
research interest as quantum sensing materials because they
can force molecular qubits into precise arrays. One approach is
to make use of Cu porphyrins that self-assemble into 2D
molecular networks on surfaces or into MOFs. Freedman and
co-workers synthesized expanded Cu-porphyrin MOFs with an
increased qubit—qubit distance (Figure 3d). The increased
qubit—qubit distance can reduce spin—spin interactions and
induce improved quantum coherence times and the observed
recovery time.*

Optically addressable molecular spin qubits have been
synthesized (Figure 3e), which can be initialized and read
out with light and manipulated with microwave fields."
Encapsulating a metal ion with an electronic spin inside
organic moieties as ligands forms well-defined qubit systems
with synthetic tunability. By applying a strong ligand-field
environment, a spin-singlet (S 0) is the lowest-lying
electronic excited state, making the optical readout possible
since a probed spin sublevel (e.g, 10)) leads to enhanced

https://doi.org/10.1021/acs.jpclett.4c00264
J. Phys. Chem. Lett. 2024, 15, 3294-3316


pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

photoluminescence (PL) relative to another spin sublevel (e.g.,
|+1)). Additionally, selective excitation along with sponta-
neous emission cause optical polarization of the ground-state
spin and result in population transfer from the probe to other
spin sublevels.”" Significantly, the relaxation time of ground-
state spin should be much longer than the excited-state lifetime
to accumulate spin polarization in multiple excitation and
emission cycles. With a bottom-up qubit design strategy, three
Cr** compounds were synthesized by differing the placement
of CH, on the coordinating ligands."” The results of optically
detected magnetic resonance (ODMR) demonstrate robust
optical initialization, microwave spin manipulation, and optical
readout of these qubit systems and show that low-symmetry
structures tend to be more resistant to noise.

Another approach to designing spin-based qubits using
MOFs is through a spectroelectrochemical technique where
the individual molecule is directly connected to nanospaced
electrodes in a transistor geometry, such as the MOFs applied
in the guantum computational architecture shown in Figure
3£.13713% Although it is difficult to control their spatial location
and synthetic process, such molecular systems not only can
preserve their advantages—reproducible fabrication, extraordi-
nary tenability, and ability to scale up—but also can be forged
into solid states which bring longer coherence time to the
quantum systems. Recently, Burzuri and co-workers engi-
neered Cu®* and Co*" (S = 1/2) metalloporphyrin dimer rings
mechanically bonded around carbon nanotubes (Figure Sg).8
The design of the mechanically interlocked structure enables
the interaction between spin and conduction electrons to be
modulated without disturbing the molecular spin and
preserving the coherence time of 25 pus.

Different from 2D networks, where the discrete structural
units consist of a finite number of interacting metal ions, the
hierarchical superstructure approach is considered a promising
way to connect subunits. In 2018, the Kim group reported an
approach by linking zinc—metalated porphyrin boxes with
dipyridyl terminated bridging ligands to form hierarchical
superstructures (Figure 3h)."”” Adjusting the length of the
bridging ligands or adding functional groups to the ligands
provides tuning of properties for selective guest encapsulation
and interior functionalization, which may be useful for various
applications, including quantum information processing. To
further increase coherence time (T,,), a reasonable compro-
mise between signal intensity and the T, value should be
considered.

Along with materials-based systems for quantum sensing, we
can turn to biology for the presence of spin and magnetic field
sensors as inspiration for future advances in the field of
quantum sensing. Although the exact role of quantum
mechanisms in biology remains controversial, many experi-
ments demonstrated quantum-mechanical phenomena in
biology.'*’ In particular, the mixing of singlet and triplet spin
states due to the close spacing of the energy levels can be used
as a magnetic field sensor.

One such source of inspiration for quantum sensing is the
magnetic compass of migratory birds, where there is
experimental evidence supporting a mechanism that uses
photopigments and coherent spin dynamics for magneto-
reception. Quantum phenomena have been observed in the
magnetoreception process to sense a magnetic field. Behavioral
experiments excluded magnetite-based mechanisms that some
organisms with a magnetic sense have no sensitivity to
polarity,'*" since the operation of most magnetite-based
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compass models is polarity-sensitive.'*” There are several
reasonable mechanisms for magnetoreception, and one of the
most widely accepted mechanisms is a so-called “Radical Pair”
mechanism, which involves the quantum evolution of a
separated pair of electron spins supported by several
experiments of spin chemistry,'**~"*

By recording the response of a European robin to the
magnetic environment, the mechanism of magnetic sensing is
revealed: researchers showed that these robins are sensitive to
the inclination (instead of the polarization) of the magnetic
field'*" and the sensor is activated by photons entering the
bird’s eyes."*”'** Another analysis showed that a small
oscillating magnetic field can disrupt the orientation ability
of the bird and that the bird can be trained to adapt to different
magnetic fields, indicating that navigation sense is strong and
not dependent on a single parameter.'**'*’

Magnetosensitivity is hypothesized to arise from changes in
singlet and triplet populations due to changes in the magnetic
field orientation. The basic idea of the radical pair model is
shown in Figure 4a. There are molecules in the eyes of birds
that can absorb an optical photon and generate spatially
separated electron pairs in singlet spin states independently. A
singlet—triplet evolution, which depends on the inclination of
the molecule affected by the Earth’s magnetic field, appears
because of the spatial difference between two electron spins.
Recombination occurring from either a singlet or a triplet state
leads to different products, which constitute a chemical signal
related to the Earth’s field orientation, although the specific
molecule involved remains unknown.'*® The mixing of the
single-triplet states enabled by an external magnetic field can
be an inspiration for quantum detector designs.

Such radical pair reactions may occur within cryptochromes,
which could induce visual signals because of their residence in
the eyes.'**">' The lifetime and decoherence of singlet and
triplet state analysis showed that the role of these states in the
radical pair mechanism is quite complicated.">® Some
dephasing experiments showed that the sensitivity of the
radical pair remains intact to external fields. Since the
disrupting fields were so weak, spins in the radical-pair
model can maintain their quantum coherence for tens of
microseconds, denoting that both coherence and entanglement
properties can be sustained longer than most man-made
molecular systems.*” However, the exact mechanism of this
radical pair remains elusive and warrants further study by
establishing either biological or man-made models,">**>* for
example, radical pairs in which the transformation between the
singlet and the triplet could be well controlled by an external
magnetic field and characterized through a physical technique.
The radical pair mechanism for magnetoreception in birds
serves as inspiration for the design of artificial chemical
sensors, particularly those that may be used for future
applications to QIT.

In addition to magnetoreception, electron- and proton-
tunneling in many enzymatic catalytic reactions are proven to
have nuclear quantum effects."**~"*° For example, enzymes
have evolved to take advantage of the quantum effect to
accelerate the energy shift due to the zero-point energy. The
short de Broglie wavelength of the nuclear wave function of
protons makes proton-tunneling sensitive to the environment,
potentially coupled with proteins, although it is still under
debate.

Inspired by the avian magnetoreception system mentioned
above, an artificial photochemical reaction-based magnetic
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Figure 4. (a) Schematic of the radical-pair mechanism for
magnetoreception.””'*" Adapted with permission from ref 151.
Copyright 2009 The National Academy of Sciences of the USA. (b
and c) Reaction scheme of C—P—F triad to demonstrate the principle
of a chemical compass'®” and (d) spin-entangled radical pairs in
covalent D—A—R systems to demonstrate electron spin-state
quantum teleportation.'”*

compass, called a “chemical compass”, consisting of a triad
linked carotenoid (C), porphyrin (P), and fullerene (F) groups
has been reported (Figure 4b,c).">” The singlet state radical
pair (or biradical) S[C**~P—F*"] can be produced efficiently
by green light. After sequential reverse energy transfer, the
radical can return to the ground state or be excited to triplet
state TC—P—F and converted to radical pair "[C**—P—F*"].
The last process is sensitive to the magnetic field and is
controlled by the ma%netic interactions of two single electrons.
Like other triads,"**">? the lifetime of [C**—P—F*~] was tuned
by applying a surrounding magnetic field. The relation between
transient absorption of [C**—P—F*"] at 119 K and biphasic
magnetic field indicates the expected magnetic field response
of the radical pair.'® The signal changes in transient
absorption spectra below 1 mT was the “low field effect”,
indicating the product yields of radical reaction in solution.'**
The transient absorption of the radical pair was opposite at 100
and 400 ns with an applied external magnetic field, consistent
with the expectations of the biphasic time dependence. More
significantly, the absorbance changes in the radical pair can be
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up to ~1.5% when performed in magnetic fields equivalent to
that of the Earth, which seems to be the first observation of the
chemical effect of a weak magnetic field of ~50 uT.

[C**—P—F*"] can act as a chemical compass inspired by a
magnetoreceptor in vivo with some distinguished properties—
rapid response of absorption and long enough lifetime to be
detected. Moreover, the radical centers are sufficiently
separated, minimizing the inter-radical exchange and dipolar
interactions which could interfere with the detection of the
magnetic field."®” Another attractive feature of [C**—P—F*"]
is the highly asymmetric distribution of its magnetic nuclei,
which is related to the optimal isotropic and anisotropic
magnetic field effects.'®’ Additionally, the results of transient
absorption photoselection experiments show that the transition
dipole moment of C** is primarily parallel to the long axis of
C—P—F."” The results of these triad experiments, namely, the
high sensitivity, may inform the future design of biologically
inspired artificial chemical compass systems.

Although the feasibility of a chemical compass has been
shown in the model systems,'®>™'®* the uncertainty remains
given such anisotropic effects of natural magnetosensors under
ambient conditions. In principle, a radical pair formed in a
specific photoreceptor such as cryptochromel%165 is sensitive
to the weak magnetic field such as the earth’s magnetic field.
Efficient sequential electron transfer along the radical chain can
produce a well-separated (>2 nm) radical pair with weak
interaction between radicals and little back electron transfer
(>10 ps).*®

One of the most promising avian magnetosensor systems is
the flavin/tryptophan radical pair generated by blue light
excitation in the protein cryptochrome.*"'*® However, the
field effects in vitro, even applied with a relatively strong
magnetic field, were limited in isolated proteins in isotropic
solutions."®’

Another possible chemical compass is the ascorbyl radical
formed by the photoreaction between flavin and ascorbic
acid."®® In solution, the flavin/ascorbyl pair exhibited notable
sensitivity to weak fields compared to previously reported
systems. However, recent simulations via molecular dynamics
point out that encounters of the ascorbyl radical with
cryptochrome are too brief and infrequent to detect the
earth field. These results imply that both experimental and
theoretical studies are warranted to understand further the role
of the radical hypothesis in synthetic systems of the chemical
compass.

In addition, other donor—acceptor—radical (D—A—R)
molecules with ultrafast photochemical electron transfer can
produce a radical pair (D**—A°") leading to entangled two-
spin singlet or triplet states (Figure 4d).">"*~'”" In an organic
D—A—R* molecule, a more stable radical D** instead of R*® will
be formed, by which electron spin-state teleportation can be
achieved to preserve quantum information over long
distance.'’>'”® After a spin state is prepared on R® via a
resonant microwave pulse, the singlet entangled electron spin
pair D**—A*" is formed by the photoexcitation of A.
Meanwhile, the Bell state measurement occurs when the
radical pair D**—A*"—R" is converted to D**—A—R” by a
spontaneous ultrafast chemical reaction to achieve spin state
teleportation, which can be confirmed by EPR spectroscopy.
Experiments also showed excited-state spin wave functions of
tripartite systems consisting of a stable organic radical
covalently attached to a photogenerated electron—hole
pair.174 However, although some specific molecular quantum
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states can be achieved, these pure states are difficult to preserve
due to vibronic coupling, making the addressing and reading of
the quantum state very challenging.

Several factors could be considered in order to stabilize the
charge transfer state in D—A—R systems. First, the electronic
coupling between the D and A units can enhance charge
transfer efficiency.'”” The energy levels of D and A should be
well-designed. Second, steric hindrance'”® or electronic
perturbations'”” can be introduced to accelerate the charge
transfer process. Third, covalent interactions can be replaced
by supramolecular interaction to prevent charge recombination
and extend the lifetime of the charge transfer state.'”®

Despite the advances discussed above, future research on
radical pair magnetoreceptors should focus more on high
sensitivity against weak-field compass responses in oriented
proteins. Furthermore, it is vital to identify the radical pair
partners with optical or magnetic resonances via their spectral
fingerprints. These studies should not be limited to the isolated
proteins in vitro, but also focus on their performance in vivo so
that the partners and solution conditions match where the
proteins are found.”’

Quantum sensors, based on properties such as coherence
and entanglement, have the potential to increase sensitivity
over their classical counterparts. However, there are many
challenges to finding new material-based systems for quantum
sensing. Radical spin systems are intriguing possibilities for
quantum sensors, although they tend to suffer from short
coherence times. We also turn to biology, such as avian
magnetoreception, for inspiration in the design of future
quantum sensing systems. In addition to looking at materials-
based systems with molecular-scale quantum effects for
quantum sensing, in the following sections, we also study
materials that have unique quantum properties due to
nonclassical intermolecular interactions.

Primitive marine algae and bacteria are remarkable for their
ability to capture solar light and convert it to energy through
photosynthesis.”®'”*~"*” The antennae-like systems are critical
in the light-harvesting (LH) process because they can absorb
light and transfer the excitation energy to the reaction center
efficiently, with near-quantum unity.”>"*""**="® Although the
interaction between chromophores involved in light harvesting
is generally weak, the chromophores can, in some instances,
interact strongly to produce collective excitations called
Frenkel excitons®' that are delocalized over many mole-
cules.”!

J-aggregates are a class of organic molecular materials that
exhibit narrow, red-shifted absorption bands with respect to
the relevant monomer bands due to 7—7 cofacial stacking of
the molecules.”® The transition dipoles of J-aggregates are
arranged in a head-to-tail fashion, and the dipoles that oscillate
in-phase lower the energy of the excitonic state in comparison
to that of the monomer, which explains the bathochromic shift
in absorption band and the small Stokes shift in fluorescence
spectra.””” The subtle features of J-aggregates cannot be well
explained by the conventional theory of exciton dynamics.
Some entanglement entities such as von Neumann entropy,
Wooters concurrence, the Meyer-Wallach measure, and the
quantum discord proved the quantum information attributes of
]—aggregates.193

The very first J-aggregates reported were formed in aqueous
solution of pseudoisocyanine chloride (1,1'-diethyl-2,2’-
cyanine chloride; PIC), in which the chromophores self-
assembled and were stacked like a polymer.”® Since then, the J-
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aggregates of cyanine dyes have been studied extensively. One
recent example is the J-aggregate-forming dye $5,6-dichloro-2-
[[S5,6-dichloro-1-ethyl-3-(4-sulfobutyl)benzimidazol-2-
ylidene]propenyl]-1-ethyl-3-(4-sulfobutyl)benzimidazolium
hydroxide, sodium salt, inner salt (TDBC)."”* It is a highly
delocalized 7-electron system that shows exceptionally narrow
absorption and photoluminescence line width, and this
property is utilized to study the effect of Raman-mediated
polariton scattering.'”> Tt was concluded that the collective
vibration of a large number of molecules leads to an
enhancement in the intensity of certain Raman-active modes,
namely, the aggregation-enhanced Raman scattering
(AERS)."”* This result provides researchers insight into how
molecular vibrations play a role in electronic coupling of
molecules in J-aggregates, which is important for the
development of polariton-based devices, microcavity LEDs,
and hybrid organic—inorganic optoelectronic devices.'”*

H-aggregates are organic molecular aggregates with an
absorption band showing a hypsochromic shift and suppressed
radiative decay rate in comparison to the relevant monomer.'*®
Their transition dipoles are aligned side-by-side, and the
excitonic state that has the highest transition probability based
on Fermi’s golden rule is higher in energy than that of the
monomer, which induces the spectral blue-shift.""'"> A
representative example of an H-type aggregate is the perylene
tetracarboxylic acid bisimide (PBI) oligomer aggregates, which
is a 7—1 stacked helical self-assembly."”” In these extended PBI
aggregates, long-range coherent energy transfer was found to
precede excimer formation, and this understanding is
important in future studies of molecular aggregates to fabricate
higher performance optoelectronic materials.”’

In nature, Frenkel excitons are the electronic states of the
natural bacteriochlorophylls (BChls) ¢, d, e in the chlorosomes
of green bacteria.”® They comprise an efficient Iight-harvestin§
system that absorbs light in the near-IR spectral region.”*"”
The supramolecular motif of the slip-stacked J-aggregates in
light-harvesting antenna complex exhibits excellent optical
properties such as efficient exciton coupling and fast exciton
energy migration, which inspires the design of synthetic light-
harvesting devices and artificial supramolecular assemblies.'*”

In the following discussion, we first introduce biological
systems with a focus on intermolecular interactions. We then
discuss nature-inspired supramolecular systems with similar
intermolecular interactions and possibly quantum properties.

Before the twentieth century, biological systems seemed to
be too sophisticated to be explained with mathematical or
chemical methods. However, enormous progress has spurred
much interest in exploring whether quantum mechanics plays a
role in biological systems. Although every chemical process
involves quantum mechanics,” in many ways quantum
mechanics was still a concept alien to biology.”” But with the
advances in many microscopies and spectroscopies, scientists
began to unearth relationships between physics and micro-
scopic biological systems.””" Different from applications in
quantum information, nonclassical phenomena in biology can
be subtle. Despite some criticism,”"*** researchers remain
optimistic that nontrivial quantum effects might play a role in
some biological functions.

LH centers in photosynthetic species can absorb photons
from the sun as electronic excitation, which are then
transported to a reaction center (RC) where charge separation
creates stable chemical energy. However, the precise structures
and pigments in the LH center differ in different organisms.”**
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In this section, we discuss the architecture and nonclassical
effects arising from intermolecular interactions in light-
harvesting systems.

The observation of quantum coherent dynamics in a light-
harvestin% system was first observed by Engel and
colleagues'”” in the Fenna—Matthews—Olson (FMO) complex
of green sulfur bacteria. Within this photosynthetic bacterium,
energy is transferred to the RC through the FMO complex,
which has a trimeric structure with each monomer composed
of eight bachteriochlorophyll a (BChl-a) pigments (Figure
5a).”” Researchers proposed the spectroscopic observation of
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Figure S. Photosynthetic systems. (a) Crystal structure of the Fenna—
Matthews—Olson Protein from Chlorobaculum tepidum (3ENI).>*°
(b) Measured coherent oscillations at room temperature (left) and
Fourier power spectra with assigned vibronic modes (right).206 (c)
Crystal structure of Phycocyanin 645 from Chroomonas mesostigmatica
(4LMS) with color-coded bilins: dihydrobiliverdin (blue), meso-
biliverdin (green), and phycocyanobilin (red).*® (d) Color-coded
stick spectra show the absorbance of the bilins overlaid with the laser
spectrum (shaded blue), room-temperature absorbance (solid black),
and fluorescence (red) curves.”® (e) Schematic illustration of
supramolecular architecture of the photosynthetic chromatophore
vesicle in purple bacteria.”® (f) Molecular structure of the LH1 and
LH2 units with associated exciton-transfer time scale within and
between the two proteins of Rhodospirillum photometricum.”®

quantum coherence of an electronic excitation inside the FMO
complex at 77 K using 2DES."”” Further research on mutant
FMO complexes showed that coherent oscillations are largely
insensitive to altering the exciton and that interchromophore
couplings between BChls are vibronic in nature on the excited
state and lead to delocalization of excitonic states.”*® Room-
temperature coherent oscillations and the assigned vibronic
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modes for the wild type FMO complex are shown in Figure
Sb,c. While the current consensus is that quantum coherence is
not a prominent effect in the FMO complex, the energy
transfer mechanism is certainly not simply incoherent hopping
(like Forster theory assumes), and therefore, the FMO
complex has become an important model system for
benchmarking quantum dynamics methods.

These studies of the FMO complex inspired investigations of
other photosynthetic systems with supramolecular assemblies
of chromophores, including light-harvesting complex 2 (LH2)
from purple bacteria and phycobiliproteins in algae and
cyanobacteria.

The light-harvesting antenna proteins of cryptophyte algae,
complexes called phycobiliproteins (PBPs), are interesting LH
systems to study because of their unique photophysical
properties.””’">'> The PBPs will have either an open
conformation, where there is a water-filled gap in the center
of the structure, or a closed conformation, where there is no
gap and the central chromophores are in close proximity.”"*
The difference in conformation is linked to differences in
excitation energy transfer (EET) efficiency; it has been
observed that EET in PBPs with closed conformations occurs
approximately twice as fast as their open counterparts.”'’ It is
proposed that the central dimer in closed-form PBPs, such as
phycocyanin 645 (PC645) and phycoerythrin 545 (PES45),
form a molecular excitonic dimer due to strong coupling.'*’
Figure Sc,d shows the main chromophores in PC645, along
with their relative contributions to the absorbance spectrum.
The dihydrobiliverdins (DBVs) are strongly coupled to form a
molecular exciton dimer and serve as the donor, while the
phycocyanobilins (PCBs) are the terminal acceptors.'*”*'> As
a result, excitation is delocalized and the lower exciton state of
the donor is in closer resonance with the acceptor n = 1 excited
state, facilitating EET. These intermolecular nonclassical
effects have been observed via broadband transient absorption
spectroscopy,”'” two-dimensional photon echo,"®” two-dimen-
sional electronic spectroscopy (2DES),”"> and two-dimen-
sional electronic vibrational spectroscopy,”’® and there is a
proposed vibronic coupling mechanism for energy transfer in
PC645.>"° The delocalization across donor chromophores,
vibronic coupling mechanism, and related rapid EET rates for
closed conformation PBPs demonstrate that intermolecular
interactions within LH systems, even at the simple dimer level,
make the ultrafast dynamics of light harvesting nontrivial.

In addition to cryptophyte algae, phycobiliproteins are also
found within the light-harvesting peripheral proteins of red
algae and cyanobacteria.”'”*'® These LH systems are called
phycobilisomes, and they contain a series of PBPs as the
cylindrical rods arranged in trimers or hexamers attached to a
core.”” This scaffold of PBPs forms an energy funnel;
phycoerythrin and C-phycocyanin make up the rods of the
phycobilisome, and allophycocyanin makes up the core and
serves as the terminal emitter.””” A 2DES study of
cyanobacterium Fremyella diplosiphon phycobilisome showed
that, under broadband excitation, delocalization of excitations
in the bilins of the phycobilisome rods aid energy transfer
down the rod with a subpicosecond time scale before
localization occurs.””’

Prominent delocalized excitation is observed in the antenna
complexes of purple bacteria. The light-harvesting center in
purple bacteria is formed as a cellular membrane, which
consists of hundreds of spherical bulbs of 60 nm in diameter
and/or lamellar sheets. Figure Se shows the LH center found
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Figure 6. Bioinspired quantum materials and technologies. (a) Cryo-EM image of double-walled LHNTSs (red) and bundled LHNTs (blue) self-
assembled by C8S3.%** (b) Schematic diagram of LHNTS consisting of two concentric cylinders self-assembled by C853.>*° (c) Schematic diagram
of bundled LHNTSs.>*® (d) Absorption spectra of C8S3 dye in monomer in methanol (black); double-walled LHNTS in water/methanol (red) and
bundles of LHNTs (blue).”*® Adapted with permission from ref 238. Copyri%ht 2014 The National Academy of Sciences of the USA. (e)
Schematic presentation of DPA stabilized LHNTS functionalized with metal NPs.”** (f) Chemical structure and (g) schematic illustration of CBT-
NIBTs nanofibers.”>' (h) Schematic presentation of chemical structure of pyrrolopyrrole cyanine (PPCy) chromophore as molecular qubits, the
preparation of colloidal nanoparticles in the presence of an amphiphilic block copolymer as surfactant, and temperature-induced reversible
transformation between J-aggregation state (“1”) at a low temperature and monomeric state (“0”) at a high temperature. (x represents the number-
average degree of polymerization.)>

in Rhodobacter (Rba.) spheroials,zzz’223 composed of three more than four times that of the RC and LH1 BChls.
proteins, RC (blue), light-harvesting complexes 1 (LH1, red), Delocalization of the excited states of BChls in LH1 and LH2

and light-harvesting complexes 2 (LH2, green). The sphere is is important for light harvesting.74’225

formed by a lipid bilayer consisting of over 200 transmembrane The structures of LH2 and LH1 are shown in Figure Sf. In
proteins, which are composed of 1000 carotenoids and 3000 LH2, there are two concentric rings called B800 and B850
bacteriochlorophylls (BChls). In each arrangement unit, 56 rings which have absorption at 800 and 850 nm, respectively,

BChls form an S-shaped line in a dimer of LH1 and 18 BChls while LH1 has a B875 with red-shifted absorption."*” The self-
and 9 BChls form a ring and a crown, respectively, in each

LH2. The RC, composed of four BChls, two bacteriopheo-
phytins, an iron atom, and a permanently and a temporarily
bound quinone, is fitted in a ring-like protein of LH1.**’
Although all BChls in RC are involved in light absorption, only
two BChls lying close to a 2-fold symmetry axis are the main
acceptor of light excitation, and the two BChls form a so-called
“special pair”. The special pair uses 2-fold symmetry to
enhance RC absorption ability and electronic coupling to LH1
BChls through superradiance,””* which involves a quantum
coherence effect to speed up excitation transfer”>* between RC

assembly process of LH complexes of bacterial photosynthetic
systems consists of two tiers. In the first tier, two
bacteriochlorophyll & (BChl «) associate with one a-peptide
and one J-peptide to give an af-subunit or with two f-
peptides to give pf-subunits.”****” In the second tier, the af-
subunits associate with each other to give cyclic oligomers.”**
As observed in bacterial species, the number of af-subunits in
the LH2 rings is usually 8 or 9.***” It is worth noting that the
assembly processes result in spectral changes owing to the
interaction of BChl @ with each other or proteins.””” The

BChls and LE1 BChls. monomeric BChl & in toluene has an absorption at ~780 nm,
In the LH apparatus, the BChls in RC are the final reception while the absorption of an af-subunit or fif-subunit red-shifts
of light energy, which can directly absorb light energy or to ~820 nm. Further, the absorption of cyclic oligomers in
receive excitation energy transferred from LH1 BChls, while LH2 shifts to ~850 nm when the number of interacting BChl
BChls in LH1 can also absorb sunlight directly or accumulate a molecules increases to 16 or 18. The delocalization length in
excitation energy from nearby LH1 BChls or LH2 BChls. As the B850 circular aggregate of LH2 was found to be across 4
the main light energy source, the number of LH2 BChls is BChls.”*® Exciton—exciton annihilation experiments have
3304 https://doi.org/10.1021/acs jpclett.4c00264
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measured exciton diffusion within a few picoseconds in purple
bacteria membranes.'®

Due to the lower excitation energy of LHI, energy transfer
from LH2 to LHI is favored, followed by funneling of the
excitation energy into the RC. In LH1 complexes, the cyclic
architectures and the number of interacting BChl « are further
increased to 32, resulting in an additional bathochromic shift
to ~875 nm. Through biological evolution, the photosynthetic
systems pack a maximal number of BChls into the available
membrane, with room for critical chemical reactions in a self-
organized process. Meanwhile, the system is stable enough
against unavoidable damage to its components due to its
structural simplicity."®” These results provided much insight
for the study of the structure—function relationships in both
natural and synthetic systems.

Nature assembles molecular chromophores into supra-
molecular structures, which are further assembled into close-
packed superstructures to improve the efficiency of LH
systems.”® SV gy ek hierarchical assembly of chlor-
ophyll dyes in the natural LH system shows optical
characteristics of typical J-aggregation. To mimic the structure
and function of light-harvesting systems in photosynthesis,
research efforts have been devoted to a series of synthetic
chromophores that can self-assemble into ordered structures in
the micro/nanoscale,5¢188231-233

Inspired by the green sulfur bacteria, which can harvest light
with high efficiency, a closely packed assembly of several
amphiphilic chromophores into J-aggregation artificial LH
supramolecular complexes is required to maximize the light-
absorption ability. Figure 6a shows a cryo-electron microscopy
(cryo-EM) image of light-harvesting nanotubes (LHNTS)
consisting of an amphiphilic cyanine dye, 3,3’-bis(2-sulpho-
propyl)-5,5',6,6'-tetrachloro-1,1’-dioctylbenzimideacarbocya-
nine (C8S3), which self-assembles into a uniform supra-
molecular structure composed of two concentric cylinders, as
schematically illustrated in Figure 6b with an inner cylinder of
a diameter of ~6 nm and outer cylinder of a diameter of ~13
nm.”** These double-walled LHNTs mimic the circular
aggregate structure found in the light-harvesting architecture
of purple bacteria, whose properties are discussed in a previous
section.

Upon the formation of LHNTS, the broad absorption band
of the monomer disappeared, accompanied by the emergence
of two prominent absorption peaks that are narrow and red-
shifted, indicating the strong excitation transfer between
molecular transition dipole moments (Figure 6d).”*> Redox
chemistry and flash dilution experiments show that peaks (1)
and (3) at 599 and 580 nm correspond to the inner layer of the
double-walled LHNTS, while peak (2) at 589 nm corresponds
to the outer layer.”*® The band (1) with low-energy and
narrow peaks indicates large exciton delocalization.”****’
Moreover, the outer layer of double-walled LHNTSs can be
eliminated through redox chemistry or flash dilution, indicating
that the two cylindrical systems are weakly coupled and can be
effectively decoupled since the absorption spectrum shows that
the two layers of LHNTs are independent.”*>**® The
absorption spectrum of C8S3 LHNTSs systems can be
simplified as the sum of the individual spectra of two
cylindrical aggre%ates, which is further evidence of a weakly
coupled system."

More interestingly, the double-walled LHNTS, upon aging in
an aqueous solution, further self-assemble into bundled
LHNTs (Figure 6¢), which can be detected by absorption
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spectroscopy.”>" After bundling, the two main absorption
peaks of double-walled LHNTSs at 599 (band 1) and 589 nm
(band 2) are transformed into two new absorption peaks at
603 (band I) and 575 nm (band II), respectively (Figure 6d).
For double-walled LHNTSs, bands 1 and 2 are polarized
primarily parallel to the cylindrical axis and band 3 is polarized
primarily perpendicular to it. For bundled LHNTS, band I and
band II are primarily polarized perpendicular to each other.”*®

To unravel the energy transport in LHNTS, a spectroscopic
lab-on-a-chip approach was employed, in which ultrafast
coherent dimensional spectroscopy and microfluidics were
working in tandem with theoretical modeling.”*” At low
excitation fluences, the outer layer acts as an exciton antenna,
supplying excitons to the inner tube. However, at high
excitation fluences, the outer layer depletes the exciton
population before any exciton transfer. To investigate the
exciton migration, the LHNTs were stabilized in a sucrose
glass matrix to reduce light and oxidation.”*" The exciton
diffusion lengths and constants were estimated with exciton—
exciton annihilation (EEA). By probing the signal of EEA
compared with ultrafast and continuous wave laser excitations,
both photoluminescence lifetimes and relative quantum yields
are strongly mitigated and fit to a one-dimensional diffusion
model to estimate exciton transport. The average exciton
diffusion constant of LHNTs is 55 + 20 cm?/s, which is
notably high for organic systems reported to date.”*’

However, the pristine C8S3 LHNTSs are intrinsically
dynamic and not stable against environmental changes, such
as dilution, light irradiation, and heating. Several strategies
have been reported to stabilize the LHNTSs with polyelec-
trolytes,24] silica shells,”**™>** or sucrose glass matrix.>*
Nevertheless, the coating of polyelectrolytes or silica shells
lacks uniformity, and the dispersion into the glassy matrix of
sucrose lacks further chemical addressability of the LHNTSs.
More recently, Wang’s group proposed a mussel-inspired
coating method to both stabilize and functionalize C8S3 NT's
(Figure 6e).”* By in situ polymerization on the surface of
C8S3 LHNTS, a thin layer of polydopamine (PDA) formed on
the surfaces of the C8S3 NTs. After PDA-coating, the thermal
stability, photostability, and dynamic stability have been
improved significantly. The PDA-coated NTs can be further
functionalized with other inorganic materials, such as metal
ions or metal nanoparticles, to prepare multifunctional
nanocomposites that could supply interesting model systems
for the study of photosynthesis.

This J-aggregate supramolecular circular aggregate shows
that intermolecular interactions lead to delocalized excitation,
similar to circular aggregates found in nature, such as the B850
ring of LH2. The LHNT is an example of a synthetically
available bioinspired system with nonclassical properties due to
intermolecular interactions within the supramolecular assem-
bly.

Similarly, some attention has been paid to H-aggregation
nanofibers with more efficient long-range energy trans-
portation alon% the supramolecular architectures.”**~*** In a
recent study,”*" stable and robust supramolecular structures of
carbonyl-bridged triarylamine trisamide (CBT) linked with 4-
(5-hexyl-2,2'-bithiophene)-naphthalimides (NIBTs) can be
formed in different solvents (Figure 6fg). CBT can self-
assemble into single supramolecular nanofibers in n-dodecane
and bundles of supramolecular nanofibers in anisole.
Absorption spectroscopy shows that supramolecular nanofibers
have a lower energy peak than CBT monomers, while single
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Figure 7. (a) Schematic representation of assembling organic semiconductors via DNA scaffolds.”** (b) Left: Absorption spectra of PDI,—PDI;
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supramolecular nanofibers have lower energy than bundled
ones, which is characteristic of delocalized excitons in H-
aggregates.”’ Photoluminescence decay curves show the
exciton movement in nanofibers in which the initial singlet
exciton population, created by the diffraction-limited excitation
pulse, is transported away from the excitation spot before
(radiative) decay, which is more pronounced for the single
nanofiber than the bundle of nanofibers.”*’

The photoluminescence spectra from diluted nanofibers
(0.07 uM) indicated that peripheral NIBT units had no
influence on exciton transport over macroscopic distan-

es.”*”**" The long-range exciton transfer was enabled by
electronic coupling and occurred along the ordered nanofiber
core, which produced vibronic singlet excitons with the lowest-
energy transition having a small transition dipole moment.**!
The irreversible energy transfer to the NIBT periphery leads to
the loss of electronic excitations from CBT units.””> Never-
theless, the exciton energy can be trapped at defects in the
CBT cores, where the PL reaches its maximum because of the
small defects within the fiber core. Thus, the weak PL signal
from the CBT core indicates the highly ordered structure of
the nanofiber.

The H-aggregation nanofibers with such a long excitation
transport range bring inspiration to the development of new
quantum materials. On the one hand, such H-aggregation
nanofibers can be applied to transport energy from LH systems
to transducers to convert it into charge carriers more
efficiently. On the other hand, the strongly reduced transition
dipole moment in H-aggregation nanofibers is beneficial to
achieving stable charge-separated states.”>’'

These experimental results add a new dimension to the
development of a detailed theoretical understanding of energy
transport in both J-type and columnar H-type supramolecular
nanostructures.”>” Both J- and H-type supramolecular
structures are useful for energy transport in an efficient and
directed way from an LH antenna system to a transducer for
conversion into charge carriers. In contrast, H-type nanostruc-
tures exhibit a longer transport range than J-type ones because
of the strong electronic coupling between units in H-
aggregates.”*® However, compared with natural LH systems,
the energy transport efficiency and stability of synthetic
systems are far from enough. Further efforts should be devoted
to stabilizing synthetic LH systems and improving the energy
transport efficiency.

Recently, Wang’s group presented a new type of supra-
molecular qubits and nanoparticle ensembles based on the
thermally controllable transformation between J-aggregation
and monomeric states of molecular chromophores, using
pyrrolopyrrole cyanine (PPcy) tethered with polymeric chains
such as polycaprolactones as an example (Figure 6h).”>*
Colloidal nanoparticles (NPs) composed of the polymer-
tethered PPcy chromophores showed a red-shifted, narrow
absorption peak and PL emission at low temperatures (e.g., 25
°C), in contrast to the broad absorption peak and PL emission
of the monomeric state of the chromophores at a high
temperature (e.g, 70 °C). The thermal transformation
between J-aggregation and monomeric states is highly
controllable and reversible within tens of cycles. Moreover,
we studied the effect of chemical composition and chain length
of polyesters on aggregation and optical properties.”>" The J-
aggregation, H-aggregation, and monomeric states are tuned by
variations of the polymer chain lengths and compositions.””
Such supramolecular quantum systems, resembling some
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features of LH complexes in photosynthesis, might provide
new opportunities for processing quantum information under
mild conditions, which do not require complicated ultracooling
and/or high vacuum systems.

Some theoretical research has been carried out, for example,
by Thilagam, to explore the implication of J-aggregates of
organic chromophores relevant to quantum computation and
quantum information processing.”>® Photon absorption can be
applied to initiate J-aggregate from the monomeric state (10))
to the excited state (I1)), like the Hadamard gate. The
electronic excitation can propagate to N molecular sites with
unique wavevector and energy levels and give rise to the
superposition of several such states. The main errors originate
from annihilation or relaxation processes during exciton
transfer. In addition, it has been conjectured that some
quantum algorithms such as Grover-like search can be realized
by quantum J-aggregate systems.256 However, the genuine
multipartite entanglement of the J-aggregate still requires
experimental proof.

Recently, the aggregation number of perylene diimide (PDI)
has been reported to be precisely controlled by well-defined
semiconductor/DNA constructs (Figure 7a).”*> The PDIs are
integrated within DNA chains using phosphoramidite coupling
chemistry, allowing the selection of the DNA sequence to
either side and the specification of intermolecular DNA
hybridization. By choosing different DNA, PDI, g can be
achieved. The steric hindrance and charge of the surrounding
DNA eliminate interactions with neighboring constructs.
Consequently, the DNA-based assemblies represent an isolated
and well-defined quantum system.

The optical properties of PDI are sensitive to the
aggregation state in a unique way (Figure 7b left). The
absorption peaks at ~510 and ~550 nm correspond to the 0—
0 (A’ and 0—1 vibronic bands (A°™"), respectively. The
coupling between two PDI molecules can reduce the vibronic
peak ratio (A°°/A°") from >1.3 to <0.9. The decreased
vibronic peak ratio (Ay_ /A,_;) indicated stronger H-coupling
between the PDI constructs. The photoluminescence (PL)
emission spectra (Figure 7b right) further confirm the
relationship between aggregation and optical properties of
PDI constructs that with increasing H-aggregation of PDIs, the
steady-state emission red-shifted and became broader.
However, the PL quantum efficiency (®5) increased with the
number of PDIs due to suppressed competing relaxation
pathways, which contradicted the optical properties of the
classic H-aggregates.

Wiirthner and co-workers reported another example of
organic dye formed by the linkage of bis(merocyanine)
(Bis(MC)) dyes with spacer moieties of different lengths,
which direct formation of well-defined aggregates from dimer
up to octamer (Figure 7¢).>** After Bis(MC) was synthesized
with different spaces between chromophores (from 7.3 to 9.5
to 10.9 A), the self-assembly of Bis(MC) can be controlled by
a new concept of spacer-encoded self-assembly. Their self-
assembly into tri- and tetramolecular systems was analyzed by
UV/vis spectroscopy (Figure 7d). The increase in aggregation
size leads to a blue shift of the absorption peak corresponding
to the highest exciton state. These results are consistent with
the calculation results by time-dependent density functional
theory.

By precisely controlling the intermolecular distance between
donor—acceptor (D—A) molecules on surfaces of solid
substrates, Hou and co-workers recently reported an
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incoherent-to-coherent transition in intermolecular electronic
energy transfer (EET).>” The intermolecular EET from a
donor (platinum phthalocyanine (PtPc)) to an acceptor (zinc
phthalocyanine (ZnPc)) was selected because of its rich
optoelectronic properties and structural similarities. The
molecules were first decoupled by a three-monolayer NaCl
spacer from the Ag(100) substrate underneath. The scanning-
tunneling microscopy-induced luminescence (STML) spec-
trum of isolated D—A molecules showed two sharp and
separate emission peaks at 637.7 and 652.3 nm, corresponding
to PtPc and ZnPc, respectively, which could be attributed to
the intrinsic Q(0,0) transition of the neutral molecular states.
Then, when pushing isolated ZnPc toward PtPc to a distance
of ~2.21 nm, both characteristic emissions of PtPc and ZnPc
can be detected by STML from PtPc, demonstrating the
initiation of intermolecular EET from excited PtPc to ZnPc.
Furthermore, when the intermolecular distance was less than
1.72 nm, the abrupt drop in the emission of ZnPc reflected the
EET in a new regime. Two emerging peaks showed a blue-shift
of the emission peak of PtPc to ~636.6 nm, while a red-shift
was shown to ~657.5 nm for ZnPc. More importantly, the new
peaks can be observed regardless of the position of the tips
(either above ZnPc or PtPc) and the occurrence of coherent
dipole coupling between PtPc and ZnPc in the heterodimer.”*
In other words, the excitation energy can transfer not only
from the donor to the acceptor but also from the acceptor back
to the donor. These results proved that the coherent channel
was 3 times more efficient than a decoherent channel with the
one-step process, offering compelling evidence for quantum
coherence in D—A systems at the single-molecule level.

The ability to tune intermolecular distances between
donor—acceptor systems and within supramolecular systems
allows for synthetic control over steady-state properties as well
as exciton dynamics. The collective effects observed in these
systems result from intermolecular interactions, and the
coherence of these states may be potential resources for
quantum information technologies at ambient temperatures,
although it remains challenging how to scale up the fabrication
of ordered arrays of D—A molecules or supramolecular systems
with controllable intermolecular distance and coupling relevant
for QIT.

Quantum information science is a growing field of
exploration with the search for better qubit materials with
long coherence times and high sensitivity. With progress
typically focused on atomic systems, here instead we explore
progress in the search for materials-based qubits and molecular
systems, exploiting intermolecular interactions that might serve
as resources for nonclassical phenomena. Materials-based
systems have the advantage of scalability and tunability via
synthetic pathways, although they tend to suffer from short
coherence times. We also noted how biology can serve as
inspiration for quantum phenomena, exemplified by avian
magnetoreception and, more subtlely, in photosynthetic light-
harvesting systems.

For molecular systems, radical spin and nuclear spin exhibit
extremely high controllability and scalability via chemical
reactions. There are various experiments showing the feasibility
of spin-based qubits. However, decoherence remains a
problem for application. Although some techniques like
embedding into MOFs, fullerenes, or mesoporous silica hosts
mentioned above, shortcomings are still obvious: the synthesis
yield is low, and the process is complex. Besides, the
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requirement of operation temperature is strict (a few or tens
of K).

In biological systems, BChl assembles with different scales
possessing variable optical properties, inspiring chemists to
synthesize organic dyes with different aggregation sizes or
intermolecular distances sharing similar properties. By
elaborate molecular design, synthetic supramolecular dyes
have more stability and tunability than do other systems. Such
tunable optical properties are believed to be attributed to
interaction at the nanometer level. However, the application of
supramolecular systems in QIT is rarely reported.””**

Chemical materials offer a vast diversity of structures on a
hierarchy of length scales. Self-organization of molecular
components can introduce strong or weak couplings between
them that are useful for controlling electron transfer or
excitation energy transfer or producing modestly delocalized
molecular excitons. Owing to fast relaxation of higher,
multiexcitation excited states, as well as a dearth of examples
of very high spin states of chemical materials, it appears
unlikely that these systems will be useful building blocks for
qubits because we cannot generate the entire tensor product
state space. Therefore, resources that will possibly be relevant
for quantum information science based on chemical materials
will likely be focused on properties of a truncated Hilbert
space, for example, the single-excitation subspace. Thus, we
imagine that the quantum properties hosted by chemical
materials will have different applications and properties than
precisely engineered systems being developed with quantum
computation, etc., in mind. Those applications and properties
have yet to be elucidated. Short-term questions include how
weak quantum correlations are manifest in complex materials
and how they scale with size and complexity.
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