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ABSTRACT: We discuss the goals and the need for quantum information science (QIS) in
chemistry. It is important to identify concretely how QIS matters to chemistry, and we articulate
some of the most pressing and interesting research questions at the interface between chemistry ] AN /AN
and QIS, that is, “chemistry-centric” research questions relevant to QIS. We propose in what \@ ) ‘\@
ways and in what new directions the field should innovate, in particular where a chemical 7
perspective is essential. Examples of recent research in chemistry that inspire scrutiny from a
QIS perspective are provided, and we conclude with a wish list of open research problems.

I. INTRODUCTION essential; (d) Explain examples of recent research in chemistry
that inspire scrutiny from a QIS perspective.

The workshop aimed to define and articulate unique
“chemistry-centric” opportunities for research directions and
open questions at the interface between chemistry and QIS.
This is an important distinction, as complex polyatomic
molecular systems have both greater degrees of complexity

Quantum information science (QIS) is a fast-evolving field.
One aim is to exploit quantum mechanical phenomena and
information sciences to develop technologies with quantum-
enhanced functionalities. A second prominent aim is to
advance our fundamental understanding of nature at the

molecular scale. Concomitantly, researchers across a breadth of than existing QIS areas, but also greater potential for powerful
fields are interested in seeking new physical, chemical and new outcomes and applications. It is hoped that this review will
biological phenomena that are explained by quantum provide concrete concepts that suggest how chemistry-oriented
mechanics and which have no classical counterpart. However, research can carve out new and relevant directions for QIS that
a challenge is that important concepts at the core of quantum exploit the strengths and opportunities of molecular systems
science can be difficult to appreciate properly. For instance, and the experimental and theoretical tools we have developed
quantum entanglement, which refers to counterintuitive in the field. Now that a shift to quantum technologies is
correlations among the components of a quantum system, becoming evident, a critical mass of researchers are looking for
has profound conceptual and technical implications for its opportunities to impact QIS. The time is right at the this point
identification and understanding in complex molecular to educate the wider chemistry community about the kinds of

questions and needs that are relevant to QIS. We foresee that
influential new research programs that enable chemical science
to make an impact will emerge in the coming few years.

systems. Equally challenging is working out of how complex
molecular systems can feature in QIS. What are the big
questions for chemistry? What are the ways that chemistry can
?
add to and expand the scope of QIS Il. THE QIS CHALLENGES FOR CHEMISTS
This review reports the discussions from a recent workshop

exploring goals for quantum information science in chemistry. To make an influential contribution to the QIS field, bringing

The workshop enabled a diverse group of researchers to chemical systems to the fore, requires an understanding of the

brainstorm, flesh out, and define the following aims: (a)

Identify concretely how QIS matters in chemistry; (b) Received: October 11, 2024
Articulate some of the most pressing and interesting research Revised:  January 12, 2025
questions at the interface between chemistry and QIS; Accepted:  January 17, 2025
“chemistry-centric” research question relevant to QIS; (c) Published: January 29, 2025

Propose in what ways and new directions the field should
innovate, in particular where a chemical perspective is
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open questions or inspiration for new directions made possible
by molecules or experiments on molecules. However, a
challenge often encountered is a knowledge gap. Many
fundamentals of QIS are based on formalism and mathematics
that falls outside the scope of a typical chemist’s “wheelhouse”.
An obvious need, then, is to find good ways to onboard
chemists into the QIS field.

An example is our understanding of entanglement, which is
described more in the following section. We have all heard of
entanglement, and we know vaguely at least what it means. We
know it is of central importance for QIS and its technological
applications. However, it is unlikely that a deep understanding
of entanglement can be conveyed simply by stating its
definition. Some readers may be surprised to learn, for
example, that if we are presented with an arbitrary many-body
quantum state it is challenging to say definitively whether or
not it is an entangled state. See ref 1 for a (hopefully)
accessible discussion. We might be able to say that the state is
more (or less) mixed than another state we are comparing it
with. This gray area is at odds with the way a chemist thinks
about states of molecules as wave functions, which are a
particular kind of state—specifically a pure state.

Another example is thinking about states in a tensor product
space. Product wave functions are second nature for chemists;
this is how we write spin—orbital products as the basis of our
molecular orbitals. But, most chemists have not thought much
(if at all) about metric spaces constructed by taking products
of spaces, like the Hilbert space H, ® Hj formed from H,
and Hy. A basis for vectors the product space H, ® Hj can
be indexed like Cartesian coordinates. We are familiar with the
case of the plane in real space, R X R, where we define a
vector from the origin to a point (x, ), where x comes from
the first R in the product and y from the second R. Any vector
in this space will be separable (i.e., there is no concept of
entanglement) because we can always project out the x and the
y components independently.

The paradigm changes when the basis vectors are the
ubiquitous two-level systems of QIS (quantum bits). That is,
when each H, and H; hosts a state from the group SU(2).
Now our basis is more complicated because it should
enumerate the combinations of states we might find overall.
For example, if the vector in H, is in the state 10), and
the vector in Hj is in the state 1), then our basis vector can
be 10),11)p. What emerges from this sort of Cartesian map
where each axis indexes a vector, is that we can find states that
are superpositions. For example,

%) = %[IOMUB + 11),10),]

It takes some reflection to appreciate this viewpoint, even if we
are comfortable with the idea of linear combinations, as most
chemists are.

There are some practical recommendations inspired by this
discussion. The first is a need for an education roadmap to
equip trainees in the chemical sciences with sufficient
background to understand what is QIS and where is chemistry
relevant. This change matters because our graduates are going
to make substantive decisions about technology at an
unforeseen level of complexity and societal ramification. The
need to be able to make informed decisions about how and
when quantum computing provides an advantage, when
quantum communication or encryption might be useful, how
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to exploit niche quantum information technology, and so on.
In that process they will need to ask the right questions.

To this end, it is imperative to develop a realistic educational
plan that allows an accelerated and accessible introduction to
advanced concepts in QIS. These include the nature and origin
of entanglement, measurement, states, as well as other
concepts described below, in QIS. Further, we should explain
what is the quantum advantage, and introduce quantum
computing and associated algorithms. To connect with
chemistry, we need compelling chemical examples that show
vividly how quantum correlations open a new axis for function.

This brings us to the second practical recommendation. It is
urgent that basic research in the chemical science community
furnishes the field with these compelling examples—and we
contend that this opportunity remains wide open. That is not
to diminish the value of relevant activities to date, such as
topics and examples described in refs.' > We need, however,
textbook examples of nontrivial function enabled by entangle-
ment. In particular, these examples should exhibit a shift in
perspective from wave functions in molecules to the states
relevant to the systems being studied and measurements being
performed. Fundamentally, we need to go beyond preparing
and probing states and their probabilistic mixtures and
recognize how molecular systems can serve as physical
platforms for quantum mechanical concepts. Ideas along
these lines will be discussed below.

Given the status of QIS in chemistry viewed through the
lens of this report, it seems too preliminary to speculate on
what real-world, practical contributions to QIS and technology
that will arise by engaging chemists in this program. While it is
obvious that quantum sensors will be at the forefront in the
near-term, there will likely be astounding and creative
technologies to follow. These advances will be made possible,
in part, by the remarkable ability of chemists to control and
construct molecular matter.

lll. BACKGROUND

As introduced above, one bottleneck that impedes ideas,
concepts, and techniques from QIS from gaining traction
among researchers in the chemical sciences, is a lack of
understanding of the subtle concepts that underpin this field.
The notion of entanglement is widely known, but while some
aspects of its nature are often appreciated, the idea is much
deeper than first meets the eye. Chemistry tends to focus on
states, so understanding quantum states is important. Here we
provide a brief guide that has been adapted from recent
papers.l’4

A characteristic of quantum systems is that their states, often
signaled by energy levels, are quantized: each quantum energy
level is associated with an eigenstate of the system. We
consider an orthonormal basis of these states, so that whatever
their mathematical form (e.g, they could be s or p atomic
orbitals), they can be indicated by state vectors in Hilbert
space. For instance, consider a two level system, also called a
qubit, with an associated basis {0}, I1)}. A pure quantum state
of the qubit can be written as ly) = al0) + SI1), where a, f§ are
complex numbers that we can associate to probability
amplitudes.

On the other hand, observables such as the position operator
X take a continuous range of values between —oo0 and +o0, and
the eigenstates of X, which we denote lx), define a continuous
variable basis satisfying f %odxlx)(xl=1, the closure relationship.
In this continuous basis set the state of the system state ly) can

https://doi.org/10.1021/acs.jpclett.4c02955
J. Phys. Chem. Lett. 2025, 16, 1376—1396
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then be written as ly)= [%,dxy(x)lx) and the wave function of
a system w(x) is the probability amplitude at position x, i.e.
w(x) = (xly). The wave function is then sometimes called the
position representation of the state ly). Since w(x) is a
complex function of x, with a corresponding magnitude and
phase, then only phase differences between probability
amplitudes are physically relevant, underlying quantum
superpositions and interferences.

The quantum mechanical state space needed to encode all
the information associated with a compound system consisting
of many qubits is constructed from the tensor product of the
Hilbert spaces of each qubit in our system, H = H; @ H, ®-
® H,. If every qubit were to be definitively set in either the |0)
or I1) state, like classical switches, then we obtain 2" unique
product states in H, the same as a classical system of switches.
This set of product states forms one possible basis for our
general quantum (pure) states in the state space H. The tensor
product structure of the Hilbert space for a compound system
has profound implications because the more general states can
comprise superpositions of product states. These quantum
superpositions of compound sytems are interesting because
they lack a classical counterpart.

We are so used to writing quantum wave functions as
products of basis states that we may not fully appreciate the
tensor product basis that we are implicitly using. The main
features of the tensor product state space are mostly technical.
However, a useful intuition is that certain correlations are
intrinsically locked into the joint basis of states. For example,
the basis state 10) /1) indicates that the eigenvalues of qubit A
and B are complementary, whereas for the state 10),10); they
are identical.

The nonclassical properties that make the superpositions of
product states special are entanglement and nonlocality. We
often discuss “pure” states. Pure states are somewhat
unrealistic because they define perfect states in perfect
ensembles. Nevertheless, they provide an excellent foundation
for understanding what quantum information science offers.
The pure states of two entangled qubits, often called the Bell
states, are

1
I¥,) = f[IO>A|1>B + 11)410)5]
¥ ) = %nom»s — 11),10);]
1
D) = f[|O>A|O>B + 1)a11)g]
D) = —[10),10); — 1), 11);]

V2

where the subscripts A, B label the qubits. A key feature of
these states is that they cannot be factored into a state local to
A and one local to B. This signals that the states are entangled.
A remarkable consequence of entanglement is that a
measurement carried out on qubit A instantaneously
determines the state of qubit B, no matter how far apart the
qubits are. This is the principle of nonlocality,” challenged in
the famous “EPR paper”.’

Classical correlations are evident for product states, for
instance consider state 10),/1); that ensures that when we
measure spin up on qubit A, that is [1),, then we have an
associated spin down on qubit B, 10);. In contrast, quantum
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correlations become possible only when we have states that
comprise superpositions of these product basis states, like, for
instance, |¥,). This could be a triplet spin eigenstate of the
hydrogen molecule. Now imagine that we can dissociate the
two H atoms, then probe the state of the electron on each.
Recall that, in this example, we could use the Coulson-Fischer
wave function” that accounts for the correct dissociation limit
of the molecular orbitals by concentrating the density of one
electron around atom A and that of the other electron around
atom B as the separation between the atoms increases. Now if
we perform a measurement on either atom, it is equally likely
that we will find the spin state to be up or down (in our
notation denoted |1) or 10) respectively). However, if we
measure the spin on atom A and find it up, then a subsequent
measurement on B will find the spin to be down. Somehow the
measurement on A has collapsed the superposition of spin
states on atom B, no matter how remote the atoms are (in a
perfect setup at least). Of course, we are seeing the correlations
locked into the product basis, but the interesting part is
comprehending how those correlations interplay with super-
position.

Entanglement is thus obviously deeper than classical
correlation. Additional correlations come from the way we
make measurements on the state space and it accounts for a
relative quantum mechanical phase, indicated by how the
vectors are set up in the combined Hilbert space. Consider a
singlet excited state comprising two coupled spins located on
separated molecular fragments (like a charge transfer state).
The two spins are entangled in the spin eigenstate [¥'_). We
know that if we measure the spin state of the electron on the
fragments, they will be opposite. The quantum correlation is
revealed by noting that the singlet spin state is unchanged by
observing it in any reference frame (e.g, the observer can
rotate the axes and still measure the same spin-pairing). Bell
realized that the extra quantum correlation can often (but not
always) be detected by comparing two measurements
performed in different reference frames. See Chapter 20 in”
for further explanation of this point.

The quantum correlation underlying nonlocality and
entanglement has no classical counterpart. It is the key
resource for quantum information. Note, however, that there is
no “extra” information in a quantum system, it is just that it is
encoded differently than in a classical system,” which presents
opportunities for processing or communicating the informa-
tion. In some cases, the efficiency of microscopic transport
processes can be improved by quantum correlations known as
coherence."”

Although chemists like to think about wave functions, these
are not the most general quantum states. In many experiments,
a single quantum state in the Hilbert space does not allow a
complete description of the system. In this case, the more
general quantum state is described by a density matrix
operator. The density matrix represents an element of the set
of bounded operators on a Hilbert space p€B(H) such that p
is self-adjoint (i.e,, Hermitian, p™ = ), positive, and has unit
trace. It enables us to define the expectation value of any
operator A for the state given by /) via a map B(H) — C (C is
the field of complex numbers) given by

4(4) = Tr(pA) = Tr(Ap)

The density matrix is built up by an average over an
ensemble of relevant states |¥) in our Hilbert space,

https://doi.org/10.1021/acs.jpclett.4c02955
J. Phys. Chem. Lett. 2025, 16, 1376—1396
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p = (I¥)(PI), where (---) means average. We can immediately
establish that p is independent of the (unknown) absolute
phase of |¥). For example, say that ['¥) = exp(ia)I®), so that
[¥) and I®) differ only by overall phase. But notice that
W) (I = [D)(Dl.

Information about whether or not our system is entangled,
or contains other quantum correlations, is encoded in the state.
However, working out if a state is entangled or not is a difficult
problem, and exponentially difficult as the number of basis
states increases. It turns out to be most clear if we first explain
when a state is not entangled—that is, when it is separable. A
state is separable in the Hilbert space comprising the tensor
product of the Hilbert spaces of the subsystems A and B, H =

H, ® Hjp if its density matrix can be written as
p=210" @7
i

where p; > 0 and Y p; = 1. If two subsystems, A and B, are
entangled, we cannot construct the composite state using only
what we know about the subsystems separately, unlike
separable states. This is because the superpositions of product
states introduce nonadditive correlations into the quantum
probability distribution that are encoded in the density matrix
of the composite system, but hidden to measurements
performed on each subsystem separately.

The first example is very simple. We perform a sequence of
measurements on the product state of our composite system
comprising the qubits A and B. We find that 25% of the time
we measure 10),410)5, 25% of the time we measure 11),410)5, 25%
of the time we measure 10),/1);, and 25% of the time we
measure [1),]1)5. The density matrix is diagonal, with
values of p; = 1/4. We write it with rows and columns
indexed as 10)410)5, 10)411)5, [1)410)5, 11),411)5:

1
— 0 0 O
4
1
0O —0 0
R R R 4
Pap =Py @ Py = 1
0 0 —0
4
1
00 0 —
4

This is a fully mixed (classical) state which, of course, is
separable.

It is not so straightforward to display more general examples.
Peres'” devised a clever technique to write a guaranteed mixed
state, and this provides a good model for us. Consider a pure
singlet state (I'W_)). This singlet state will make up a fraction x
of our mixed state, while the remaining (1 — x) fraction is a
“random fraction”, comprising equal admixture of the singlet
and three triplet states to produce a fully mixed fraction of the
state. The random fraction contributes a value of (1 — x)/4 to
each diagonal element of p . .:
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1 —
M 0 0 0
4
0 U+x) x
~ 4 2
Prixed —
“ _x o (tw)
2 4
1 —
0 0 0 M
4

If we consider p

) eq With x = 0, then the state is fully mixed, by
design, and the density matrix is diagonal, like the previous
example. If x = 1 the state should not be separable. It can be
shown (see appendix A in ref 1), this state is separable only if x
< 1/3, defining a crossover between these extreme cases of

separability and nonseparability.

IV. CONCEPTS

The characterization of the differences between classical and
quantum states has transformed our view of the atomic and
molecular components of matter. Quantum information
science has shown that such differences not only have a
fundamental role in our understanding of nature and the
boundaries between classical and quantum systems, but that
such differences can be exploited as a physical resource in the
development of technologies with either enhanced or fully new
capabilities for a variety of tasks, such as information transfer,
sensing, communication, computation, and metrology.

Here we summarize some of the concepts that are important
for characterizing the quantum resources associated with a
quantum state.

IV.A. Quantum Resource Theories. Quantum resource
theories are important mathematical and conceptual frame-
works that allow the quantification of specific quantum
phenomena such us coherence, entanglement, nonclassicality,
quantum thermodynamics, or asymmetry, and formally
investigate their usefulness to perform a given task.
Resource-theoretic frameworks divide quantum states and
operations into two sets, free and resource states, and provide
the tools to characterize the operational significance of the
latter.'' Resource states cannot be generated via the
corresponding free quantum operations. The quantum
resource theory then gives insight into the tasks that are
possible within this restricted set of operations.

For example, in the resource theory of thermodynamics,'”
free states are thermal equilibrium states defined by the inverse
temperature and the accompanying free operations are thermal
operations (i.e., interactions with a large bath at thermal
equilibrium). Thermodynamic transformations must satisfy a
family of constraints, known as a family of second laws.

The synergies between the conceptual framework of
quantum resource theories and chemistry are beginning to
be explored."> The application of resource theories in
photochemical scenarios can expand our understanding of
upper and lower bounds of photoisomerization yield in
molecular switches besides providing a new view of such
systems as quantum clocks'”

An open question in this field is a resource theory of
quantum dynamics. Developments in this area have the
potential to impact our understanding of quantum effects in
photochemical processes.

https://doi.org/10.1021/acs.jpclett.4c02955
J. Phys. Chem. Lett. 2025, 16, 1376—1396
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IV.B. Coherence. In ref 2 we defined coherence as follows:
“Coherence can be classical or quantum mechanical and comes
from well-defined phase and amplitude relations where
correlations are preserved over separations in space or time.”
In classical scenarios, waves and their interference come to
mind. In QIS we can define quantum coherence as indicated
by off-diagonal elements of the density matrix in a given basis.
It is, therefore, evidently basis-dependent. Consider for
example a system described by a Frenkel exciton state which
extends over several units (sites).'* In the site basis a perfectly
delocalized exciton state has off-diagonal elements in the
density matrix. However, if we choose the energy eigenstate
basis, the density matrix is diagonal.

Quantum coherence of the state of a system is arguably the
most fundamental quantum feature of single quantum systems
that tells us whether measurements of observables are
compatible with the system being in a superposition of
orthogonal states with respect to a reference basis. Incoherent
states are therefore those with a diagonal density matrix in the
selected basis, while incoherent operations (which can be
defined in a variety of ways) do not create or increase
coherence.' >

Coherence as a quantum resource is often quantified by
distance-based measures which indicate “how far” is a given
quantum state from the closest incoherent (diagonal) state in a
chosen basis.'® A proper measure of coherence satisfies key
conditions such as being monotonous under incoherent
operations. The relative entropy of coherence and the L;-
norm of coherence are useful quantifiers of coherence as they
admit closed expressions and have physically intuitive
interpretations.

The basis-dependence of coherence introduces an ambi-
guity: an incoherent state in a selected basis can become
coherent under a basis transformation. To address such
ambiguity studies have introduced the concept of basis-
independent coherence'” where the incoherent state for
reference is the maximally mixed state which is a state that
remains incoherent under a basis transformation.

We should consider how coherent states can serve as
quantum resources.”'*~** As mentioned above, according to
quantum resource theories,'® the ingredients needed for
quantum operations are free states, free operations, and
resources. Free states are generally states that are readily
available. Similarly, free operations, which map free states to
free states, are easily implementable. The crucial ingredients
are resource states. One systematic framework for quantifying
how coherence can serve as a resource is described by
Baumgratz, Cramer, and Plenio."”

Coherent states likely have attributes that could be used for
functions relevant to QIS in chemical systems by making use of
interference phenomena or nonclassical correlations. Potential
applications include sensors, detectors, switches, communica-
tion systems, or transport of excitons and charges.

IV.C. Entanglement. Quantum entanglement refers to
unique nonlocal correlations among the subsystems of a
bipartite or multipartite quantum system. As eloquently
presented in,”* a key conceptual aspect of entanglement is,
in Schrodinger’s words, the fact that “the best possible
knowledge of a whole does not include the best possible
knowledge of its parts.” This means that an entangled quantum
state of a composite system contains more information than all
the individual states of the parts. Entanglement itself cannot be
used to transmit information but the violations of Bell-type
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inequalities associated with entanglement are key for encoding
information in ways that are not possible by classical means.

Quantification of entanglement is well understood for
bipartite systems.”* Examples of such relevant quantifiers are
the concurrence (which for a pair of qubits gives a simple
measure for the entanglement of formation), and the entropy
of entanglement quantified by Rényi entropies (particularly
relevant for many-body systems). For pure states, this latter
refers to the information that can be obtained by making
partial measurements on a subsystem while ignoring
information about (tracing over the state of) the remaining
part. Such partial measurements result in a statistical mixture
with a degree of mixedness that depends on the amount of
bipartite entanglement. However, while bipartite entanglement
is well understood, the characterization and quantification of
multipartite quantum correlations is very much an open
challenging problem.”

To gain a deeper understanding of entanglement it is useful
to understand separable states which are states that can be
prepared by distant laboratories using only local operations
and classical communication. Separable states are described as
tensor product states of the density matrices of the individual
subsystems or any statistical mixture of such product states.
Entangled states are therefore nonseparable. Separability of
bipartite states is well understood for low dimensional systems
as in that case there is the well-known Peres-Horodecki
criterion based on positivity of partial transposition.*’
However, for compound systems of many particles or higher
dimensionality there is no universal separability condition. In
that case the notion of entanglement witness becomes
important.

Entanglement witness for operators detecting entanglement
refers to an inequality for the expected value of such operator
which is valid for all separable states but that is violated if and

only if the state is entangled i.e., Tr[Wﬁ ] > 0 while

separable
Tr[Wéantangled
most attractive feature of detecting entanglement via an
entanglement witness is that there is no need for a full
reconstruction of the quantum state (and therefore no need for
quantum state tomography) as it relies solely on measurements
of a mean value of the specific observable. Entanglement
witnesses are therefore very relevant from an experimental
perspective.

IV.D. Quantum Correlations beyond Entanglement.
Exploiting the quantum nature of chemical systems requires a
discrimination of the classical and quantum correlations in a
polyatomic system. It is known that the quantum correlations
among subsystems of a multipartite compound transcend
entanglement and one important quantifier of such general
quantum correlations is quantum discord.”**’

To understand the concept of quantum discord one starts by
considering a joint bipartite system AB with associated density
matrix ), ,, and focus on the total shared information between

< 0, where W is a Hermitian operator.”” The

subsystems A and B which is quantified by the quantum
mutual information defined as
I(A: B) = S(p,) + S(py) — S(Pyp)s where
S(p) = =Tr[p In ] is the von Neumann entropy and the
reduced density matrices p, = Tr[p, ], Py = Try[p, ;] are the
reduced density matrices for subsystems A and B, respectively.
The goal is then to decompose the shared quantum
information into classical correlations and quantum correla-
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Figure 1. Quantum enhanced imaging. See text for explanation. (a) A flake of hexagonal boron nitride (hBN) containing single spin defects (red
arrows). (b) Image of a CrTe, ferromagnet. Reproduced with permission from ref 34. Copyright 2023 Springer Nature.

tions. This problem was first addressed by Henderson and
Vedral®® and then independently by Ollivier and Zurek”

The classical correlations between B and A, which we label
J(BIA), are the difference in von Neumann entropy of
subsystem B before and after a particular measurement is
acted on subsystem A4, i.e.,

J(BIA) = max 4141 8(3) = D pS(7})

1

where pl; = Tr[AiTAipAAB]/E is the residual state of B after
measurement of A;Ai (positive operator valued measure-
ments) on subsystem A and p= TrAB[AiTAipAAB] is the
probability of this outcome. Note J(BIA) is asymmetric and
therefore it will be different for the classical correlations from
subsystem A to B, which we would label J(AIB).

The portion of correlations of the mutual information that is
not classical must therefore be quantum, and is known as the
quantum discord i.e. D(BIA) = I(A: B) — J(BIA). This discord
quantifies the amount of information that can be never
classically extracted via a local measurement on A. One of the
most interesting aspects of the concept of discord is that
separability of the density matrix describing a pair of systems
does not guarantee a vanishing discord. This means that for
mixed states discord can arise even when entanglement
vanishes. For pure states, entanglement and discord are
equivalent. The applications of these concepts in physical
chemistry scenarios, for example, for the characterization of
electronic structure, is providing a new view on chemical
boding in molecular systems.*’

IV.E. Nonclassicality of Continuous-Variable States.
The quantum optics field has developed a solid framework to
investigate quantum properties of radiation field states. In this
context, the “classical” states are the Glauber-Sudarshan
coherent states lar) which are the right eigenstates of the
field annihilation operator 3, i.e, dla) = ala) with a being a
complex number. Quantum behavior with no classical
counterpart, namely, nonclassicality, arises if the state of the
field cannot be expressed as a statistical mixture of such
classical coherent states defining a valid probability measure.
This then leads to nonpositive values of the phase—space
quasi-probability representation of the field state, such as
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negativities in the Glauber—Sudarshan P-function or its
regularized version.

Recent work® has unified the concept of nonclassicality
investigated via the negativity of the Glauber—Sudarshan P-
function and the concept of coherence as a resource. It has
been shown that in certain estimation tasks photon states that
lead to a negativity in the P function provide metrological
enhancement over all classical states. This metrological power
is found to be a measure of nonclassicality based on a quantum
resource theory that does not increase under linear optics
transformations. Investigations of quantum correlation in
photon states have also suggested that there are quantum
correlations that are neither entanglement nor discord which
can be accessed via negativities in phase-space for statistical
mixtures of photon-number states.””*”

V. DISCUSSION

V.A. New Experiments Enabled by QIS or Tools That
Give Insight into QIS Phenomena. Incisive experiments are
key to discovering how quantum information can be leveraged
in chemical systems, for revealing the presence of quantum
effects or function. In the course of future research, it is likely
that there will be relevant further developments in entangled
photon spectroscopy, quantum imaging, quantum sensing.

Enhancing imaging usinﬁ quantum science has been gaining
ground over recent years.”” °° One example is shown in Figure
1. The key breakthrough was to discover two-dimensional
materials that can host single spins in defect sites, like those
defect centers well-known to exist in diamond, for example.
Hexagonal boron nitride (hBN) has been found to be a
suitable two-dimensional substrate for hosting such defects.
Figure la shows a flake of hBN containing single spin defects
(red arrows). The sample is placed on top of the flake and the
defect spin states are controlled with the aid of a microwave
field.”* These single spin emitters can thus be used as a way to
map the magnetic properties of a material imaged on top of the
two-dimensional substrate using spatially resolved optically
detected magnetic resonance (ODMR). An example is shown
in Figure 1b, where a CrTe, ferromagnet is imaged—a map of
the stray magnetic field emanating from the CrTe, flake is
shown. In Figure lc the direction of the bias magnetic field is
reversed, showing a partial magnetic field reversal. In addition
to further advances in the area of quantum-enhanced imaging,
these advances have, and will continue to, stimulate a range of

https://doi.org/10.1021/acs.jpclett.4c02955
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studies of the photophysics and defect spin states in two-
dimensional materials.

Effort is needed to develop new experiments based on
methods including ultrafast spectroscopy, time-resolved X-ray
spectroscopy and scattering, and spectroscopy with squeezed
light that detect mechanistic detail relevant to QIS. Oftentimes
spectroscopic measurements focus on dynamics, then quantum
phenomena are inferred by theoretical models for the data.
This can be a powerful approach when the spectroscopic
measurement uncovers signatures of mechanism that defy
alternative explanations. It may, however, be more impactful
for the QIS field, if the experiments themselves demonstrate
the existence of quantum phenomena. We suggest this as a
major challenge for the field.

A road block for conceiving new experiments, like those
proposed above, can be the focus on the density matrix. The
density matrix characterizes a quantum state, and its evolution,
and has been a center-point of QIS. However, the complexity
of molecular systems makes measurement of the state
intractable. New kinds of experiments that reveal glimpses of
properties of the state will be of great importance. Experiments
that enable unitary transformations of the state space are likely
out of reach, but would be transformative because they would
enable comparative measurements in different bases. Another
rich avenue for experiments would be to study projective
measurements and the outcome of those measurements on the
state space—which does not necessarily “collapse” completely,
but is changed by the measurement.”””*

An example shows that ultrafast spectroscopic experiments
can reveal some information about the density matrix of the
system. While this idea is embedded in the double-sided
Feynman diagram “Rosetta Stone” formalism for under-
standing nonlinear spectroscopy,”” it was especially highlighted
by the observations and analysis of coherent oscillations seen
in two-dimensional electronic spectroscogic studies of photo-
synthetic light-harvesting complexes."”~* These oscillations
were interpreted to reflect dynamics of the off-diagonal
elements of the system’s density matrix. Measuring dynamics
in the off-diagonal part of the density matrix can, in turn,
unlock the possibility of detecting and characterizing quantum
coherence—so this was a very exciting development. The
reason that 2DES can shed light on the ultrafast time evolution
of the density matrix is explained by the way the signal is
generated systematically from a sequence of imEulsive
perturbations of the density matrix of the system'®*”*

In Figure 2 we show an example of how electronic
coherence is detected using two-dimensional electronic
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spectroscopy (2DES). The study was performed'” at ambient
temperature on a solution of CdSe nanoplatelets, that show a
characteristic pair of absorption peaks labeled HX and LX (the
heavy hole and light hole excitons). A short laser pulse
excitation sequence excites both these states in superposition,
and the experiment resolves the subsequent evolution of the
superposition state. It achieves that by detecting the way the
off-diagonal terms in the density matrix evolve over time—
specifically, they oscillate at the frequency difference of the HX
and LX resonances. This principle is easily demonstrated by
solving the time-dependent Schrodinger equation for coupled
two-level systems. There are techniques that can be exploited
to see more clearly how the density matrix is mapped on the
2DES signal.lg’20 Here we show only the total signal, Figure 2b.
The oscillations in one of the cross-peaks are shown in Figure
2c. Notice that the coherence decays quickly, caused mostly by
inhomogeneous dephasing of the ensemble. 2DES clearly has
the potential to give relevant insights into the system’s density
matrix indirectly, but resolving the density matrix with more
incisive detail remains an open question.

It is important to note that ultrafast spectroscopy tends to
focus on the single-excitation subspace of the full tensor
product state space. Doubly excited states and so on can be
detected, but they are very short-lived. This suggests that such
experiments are often better designed to investigate a subset of
quantum states, a class of coherent states. In the case of
excitonic systems, coherent states can be identified with
delocalized exciton states. Coherence can serve as a resource
for quantum information, and this area of study is highly
relevant for chemical systems.

A central challenge is the need to develop structure—
function relations that can guide the design and operation of
molecular-based quantum devices. In particular, we need to
pinpoint robust molecular design principles that can be used to
generate quantum subspaces with protected quantum coher-
ences or that offer controllable entanglement. Systematic
progress clearly requires developing experimental and the-
oretical methods to quantify entanglement and coherence, but
also an understanding of how the environment influences the
dynamics of the system**** and how this influence can be
modulated via chemical design.46 For example, femtosecond
resonance Raman experiments can now be used to reconstruct
spectral densities that quantify the interaction between
electronic transitions with their vibrational and solvent
environment. These spectral densities can be used to map
how coherence is lost** and energy dissipated™ by the
molecular environment and identify which component of the
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molecular environment is the most responsible for the
decoherence. This information can then inform efforts in
molecular design that seek to take advantage or mitigate the
detrimental effects of decoherence.

One area that is underdeveloped, certainly with respect to
molecular systems, is weak measurement. Weak measurement
and closely related protocols use the idea that many
measurements that each very weakly perturb the system can
be used to reconstruct information about a quantum state (or
its evolution) that is typically hidden by the wave function
“collapse” when a measuring device indicates a classical
reading."” These weak measurements have also been called
“protective measurements”.** Fuchs and Peres®’ discuss the
trade-oft between information gain and disturbance to the
system, Figure 3. Weak measurement has been applied to
problems in quantum optics but not yet chemical systems.
There might be interesting ways to exploit a weak measure-
ment protocol in spectroscopy, for instance. It might provide a
new way to observe quantum mechanical evolution in ultrafast
chemical dynamics.

We conclude this section by a list of interesting open
questions:

e How can we realistically extract information from
experiments that allows partial reconstruction of the
density matrix?

e How should we decide how to partition systems into the
system of interest and the environment (bath states)?
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e Most chemical measurements are averages, whether an
ensemble average over many copies of the system or a
time average involving multiple measurements of a single
molecule. Thus, the environment is very important
because of its random influence during the accumulation
of an average. Studying averaging in measurements and
the relevance to QIS would be an important
contribution.

e Undergraduate education is becoming more important
as the problems we would like to solve become more
complex. New and innovative ways for teaching
undergraduate quantum mechanics and QIS will be
important.

e Can chemical reactions be tuned or controlled by
suitably entangling the reactants?

e It would be powerful to have some kind of local operator
that enables spectroscopic (and other) measurements
possible in more than one basis.

o Interference is a powerful concept, are there new ways
we can exploit it?

e A key to quantum sensing is phase retrieval. New
methods development will be useful.

e Can quantum light push the limits of time-bandwidth
product and thereby enable new pulse shaping
technologies?

Big idea: An experiment to measure how entanglement

changes during a chemical reaction.
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population is partitioned between ground state reactant and product.

V.B. Chemistry That Is Governed by or Optimized by
QIS and Opportunities Presented by Chemical Systems
As Platforms for Studying QIS. Chemistry is defined by
molecules and their complexity. Further, the properties of
molecules allow them to react to produce new molecules.
Owing to the many degrees of freedom of molecules and their
encounter complexes, they interact in complex ways, and by
various mechanisms. Therefore, we can think about chemical-
oriented QIS as research that (i) exploits the structural control
we have over molecules, or (ii) studies how quantum
correlations evolve during chemical change, or (iii) uses the
tools of chemistry to exhibit carefully designed molecular
systems that can test or reveal fundamental aspects of QIS.

Interference is a well-known signature of phase correlations
between waves or wave-like amplitudes. It can thus serve to
suggest the possibility of quantum correlations in some cases.
Given its prominence and relative ease of measurement, it is
likely that detection of interference effects will continue to
yield interesting results from chemical systems. We show two
examples in Figure 4 to illustrate important prior studies.
Molecular transport junctions have provided fascinating
examples of pathway interference.”” A highly simplified view
is that when the amplitudes of two pathways for carrier
transport through the molecule line up in phase, the first
example in Figure 4a, we see transmission of the charge carriers
through the molecule. However, when the pathway amplitudes
line up out of phase, constructive interference diminishes the
transmission through the molecule, by about 6 orders of
magnitude in this example.

A second example where interference effects are prominent,
as are substantive perturbations caused by chemical structure,
is through-bond electron transfer.”"** In Figure 4c we show an
example where electron transfer is mediated over 12 sigma
bonds by the through-bond mechanism. The matrix element
for through-bond electron transfer is very sensitive to the
orbital overlaps along the path, which can be perturbed by
adding a cis linkage in the norbornyl bridge. Notice how this
structural change suppresses the electron transfer rate by an
order or magnitude. Chemical control of this kind is a powerful
tool that could be exploited creatively in QIS relevant research.

Localized or separated electron spins in molecules can be
harnessed to promote chemical reactions and those spins can

1384

be controlled using magnetic fields and microwave pulses. This
area of spin chemistry has escalated in recent years”*>”' and
offers a clear connection with QIS. Future work might imagine
how entanglement of spins be used to enable “quantum-
concerted” reactivity or ask questions like: can a two-step
reaction be more specifically guided to a product using
techniques like teleportation that directs a sequence of spin
correlations among electrons?

We also should ask, what degrees of freedom beyond spin
can be exploited for QIS? Can new nonclassical states or
properties be exhibited because of structure or organization of
molecular systems, or the way those systems interact? One
specific suggestion is to think about how the coupling of
electronic and nuclear (vibrational) degrees of freedom—that
is, vibronic coupling—can be used as a tool. In essence, we are
entangling the electronic subsystem to structure, and structure
is what changes during a chemical reaction. Is there a way,
therefore, of gaining new insights into the interplay of the
electronic states and reaction coordinate by watching their
entanglement evolve?

Similarly, in some ways, can we work out how suitably
designed molecules can serve as test-beds for studying
entanglement dilution and distillation? Entanglement distil-
lation™” allows mixed quantum states to be purified into, for
instance singlet states. Entanglement dilution is the reverse
process, where the singlets are converted into more mixed
quantum states.

Another direction that might be interesting is to extend the
famous concept of conservation of orbital symmetry during
chemical reactions, known as the Woodward—Hoffmann
rules,” Figure 5. The essence of this theory is that pathways
on potential energy surfaces connect reactants and products
that have the same orbital symmetry. Conversely, the theory
predicts how changing the orbital symmetry from reactant to
product produces an activation barrier along the reaction
coordinate. These pathways and barriers can be explained in a
state correlation diagram, like that shown in Figure Sa. The
question relevant to QIS is whether we can extend this theory
to consider changes in entanglement during a chemical
reaction? That, in turn, would show how chemical change
can be used to modify entanglement.

https://doi.org/10.1021/acs.jpclett.4c02955
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Figure 6. Transient quantum phase synchronization of local molecular vibrations mediating photoexcitation dynamics in weakly coupled
heterodimers as predicted in ref 56 and experimentally investigated in ref 8. (a) Illustration of the central weakly interacting chromophore pair in
the light-harvesting protein phycoerythin 545 investigated in ref 41. The pendulum illustrates local vibrations, which are involved in energy transfer.
(b) The associated symmetric collective vibrational motion undergoes slow dissipation leading to positive quantum phase synchronization of local
vibrational displacements (C_y,..x,. ~ 1) in the picosecond time regime. Reproduced with permission from ref 56. Copyright 2019 Royal Society of

Chemistry.

Photochemical systems can offer excellent models for
studying these kinds of reactions that are governed by orbital
symmetry, Figure S. Photocycloaddition reactions, for instance,
are well studied.”*> Anthracene photocycloaddition can be
studied and compared with the reverse reaction produced by
photoexcitation of dianthracene. In Figure 5 we show a
schematic picture of the reaction surfaces that have been
inferred from experiments. Although not explicitly indicated in
the figure (to simplify the presentation), it is the doubly
excited state—the triplet pair state of the anthracene dimer—
that has the same symmetry as the ground state of the
dianthracene photodimer.

We conclude this section by a list of interesting open
questions:

o How long-lived should quantum effects be in order to be
“useful”?

Complex spin systems could be of interest in chemical
materials, including frustrated spins and spin liquids.
Here, interactions of the spins with the environment
degrees of freedom becomes prominent.

Radical pair states and the way they imprint spin
polarization on nuclei would be interesting to study
further. They might also lead to new ideas for quantum
sensors.

e What is the minimum measurement protocol needed to
detect quantum processes or quantum function?

Big idea: Design molecular systems that allow control over,
and study of, entanglement dilution and distillation.

V.C. Fundamental Studies of Quantum Correlations
Enabled by Chemical/Molecular Systems. We think the
key verb here is “to enable”. Chemical systems are incredibly
diverse in structure—on multiple scales—and composition.
Therefore, the variety of properties is mind-boggling. How can
we exploit this platform as a way to compare or engineer
quantum correlations? We might also ask: what (new) ways
can nonclassical correlations be exhibited and lead to new
function, phenomena, states, or dynamics in fundamental
chemical systems? In other words, the diversity of chemical
systems may allow many-particle states with richer structures
than states in simple model systems like a pair of atoms. As
part of this program of work we need a formalism to assess
function and correlations in more complex structures. How can
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the methods of quantum resource theories help clarify complex
quantum processes in chemical systems?

An example where the QIS conceptual framework can give
new insights into the complex and interesting quantum states
in chemical systems is recent research characterizing electronic
structure and chemical bonding in molecular systems from the
perspective of orbital entanglement.”” Besides quantifying the
quantum correlations associated with the electronic states of
molecular systems, this work suggests investigation of orbital
entanglement can help generalize valence bond theory beyond
its current state.

Chemical design might allow different kinds of measure-
ments, for example by using supramolecular systems
comprising strongly coupled, but spectrally distinct, subunits.
As an example, can we encode correlation in three-dimensional
structures like covalent organic frameworks, then use this as a
three-dimensional quantum memory, addressable by two-
photon absorption, for instance? Can we imagine experiments
performed on supramolecular systems that detect the evolution
of entanglement or coherence associated with excited state
dynamics?

Another intrinsic aspect of molecular systems is their
complex level structure. In particular, the interplay of
electronic states and vibrational states is well studied in the
context of spectroscopy. Turning that lens to quantum
correlations arising from this interplay of electronic and
vibrational states would be fundamentally interesting. Vibronic
coupling in the excited states of molecular systems can give rise
to a variety of rich and interesting quantum phenomena. For
example, it has been predicted that some molecular motions
can undergo transient quantum phase synchronization
mediated by exciton-vibration coupling while excitation energy
transfer takes place.”®’ This is a quantum phenomenon in
which a collective vibrational motion undergoes slow
dissipation due to an effective decoupling from the environ-
ment via exciton-vibration coupling (see Figure 6). Exper-
imental evidence of this quantum phenomena has recently
been obtained via 2D spectroscopy and measurements of the
dynamical Stokes shift in an allophycocyanin complex binding
weakly electronically coupled heterodimers.*®

Overall vibronic coupling in excitonic systems of coupled
chromophores offer a rich scenario to investigate a variety of
quantum phenomena such as entanglement relations between
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the polarization of emitted photons and the vibrational state, in
an exciton-vibrational system.*”" Chemical systems may also
provide important platforms to investigate new forms of
quantum-state engineering driven by dissipation where
coupling to phonon environments can lead a system to
particular quantum states.”!

We conclude this section by a list of interesting open
questions:

e Some important chemical systems have been extensively
characterized and investigated from an spectroscopic
viewpoint. For example, charge separated systems are
well-studied and can be easily tuned (e.g, by donor—
acceptor distance, redox potentials, or the reorganization
energy of the solvent). Investigations of such systems
from a QIS perspective can help clarifying the chemical
design principles behind complex quantum processes.

The subtle correlations in supramolecular systems make
development of new kinds of pump—probe techniques a
priority.

A key experiment is differential angular scattering as
possible example of chemical studies of Bell’s inequality
in continuous basis, mapping phase transitions.

How can we utilize topologically protected states? The
concept of topological protection is not unique to
quantum systems. Using the protection afforded by the
topological properties, we are robust against scattering
events that are unwanted for our purposes.

A key priority should be standardization of common
scientific language across fields.

Big idea: Identify chemical systems which allow investigat-
ing new forms of quantum-state engineering driven by
dissipation.

V.D. Measurement of Quantum Correlations and
Nonclassical Properties of Complex Systems. If we are
going to look for nonclassical properties, we need to be able to
detect them. Exploiting the quantum nature of chemical
systems requires characterization and measurement of the
quantum correlations in a polyatomic system. But measuring
quantum correlations in complex systems remains a challenge,
even if we were to know theoretical details of the relevant
quantum state. Can experiments be devised that reveal
evidence for nonclassical correlations in complex chemical
systems? What experiments can allow witnessing entanglement
and other quantum correlations in such systems?

Entanglement is difficult to characterize experimentally as it
usually requires a carefully chosen group of measurements in
different basis for ensembles of identical quantum systems to
allow the reconstruction of the quantum state. Such quantum
state tomography is not possible or is impractical for many
systems as the number of measurements needed increases very
quickly with the system dimension. The challenge is then to
circumvent tomography and find ways for either witnessing
such quantum correlations or estimating nonlinear functionals
of the quantum state described via a density matrix p which
can expose entanglement or other quantum correlations.
Perhaps probabilistic estimation techniques will become useful
for complex chemical systems?®> By this strategy, rather than
attempting quantitative measurements of quantum correla-
tions, we estimate some of their characteristics—surprisingly
well as it turns out—Dbased on limited information about the
system.
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A model system that offers opportunities is singlet fission,
Figure 7. Singlet fission is a process where an initial singlet
photoexcitation splits into a four-electron, four-orbital singlet
excited state shared across two molecules.”” This fission forms
a pair of excitations, with an overall singlet spin eigenstate,
called the correlated triplet pair. However, the correlated
triplet pair state lies close in energy to a manifold of eight other
pair states (quintets and triplets overall), enabling the initial
entanglement (purity of the spin eigenstate) to be lost over a
period of nanoseconds. While researchers have hypothesized
this sequence, it is an open challenge to quantify the
entanglement built into the triplet pair state, how it changes
with time, and what causes loss of entanglement.

correlated triplet pairs
(entangled state)

triplet excitons
(mixed state)

singlet exciton

-

S1+So ~ 100 fs

) e TN

Energy

>>1ns

ground *
state

Entanglement decreases as the initial triplet pair (singlet)
state equilibrates with the quintet and triplet pair states.

Figure 7. Schematic of the change in entanglement during singlet
fission. In this process, an initial singlet photoexcitation splits into a
four-electron, four-orbital singlet excited state shared across two
molecules.”® This is recognized as an interesting platform to study
entangled spin states across molecules.

Open questions include: What experiments can quantify the
change in entanglement? How can we detect the entanglement
spanning the molecules? Does formation of the mixed state
require separation of the excitons? How can we determine how
the entanglement affects the properties of the exciton pair? For
example, does it change how they diffuse through the crystal by
energy transfer? That is, do the excitons hop independently
when entangled or do they hop as a pair state? If so, how do
they separate? Lastly, how does entanglement change the
properties of the excitons—can we exploit those correlation for
function or as a probe somehow?

We think that one key idea to explore is multiparticle or
spatial interferometry. Multiparticle interferometry has been
implemented in other complex many-body systems such as in
Bose-Hubbard systems. With multiple copies of a system,
quantum many-body interference allows to measure quantities
that are not directly accessible in a single system such as
quadratic functions of the density matrix, like the Reényi
entanglement entropy. How can we implement similar
interferometric schemes on molecular or chemical systems of
interest?

Combination of molecular spectroscopy and quantum
interferometry that exploits the correlations of entangled

https://doi.org/10.1021/acs.jpclett.4c02955
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photons in a Hong-Ou-Mandel interferometer allows measure-
ment of dephasing times on the order of a few hundred of
femtoseconds from an organic dye in solution.”* The question
is how can such interferometric techniques be expanded to give
clear insight into the correlations within the matter system?
Spatial molecular interferometry via multidimensional high-
harmonic spectroscopy that achieves attosecond and angstrom
resolution appears promising.(’5

Another view on how to extract information about the
quantum correlations in matter is by using quantum optical
probes. Time-resolved intensity—intensity correlations of the
light emitted by a single complex system has the potential to
carry out signatures on the correlations embedded in molecular
system. How do the matter quantum correlations manifest in
the correlations of the emitted photons? Frequency®®™*® and
polarization-resolved® second-order photon correlations are
emerging as tools for such studies at the single-molecule level.

Quantum information scrambling refers to the dispersion of
local information into multipartite quantum correlations which
are delocalized throughout an entire quantum system. The
extent of quantum information scrambling is often assessed by
studying the dynamics of out-of-time-order correlators.
Theoretical studies have investigated the scrambling of
quantum information in chemical reactions’® and in molecules
undergoing vibrational dynamics.”' Such studies are high-
lighting important connections between the time scale of
chemical reaction dynamics and the time scale of information
scrambling.

We conclude this section by a list of interesting open
questions:

e How can we measure information scrambling in
molecular systems which are noisy and therefore will
require the distinction between the scrambling and the
decoherence processes affecting the quantum dynamics?

Measures of entanglement are well-defined for bipartite
systems and, in principle, a trace over all degrees of
freedom, except two can be done. However, the
structure of multipartite entanglement is much richer
than what can be captured by any bipartite subcompo-
nent.

Out-of-time-order correlators, which are commonly used
to signal quantum chaos in condensed matter systems,
can be potentially useful in examining quantum
correlations in the dynamics of chemical systems. How
can we implement out-of-time-order correlation meas-
urements in complex chemical systems? Can pump—
probe spectroscopy be linked to measurements of out-
of-time correlations?

It is necessary to formulate a quantifier for why certain
spectroscopic techniques are insufficient to access
quantum correlations in order to unequivocally justify
the need for new experimental probes beyond current
spectroscopy techniques.

Time-resolved resonant inelastic X-ray scattering has
been deployed to follow the photoinduced dynamics in
molecular systems with attosecond and amstrong
resolution. How can these measurement be exploited
to witness entanglement in such systems?

e Finding ways of exploiting chirality.

Big idea: Theory and experiment of out-of-time-order
correlators in photoinitiated dynamics of molecular systems.
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VI. EXAMPLES OF RESEARCH AT THE
QIS-CHEMISTRY INTERSECTION

Example 1: Quantum Light Spectroscopy. Nonlinear
spectroscopy is concerned with the study of matter dynamics
in response to light-matter interactions. Classical electric fields
are commonly used to keep the description of the electric field
state simple. Nonlinear quantum optics in contrast studies the
generation of nonclassical electric field states through non-
linear light-matter interactions. For the generation of quantum
light, the matter is driven far off-resonance as to not disturb the
delicate quantum states and as such merely serves as a catalyst
for effective interactions between different field modes.

The field of quantum spectroscopy’~’* aims to combine the
quantum optics and the spectroscopic community by applying
quantum states of light in spectroscopic techniques. This field
is driven by the impressive developments in the generation and
control of quantum light, which introduces additional degrees
of freedom that can unravel novel and unique molecular
information. As of today, various concrete theoretical as well as
experimental applications of quantum light states for spectros-
copy have been developed. The merits of quantum light can be
summarized in three major points: favorable intensity scaling
with entangled photon sources, pathway selectivity, and joint
spectra-temporal resolution beyond the Fourier limit.

A two-photon absorption process induced by two classical
coherent flelds scales quadratically with the two input
intensities. If a single pair of entangled photons is used to
induce the two-photon absorption process, the process scales
linearly with the input intensities.”* Signals with low input
intensities are thus enhanced by entangled photon sources,
which can be used to study photosensitive samples without
damaging them. The experimental demonstration of entangled
pair two-photon absorption has gained a lot of interest in
recent years as experimental >’ and theoretical”” estimates of
the cross sections of these processes differ widely. Another
interesting question concerns the crossover between linear and
quadratic scaling’®’” when the number of entangled photon
pairs hitting the sample is increased.

In classical spectroscopy, only the generated field is actually
measured and excitation pathways can be isolated using
different phase matching configurations. Quantum light is
sensitive to back action introduced by the nonlinear response.
Monitoring a higher number of interacting field modes
(instead of only the generated one) in terms of coincidence
measurements, combined with interferometric techniques has
demonstrated a higher control over the contributing pathways
that goes beyond the classical control via phase matching.*’~**
The higher selectivity can be used to reduce the congestion of
measured spectra, which is advantageous for the fitting of
model Hamiltonians. This selectivity can also be used to
remove unwanted background signals that can otherwise
interfere with the process of interest.

Entangled photons possess unusual spectro-temporal
correlations that can be used to beat the Fourier limit. This
can be used to monitor molecular dynamics with high joint
spectral and temporal resolution unmatched by classical
sources. Entangled photons with anticorrelated frequency
correlations can monitor conical intersections®> and can be
used to study photoelectron signals with ultrafast excited state
dynamics.”* Entangled photons with positive frequency
correlations can enhance Raman transitions®” and can also
provide information about excited state dynamics.*®

https://doi.org/10.1021/acs.jpclett.4c02955
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Figure 8. (a) Atom-exchange reaction used to redistribute entanglement. (b) Measured population distribution consistent with coherence is
preserved throughout the reaction. Adapted with permission from ref 92. Copyright 2024 AAAS.

The potential for quantum light spectroscopy goes beyond
the entangled biphoton states above-mentioned. Other
relevant quantum states of light that can serve as probes
include single and higher photon-number Fock states, other
fixed-photon number states such as Holland-Burnett states,®’
squeezed states, photon-subtracted states® and many others
yet to be identified. Furthermore, the set of relevant
measurements go beyond mere intensity, correlation, or
interferometric measurements. Indeed, the ability to identify
optimal measurements that attain the fundamental spectro-
scopic performance allowed by the laws of quantum mechanics
and statistics via the quantum Cramér-Rao bound is central to
quantum-enhanced sensing. This formalism also allows for the
identification of the optimal probe states in all the relevant
degrees of freedom. The concepts of quantum optics, classical
statistics and quantum estimation theory are beginning to be
brought together for spectroscopy, for instance, usmg
unchirped single photons,” chirped single photons,”® and
entangled biphotons.”"

The field of quantum light spectroscopy is in its infancy and
is rapidly developing. It lies at the intersection of nonlinear
spectroscopy and quantum optics and a combined effort of
experts of both fields will be needed to push it forward. The
main research questions of this field are very timely and tie in
well with the current quantum advantage initiatives worldwide.

Example 2: Coherence and Entanglement in Reactive
Collisions. Coherence and entanglement are hallmarks and
resources of quantum mechanics. How those properties evolve
in chemical systems where reactions are often dynamic is a
fundamental question. Chemical systems can start in an
entangled state such as electronic or nuclear spin singlet and
triplet states due to the natural interaction within the system.
After a reaction, are the spins still entangled and among
separated products? How do we prove such entanglement? If
the separated products inherited the entanglement, then the
products are chemical “Einstein-Podolsky-Rosen (EPR) pairs”
that can serve as resources for quantum communications or
subsequent chemical processes. As explained in the Back-
ground section of this report, entanglement is peculiar. An EPR
pair would be measured to have correlations of the two spins,
for example, antialigned, regardless of the reference frame.

How general would such observations be among diverse
chemical systems? And what about other molecular degrees of
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freedom besides spins? An affirmative answer would be the first
step to stretch our imagination regarding what might be
possible, maybe even connecting to applications relevant to
biology.

Recent advances in atomic, molecular, and optical (AMO)
tools provided a new avenue to examine the role of coherence
and entanglement in certain chemical reactions and chemical
systems. The signature of these AMO systems, although
sometimes of exotic chemical species, is the high level of
quantum control that can be achieved on the system (e.g,
preparing the system in a single quantum state), the tuning of
collision energy in the ultralow temperature range below even
the energy scale of the nuclear spin, the precise tools that can
be used to tease out important quantum correlation that would
otherwise be averaged out in ensemble measurements.

In a recent paper,’” the authors examine the role of
coherence and entanglement in the gas-phase atom exchange
reaction of 2KRb — K, + Rb, (Figure 8(a)). Because
coherence and entanglement are expected to be fragile, this
work focuses the nuclear spin degree of freedom where
environmental perturbation is less of a concern and the low-
density, ultracold nature of the study allows researchers to
examine the reaction under “textbook conditions.” The
experiment starts by first identically preparing all reactants in
an entangled nuclear spin state. This is a single-body eigenstate
where the entanglement exists within the individual molecules.
The nuclear spins involved are spin Iy = 4) and Iy, = 3/2).

0% T + 1k b))
, where the K spin is entangled with the Rb spin in each
molecule. After the atom exchange reaction, K and Rb are
separated and paired up with another K and Rb individually. If
reactions simply swap atom partners while keeping the
coherence of the wave function preserved, entanglement can
be redistributed into the product molecules where the
entangled pair of K—Rb now lives in two separate products.
To examine whether coherence is preserved or not, it is crucial
to pick out the reaction product pairs that come from the same
individual reaction event, free of ensemble averaging. This is
because without distinguishing the outcome of the individual
symmetry channels, coherence-preserving vs nonpreserving
processes would look identical. The measurement also makes
use of the spin-rotation correspondence of homonuclear

However, for illustration, we call it
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molecules to probe the parity of product molecule rotations as
a measure of spin symmetry. Coincidence detection is
employed where the rotation quantum state of the products
is probed and correlated to be from the same reaction via
constraints of momentum conservation. The population
accumulated result is shown in Figure 8(b), where no
population is found in the destructively interfered (even,
even) and (odd, odd) channels, indicating a high degree of
coherence is preserved throughout the reaction. The result
suggests that entanglement prepared within the reactants could
be redistributed through the atom-exchange process. Note that
the present experiment measured populations and the rigorous
proof of the phase coherence of the products was not
performed and is reserved for future work.

Nuclear spin coherence can be found in many chemical
systems. The KRb reaction was probed in isolation, and
therefore the fundamental finding is likely generalizable to
other chemical species in solid and condensed phases. The tool
developed here devises a way to probe coherence and
entanglement and possibly in other molecular degrees of
freedom. Reference’” is a beginning. More work will need to
be done and one can dream about harnessing the rich tools of
chemical synthesis from the broader community for a wide
variety of new applications in chemistry and quantum science.

Example 3: Ultrafast Measurements. Ultrafast science
has evolved in lockstep with advances in new light-sources,
enabling ever-more detailed mapping of ultrafast photoexcited
processes in real time. Quantum coherence and entanglement
phenomena are intrinsic in this domain and elucidation of the
strongly coupled nuclear and electron dynamics constitutes a
major frontier in quantum dynamics. The scientific and
technological importance is broad, stretching from fundamen-
tal scientific challenges in chemistry, physics, and materials
science to technologies for energy, environment, health, and
communications.

Ultrafast experiments live in a striking symbiosis with theory
and simulations. However, propagation of the many-body
nuclear-electronic wave function requires a challenging
combination of advanced electronic structure theory and
dynamics methods,” with the excited state electronic structure
calculations forming a major bottleneck.” Ideas from QIS offer
avenues toward more efficient and accurate treatment of
electron correlation and automated selection of active space
orbitals,”> ™" with concepts such quantum mutual information
emerging as a major descriptor of electronic structure,”>%%®

Furthermore, entropy measures utilized within QIS may
delineate the interplay between covariance, correlation, and
entanglement in nuclear-electronic dynamics, and provide a
powerful tool for revealing higher-order correlations.”” New
methods that explicitly account for Fermionic or bosonic
symmetries could become important,'”’ and modern versions
of Glauber’s coherent states'°”'*> have the potential to
elegantly accommodate entanglement between photons,
electrons and nuclei. The latter hold particular promise in
the realm polaritonic chemistry, which exploits the strong
coupling between molecules and light-modes in plasmonic
nanocavities and optical cavities to control photochemical and
photophysical processes'*”'** and to achieve efficient light-
harvesting.'*

The challenge of interpreting ultrafast measurements can be
cast as an inverse problem.'’° Here, the goals of QIS overlap
significantly with quantum tomography, which aims to
reconstitute the density matrix for a complete characterization
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of a quantum system. Quantum state tomography has been
achieved in a limited number of ultrafast measurements,'®” ™'
with molecular frame quantum tomography of a dynamical
polyatomic system recently demonstrated.''* Reconstruction is
limited by the number of observations, incomplete sets of
observables, or low fidelity. Maximum-entropy approaches
developed in the context of QIS provide a robust method for
density matrix reconstruction.”'' The ultrafast community, in
turn, has begun to explore multimodal measurements that
project different aspects of the quantum state onto
complementary observables, for instance by combining
spectroscopic and scattering techniques. These developments
will benefit quantum technologies by providing sensitive
diagnostics of quantum states.

The application of quantum information concepts to
ultrafast dynamics is likely to provide new routes for
controlling physical and chemical processes. Recent advances
in attosecond pulse-generation offer avenues toward measure-
ments of the transfer (or loss) of coherence as excited
electrons couple to nuclear dynamics.''” This provides an
exciting opportunity to probe fundamental correlations in
molecules, and tackle long-standing questions regarding the
transition from charge migration to charge transfer. In
photoionization, theory predicts that chirped ionization pulses
may control the degree of entanglement between the bipartite
subsystems''® and that pulse sequences can be designed to
maximize the degree of coherence in the molecular ion."'* The
former concept has recently been demonstrated experimen-
tally,” illustrating the inherent trade-off between coherence
and entanglement.' "

An aspect of time-resolved spectroscopies is that they can be
exploited as a new platform for quantum information
processing. The strong correlations between electronic and
nuclear degrees of freedom in photoionization, gives rise to
coupling and potential entanglement between electronic,
vibrational, rotational, and, potentially, spin degrees of
freedom. This has nontrivial dynamical and spectroscopic
consequences that provide opportunities for technological
exploitation such as information processing. Ideas are emerging
for information processing in the attosecond regime, for
instance via interferences between different electron trajecto-
ries in high harmonic generation (HHG) and the entangle-
ment between the generated XUV photons and residual
infrared photons.''® Others have proposed that nonlinear
spectroscopy in assemblies of nanosized colloidal quantum
dots could constitute an effective platform for quantum
information processing, programmable via Lie algebras,""’
with recent comparisons between simulated and measured
time-frequency polarization maps giving credence to this
concept.118

In summary, there are strong and tangible mutual benefits
between QIS and ultrafast science. Concepts from QIS will aid
experimental capabilities in the ultrafast regime, provide new
tools for the interpretation of measurements, and advance
computational methods. Reciprocally, the same advances will
benefit quantum technologies via better simulation methods
and better quantum-state diagnostics. Perhaps most intriguing
are the emerging concepts for quantum information processing
based on various forms of spectroscopic and ultrafast
measurements.

Example 4: Photon Correlation Measurements. Light-
matter interactions are one of the most accessible ways to
create and read-out state properties of materials. Conventional
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measurements in the optical domain—for example time-
integrated or transient photon absorption or emission—reveal
the temporal and/or energetic population of these states, but
typically say little about any role of quantum phenomena in
how those states interact with each other. To understand,
enhance or exploit any quantum properties of materials,
methods to reliably measure them are needed.

The most successful technique developed to-date is based on
an optical analogue of the Hahn Echo. These experiments, 2D
photon Echo (2DPE) spectroscopy,””*"'"*~"*! rely on using a
laser pulse to first create an excited state, then deliver
subsequent laser pulses to interact with that state and readout
the photon echo. 2DPE is an ensemble technique and has the
advantage of being able to potentially detect excitonic
coherences within an inhomogeneously broadened ensemble
because it is using the interaction of two identical pump laser
pulses to enable something incoherent (many different excited
states measured at once) to become coherent again (all excited
states are subject to the same second pump pulse) and be read
out. The 2DPE measurements are an inherently perturbing
experiment, as they rely on deliberately inducing a new signal
(the echo) as a readout for state coupling and coherent effects.
This is a requirement when one is measuring ensemble
samples where many thousands (or millions) of molecules are
simultaneously excited, as is almost always the case in
traditional spectroscopic techniques. It is appealing to find
new methodologies that do not rely on perturbing the system,
but instead use the excited state itself as a readout of its
behavior.

To use output from the system for evidence of quantum
behavior, single objects are an attractive regime to consider, as
they avoid the inherent randomization averaging that comes
when working with ensembles. These single objects can be in
the form of aggregated particles, quantum dots, single polymer
chains or single molecules. The quantum nature of these is
supported by the observation of single photon emission, which
is evidence of a two-level quantum system.'”” Here the second
order emission intensity cross-correlation (g(z)) is measured
using two detectors in a Hanbury Brown and Twiss
geometry'>® and photon antibunching (¢¥ ~ 0) indicates
that the system is a single photon emitter, a conclusion solely
drawn from photons emitted by the object itself. These g(z)
measurements are potentially powerful descriptors of state
behavior in single objects,'** and reveal information beyond
simple populations, up to and including quantum phenomena.
Short examples are detailed here for consideration.

In contrast to single photon emission, entangled photon
pairs are attractive to utilize in quantum information science.
These can enable secure communication, ghost imaging or new
spectroscopic techniques, e.g.herald photon spectroscopy.
Generation of entangled photon pairs is typically achieved
using spontaneous parametric downconversion of laser light,
however alternative methods such as emission from quantum
dot biexciton states or spontaneous four-wave mixing can be
used. An alternative to achieving the entanglement of photons
through their polarization is to use their time-energy
interaction. Strong resonant excitation of a two-level system
can lead to the generation of a Mollow triplet, so-called due to
the formation of two sidebands at higher and lower energy of
the main transition. Under such strong excitation, scattering of
photons as well as fluorescence is %)resent. Opverall, photon
antibunching will be observed (g» < 1), however, more
information can be extracted if spectral filtering of photons on
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both detectors is applied.*”*”'** One example of this is when

measuring epitaxially grown InAs quantum dots at 5 K.'*¢
Here by observing g values across an array of filter energies
on both detectors a map can be constructed. This evidence
that despite the wavelength integrated g® being (1, there
exists regions in the g(2> map that show values significantly
above 1, with the map revealing that not only cross-sideband
photon bunching, but also interactions between each of the
peaks (band, sideband), producing a fingerprint of state
interactions. Furthermore, it was found that the filtered
bunching peaks produce photon pairs close to violating Bell’s
inequality for entanglement, indicating these methods could be
used as a generation source in quantum optical applications.

The concept of energy and time filtering of photons in the
generation of correlations can be expanded beyond grown
quantum dots to instead explore single molecules. Here the
experimental conditions are more demanding, thus theoretical
exploration of these has so-far been the primary way that they
have been understood. First, considering a sing71e two-level dye
molecule in a single molecule measurement,'”’ the bandwidth
of the energy filtering is found to play an important role in the
observed correlations. Correlations between fluorescence
photons at significantly different energies is primarily
responsible for antibunching, while fine structure exists linked
to intersideband interactions. These results for a simple two-
level system follow the same behavior as described above for
the InAs quantum dot, however, these maps can become very
rich when considering more complex situations, e.g. two
coupled emitters.”®'*® Finally, placement of a molecule in an
optical cavity can create hybridized states, exciton polaritons.
Measurement of energy filtered correlations could then be used
to observe interactions between dressed Jaynes—Cummings
ladder polariton states.'”” Additionally, it has been suggested
that this information could enable coherent control of the
polariton via feedback into coupling time profiles.

In summary, it is clear that energy and time filtered photon
correlation measurements can enable access to rich informa-
tion on state interactions. Consideration must thus be given on
how these can be routinely achieved experimentally, where
photon rates are low and the measurement time scales
demanding.

Example 5: Molecular Spin-Based Qubits. Within the
context of quantum resource theories,'® quantum coherence
can serve as a resource state via interference phenomena or
other nonclassical correlations. Such resources are important
for sensors and detectors, and provide the possibility for
chemical manipulation of quantum correlations via manipu-
lation of coherent states. Sensing requires the coupling of a
responsive element, which can be bistable, to a reporter, which
can be classical or quantum in nature. The gating of molecular
structure through photoinduced excited states provides an
interesting paradigm for sensing on the molecular level.”
Photoinduced cis—trans isomerization in the rhodopsin retinal
chromophore involves wavepacket evolution on the fs time
scale and strong vibronic coupling that results in coherent
oscillations even after photoisomerization is complete.'*"™"**
Light-induced magnetoreception, an important example of
biological magnetic field detection, operates via changes in the
population of singlet—triplet states in charge-separated radical
pairs formed from photoexcitation in the cryptochrome family
of enzymes.'>*

By electronic coupling optically bistable molecular states, via
molecular switches, to a two-state quantum spin system, such
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as a molecular spin S = 1/2 state, with m, + 1/2 microstates, a
four state system is in principle created, in which the
population of each of these four states can be manipulated
by environment. Within the S = 1/2 spin system, resonant
microwave excitation leads to a coherent state at time = 0 that
gives rise to a Rabi oscillation with a frequency on the time
scale of 10s of ns for most molecular systems. Manipulation of
the Rabi frequency, which provides a basis for the spin
projection operator, leads to a possible strategy for sensing via
changes in coherence. Such a strategy was first proposed for
optically gated spin qubits'>*"** in which photoisomerization
in a metal—ligand system leads to a change in the driving force
for a charge transfer-induced spin transition, leading to
significant changes in spin state, oxidation state, and spin
relaxation dynamics at the paramagnetic metal center.
Significant changes in the coherence time and energy gap
between m, + 1/2 quantum states (g-value) are observed with
photoisomerization, suggesting a method for probing the
effects of structure, spin density distribution, and metal—ligand
covalency on the nature of coherent states in molecular spin-
based qubits.

The in situ manipulation of coherence in spin systems for
sensing protocols requires modulation of contributions from
through-bond magnetic exchange, through-space dipolar
interactions, and electron—nuclear hyperfine and super-
hyperfine interactions in response to an external stimulus.
The stronger the spin—spin interactions, the shorter the
coherence time, posing challenges for entangled molecular spin
systems, in which one predicts a decrease in coherence time
with exchange. Photoisomerization of a coordinated ligand
however results in a change in metal—ligand covalency, which
in turn modifies the spin density distribution in the ligand, and
in turn, hyperfine and superhyperfine couplings. The change in
spin—spin couplings results in changes in the coherence time
as well as Rabi frequency, allowing fundamental insight into
the structural changes that control quantum spin-state
dynamics in molecular systems in which the bath, geometry,
local environment, and phonon modes of the bath are held
constant. These studies highlight metal—ligand covalency as
being critical to controlling subtle changes in coherence, and
allow determination of possible design strategies for molecular
quantum sensors for QIS technologies.

VIl. OPEN RESEARCH QUESTIONS

A defining characteristic of molecules is that they are
intrinsically complex quantum systems with many degrees of
freedom, exhibiting remarkable variety. Molecules, therefore,
have different quantum properties than atomic systems,
including solids. Our aim should then be to leverage these
distinctions rather than trying to solely translate paradigms
from the QIS field to chemistry. This is where transformative
advancements lie.

Chemistry brings to the field the prospect of modifying
molecules in countless ways. They can be functionalized,
joined together, unhinged, rigidified, and so on. Exploiting this
core ability will enable unprecedented comparisons of
molecular quantum phenomena.

Each molecule is a rich complex quantum system, exhibiting
hierarchical entanglement of electronic, vibrational, and even
rotational coordinates. This suggests that studies of how the
Born—Oppenheimer approximation weakens are of relevance.
Examples include studies of vibronic coupling in excited state
dynamics and ambitious experiments, like TRUE-CARS
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(Transient Redistribution of Ultrafast Electronic Coherences
in Attosecond Raman Signals), that have been proposed to
map out dynamics through conical intersections.'** We may
also consider further studies beyond potential energy surfaces,
for example, to properties of nonadiabatic coupling manifolds
that arise from their topology.

The downside of the many internal degrees of freedom of
molecules, and also the way they interact strongly with their
environment, is that non trivial quantum states tend to be
fragile—they are subject to rapid decoherence. Challenges for
the field therefore include: How to characterize sources of
decoherence? Can decoherence be mitigated? Can we live with
strong decoherence in one basis by focusing on another basis?
How can we exploit dissipation processes to lead a chemical
system to a targeted quantum state?

One possible way forward is to imagine a hybrid of quantum
and classical worlds. In the classical world, weakly coupled
oscillator systems can form spontaneous collective states: if
started out of phase, they can synchronize spontaneously. The
larger the system of coupled oscillators, the more robust such
synchronized states tends to be. Synchronization abounds in
Nature and in engineered systems.137’138 It coerces complex
systems into unified and remarkable collective functions. It is
evident from many examples in the natural world—from the
beating of a heart to plumes of flashing fireflies. It may be
possible to find a way to use classical synchronization to
stabilize a system so that it becomes a more robust host for
quantum states.”>” Ultrafast transient spontaneous synchroni-
zation of molecular motions can also happen during photo-
excited dynamics despite strong coupling to environments,
indicating that molecules have interaction mechanisms which
lead to effective decoupling of collective quantum modes from
the environment.

Electrons, spins, and electron—electron interactions are the
“fundamental particles and forces” in chemistry. It makes sense
that they serve as resources for QIS. There has already been
extensive attention paid to spin states as prototypical resources
for entanglement (see for instance'). Ongoing research will
investigate the dynamics of these systems after photoexcitation.
Relevant systems includes spin systems formed by singlet
fission, excited state dynamics of radicals, biradicals, etc., and
weakly coupled spins produced by charge separation.
Investigations of multispin systems will enable elucidation of
quantum correlations beyond the well-studied Bell states and
may yield model systems for demonstrating measures of
entanglement and obtaining new viewpoints on the many-body
problem. Investigations of the ultrafast dynamics of popula-
tions will be complemented by studies of the evolution of spin
densities. Molecular synthesis will be exploited to control the
dynamical evolution of quantum correlations evidenced in spin
densities during photochemistry, reactions, or photophysical
processes.

The fundamental interactions between electrons may also
receive attention. In particular, the exchange interaction is the
quantum mechanical correction to the classical Coulomb
interaction between charge densities. Exchange accounts for
the way like-spin electrons naturally avoid each other because
of the Pauli principle, thus, ameliorating the blow-up of the
Coulomb interaction when electrons are closely separated. The
exchange interaction is implicated in stabilization of chemical
bonds as well as the splitting in the spectrum of singlet and
states from triplet states. The exchange interaction can be used
to indicate size and shape of wave functions.'* Future work
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may use such probes to map dynamics of charge density or
states.

A key challenge for the field is how to measure correlations
that are unique to multipartite quantum states, including
entanglement. This is an important challenge because it would
allow clear answers to questions about “quantum advantage” in
the properties of molecular systems. However, even with access
to the density matrix of a complex quantum system (beyond
Bell states) it is not clear that a state can always be
characterized as separable or nonseparable. Nevertheless,
design of suitable witnesses can provide useful “litmus tests”
of quantum correlations.

A Wishlist for Molecular Quantum Information Science
1. Can we find molecular or chemical versions of quantum
simulators? Perhaps the first steps will involve
constructing and working out ways to address three-
dimensional arrays based on covalent organic frame-
works.

. Molecules are unequivocally quantum mechanical
entities. The way we think about chemical reactions
and, often, how we model them is largely classical.
Where is the quantum-classical “dividing line” for
chemical reactions and what does it mean?

. Are there ways we can use weak measurement to probe
the quantum mechanical basis for chemical dynamics?
Can such a method find evidence for quantum
correlations in chemical systems?

. Demonstrate that entangling reactants in different ways
can influence a chemical reaction

. How can we “live with decorehence”? Devise an
abstraction of our usual view of chemistry where
intermolecular entanglement is more robust.

. Develop a “toolbox” of witness protocols that aid
detection of nonclassical correlations in complex
molecular systems.

VIll. CONCLUSIONS

Leveraging the rich properties of molecules for QIS-relevant
research is a promising direction for future work. It is
envisioned that the chemists’ expertise at constructing and
editing molecules on a range of scales will provide model
systems where thoughtfully designed experiments can reveal
influential, fundamental insights into QIS and the quantum
world at the molecular scale. Joint theory and experimental
research will be essential in achieving this goal. We have
described the challenges, given typical current chemistry
curricula and expertise, of how to comprehend deep issues in
QIS, what the open questions and opportunities are, and how
to make a contribution that will be impactful. In turn, that
suggests the need for interdisciplinary teams, where the
subtleties of QIS are understood and put in the context of
the leading edge of synthetic capabilities, theoretical programs
in chemical physics, and experimental tools. The challenge will
be to break down the well-known “language barrier” between
chemistry and physics.

The kinds of advances we have suggested in this report will
enable chemistry, as a field, to advance new directions for
quantum science. We envision that advances in chemical QIS
will lead to compelling examples of new function exhibited by
chemical systems, or probes of how correlations among
electrons change during reactions. These examples will be
foundational in shifting a mechanistic picture from the natural
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chemical perspective of states defined as wave functions
associated with quantum levels to states more generally defined
in terms of the density matrix. These new paradigms will
facilitate new educational paths to QIS within the chemical
context.
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