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ABSTRACT: Quantum nuclear dynamics with wavepacket time evolution is
classically intractable and viewed as a promising avenue for quantum
information processing. Here, we use IonQ, Inc’s 11-qubit trapped-ion
quantum computer, Harmony, to study the quantum wavepacket dynamics
of a shared-proton within a short-strong hydrogen-bonded system. We also
provide the first application of distributed quantum computing for chemical
dynamics problems, where a distributed set of quantum processes is
constructed using a tensor network formalism. For a range of initial states, we
experimentally drive the ion-trap system to emulate the quantum nuclear
wavepacket as it evolves along the potential surface generated from the
electronic structure. Following the experimental creation of the nuclear
wavepacket, we extract measurement observables such as its time-dependent
spatial projection and its characteristic vibrational frequencies to good
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agreement with classical results. Vibrational eigenenergies obtained from quantum computation are in agreement with those
obtained from classical simulations to within a fraction of a kilocalorie per mole, thus suggesting chemical accuracy. Our approach
opens a new paradigm for studying the quantum chemical dynamics and vibrational spectra of molecules and also provides the first
demonstration of parallel quantum computation on a distributed set of ion-trap quantum computers.

1. INTRODUCTION

Quantum nuclear dynamics has a critical impact on a range of
problems of interest in biological, materials, and atmospheric
systems. For example, the rate-limiting step in the oxidation of
fatty acids by the enzyme, soybean lipoxygenase-1, is a
hydrogen transfer step that is thought to be deeply impacted
by quantum mechanical tunneling.'~* Protonated and
hydroxide-rich water clusters that are thought to catalyze
atmospheric reactions and are also of fundamental interest in
condensed phase chemistry”™’ have spectral features influ-
enced by the quantum mechanical nature of the hydrated
proton.®~"" Several problems in materials chemistry including
the study of nitrogen fixation'>™"* and artificial photosyn-
thesis'® are strongly controlled by such hydrogen transfer
processes.” In all of these cases, there is a critical interplay
between the electronic and nuclear degrees of freedom that
influences chemical properties including reactivity.
The quantum chemical reaction dynamical study
such complex problems entails the ab initio investigation of the
time evolution of nuclear wavepackets on carefully constructed
multidimensional potential energy surfaces (PES). The study
of these problems leads naturally to detailed examination of
chemical reaction dynamics and is considered to be an
exponential scaling problem with nuclear dimension.'®**™>*
Indeed, such studies are deeply confounded by the following
primary challenges: (a) Accurate electron correlation methods
to compute PES have computational scaling™” that is steeply

16—48
8 of

© XXXX American Chemical Society

WACS Publications

algebraic,53 where, for example, the well-known and extremely

accurate CCSD(T) approach® scales as O(N®7) for N
electrons in the system. (b) Quantum nuclear dynamics is, as
noted above, thought to scale in an exponential manner with
the increasing number of nuclear degree of free-
dom, 16:3949-51,53-57

This paper deals with the development of quantum
algorithms for the study of quantum nuclear wavepacket
dynamics and implementation of these ion quantum hardware.
Our work here follows on our previous studies of quantum
nuclear wavepacket dynamics on ion-trap systems’”” and
provides one approach to extend these ideas to multidimen-
sional quantum dynamics. While the implementation here is
conducted on an ion-trap quantum hardware device, our
algorithm is agnostic to hardware implementations and is in
fact designed in such a way that it can be implemented on an
ensemble of multiple kinds of quantum hardware systems. We
perform our ion-trap experiments here on IonQ’s 11-qubit
trapped-ion quantum computer, Harmony. Our focus here is

Received: June 6, 2024
Revised:  October 3, 2024
Accepted: October 4, 2024

https://doi.org/10.1021/jacs.4c07670
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anurag+Dwivedi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+J.+Rasmusson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+Richerme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srinivasan+S.+Iyengar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c07670&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=agr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c07670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

on obtaining the vibrational properties, beyond the harmonic
approximation, for specifically chosen nuclear degrees of
freedom in a hydrogen-bonded system, through the simulation
of the time evolution of a quantum nuclear wavepacket on an
ion-trap quantum device.

We build on ref. 58, where we chose a single hydrogen-
bonded system, with the hydrogen-bonded direction as the
quantum mechanical degree of freedom (that is, one-
dimensional quantum system), and this quantized dimension
was directly treated on a Sandia National lab’s, QSCOUT ion-
trap quantum computer.”® Good agreement was found
between the classically studied wavepacket dynamics problem
and that studied for the ion-trap quantum system. In contrast,
here, not only do we provide a natural generalization of this
application to more quantum nuclear dimensions, but also we
provide a circuit-based implementation on a distributed set of
ion-trap quantum computing systems, thus opening the doors
for parallel quantum computation. Given that we are in the
NISQ_era of quantum computing,loz’103 with deep quantum
circuits yielding large errors in computation, a distributed
approach substantially reduces the circuit depth for these
quantum operations and also provides a first parallel
implementation of a chemical dynamics problem on quantum
computers.

The specific problem of choice is a two-dimensional
hydrogen-bonded system where, for simplicity, the hydrogen
bond coordinate and a specific gating mode, which modulates
the strength of the hydrogen bond, are together treated as a
single two-dimensional quantum mechanical wavepacket. The
evolution of this system is studied by using an ion-trap
quantum computer. At the end, we find that the molecular
vibrations captured from the time evolution of the wavepacket
are in good agreement with quantum wavepacket dynamics
studies on a classical computer. Our work complements other
recent developments, including quantum simulations of
vibronic spectra,’”"® study of model potentials at conical
intersections,”* ™" and algorithms for reduced dimensional
reactive scattering studies.”**” Additionally, our work will
greatly benefit from state-of-the-art algorithms for electronic
structure’’™”” and their implementation on quantum hard-

78,81,85,98—101
ware.

2. METHODS

Our nuclear Hamiltonian comprises the nuclear kinetic energy
operator and the multidimensional potential energy surface obtained
from electronic structure calculations (for more details about the
nuclear Hamiltonian, please refer to Supporting Information). The
initial quantum nuclear wavepacket state is chosen as a matrix product
state (MPS), where the quantum state is expressed as a tensor
product of lower-rank tensors, each of which pertains to the individual
physical dimensions of the nuclear vibrational problem. Figure 1
complements our discussion, and more details, including general-
ization to Figure 1, can be found in Supporting Information. The
matrix product state for the initial wavepacket is represented as orange
circles at the top of Figure la with entanglement, or bond, dimension
a. This is a critical step here, as we will see in arriving at a distributed
quantum computing protocol. Concurrently, the time-evolution
operator is concisely represented in Figure la (green boxes) with
entanglement, or bond, dimension f. Given that the time-evolution
operator here arrives from electronic structure, this is further written
out using the kinetic and electronic structure-based potential
operators, as a Trotter factorization'* in Figure 1b. Additionally, in
Figure 1b, the potential propagator is also represented as a matrix

product state, yielding for example, (VU (VY with bond
dimensions f. The bond dimensions signify the extent of
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Figure 1. Figure la depicts the time evolution of the tensor network
representation of a wavepacket. Figure 1b enumerates this action
when the time evolution is written in Trotterized form. Here, the
initial vector is given by entanglement variables @, while the
Trotterized propagator has entangled variables 3, which combine to
determine the index y = a X f for the propagated system.

entanglement or the number of such one-dimensional propagators
and serve directly in creating quantum replicas to be processed on a
distributed architecture. The final number of bond dimensions, that is
a X f3, is explicitly written out in Figure la, at the bottom, and is
concisely represented as y in Figure 1b.

Classically, we follow a procedure similar to that illustrated in
Figure 1b, which involves the parallel application of one-dimensional
potential propagators on each matrix product state (MPS) dimension.
That is, the equivalent of Uglqﬁ{iil(xi) - (p(E"]/),(x,) In this article, we
examine a general quantum approach for such higher dimension
problems, and this is described in Figure 2 with more details in Figure

In general, a x (8 times
number of dimensions
distributed ion traps,

working in parallel.

Figure 2. Derived from Figure la and depicting the simultaneous
study of quantum dynamics for individual one-dimensional wave
functions on distinct ion-trap quantum computers.

3 (also see Supporting Information where higher-dimensional
generalizations are presented) As can be seen from Figure 2, we
may create o X f§ copies of unitary evolutions per dimension, each
conducted on a different quantum hardware device. How this works
in practice is shown in Figure 3. From each one-dimensional potential

propagator ("V%), we recover a one-dimensional potential and
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Figure 3. A detailed exposition of Figure la that precisely outlines how the distributed simulations are carried out. The individual one-dimensional
potentials are derived from each one-dimensional propagator, as shown, yielding a family of effective one-dimensional Hamiltonians for the system.
These individual one-dimensional Hamiltonians are then independently and concurrently simulated on separate ion-trap quantum computers.

construct Hamiltonians represented as {H},l]} ; {HE,ZJ} in Figure 3,

which now represent an array of separate one-dimensional quantum
systems. These individual one-dimensional Hamiltonians are directly
mapped onto separate ion-trap systems that individually propagate the
different components of the entangled quantum system. The
algorithm is hardware agnostic; hence, these individual one-dimen-
sional Hamiltonians can also be simulated on an ensemble of a mixed
set of quantum hardware systems. These aspects will be probed more
in future publications.

Thus, in higher dimensions, each physical dimension would be
independently propagated on distinct ion-trap quantum computers.
The victory here comes from the following fact. It is well-known that,
for correlated systems, as dimensionality increases, the quantum
circuit depth of a general unitary goes exponential. For example, for
an n-qubit unitary, one has a single 2" by 2" unitary operator, and a
quantum circuit may, in general, require up to 4" parameters. This
exponential scaling poses a prohibitive challenge for computation,
even in the quantum domain, let alone for the classical case. The
current formalism, using the advantage of the MPS framework, may
provide a family of separate quantum processes, studied independ-
ently, and the complexity of such processes grows as 2" X Mentangle?

where nlD = n for nuclear dimensionality ©. In some sense, the
formalism here trades quantum circuit depth for quantum circuit
breadth. Consequently, while the exponential scaling with nuclear
dimensionality may be mitigated, there exists a linear scaling with the
extent of entanglement qyng. that may be present in the system. As
chemistry tends to be local, the extent of entanglement is expected to
scale as an area of the Hilbert space as per the area law of
entanglement entropy, rather than the volume of the Hilbert
space.'®>7'% This results in a reasonable starting point for
constructing an approximation for factored quantum dynamics on
quantum computing platforms for higher dimensional problems.
Quantum computations are performed using IonQ’s 11-qubit
trapped-ion quantum computer, Harmony, and accessed through the
cloud via Amazon Braket.'””''® Each ion encodes an effective
quantum bit with long coherence time and near-perfect state
preparation and measurement.'”” Harmony’s laser beam systems
can separately address each ion, or pairs of ions, enabling arbitrary
single-qubit gate rotations and all-to-all two-qubit gate connectivity.
The wavepacket dynamics are simulated and measured on Harmony
with 1000 repetitions for each time point. Quantum circuits (see
Supporting Information) are executed in parallel such that the
maximum number of qubits is in use during a computation.

3. RESULTS AND DISCUSSION

The system under investigation in this study is a bidentate-
chelating agent known as 2,2’-bipyridine (see Figure 4). The

Figure 4. Protonated 2,2’-bipyridine system with the hydrogen bond
dimension x; and gating dimension «, noted.

aromatic nitrogen-containing heterocycles within this molecule
hold significance in a variety of applications, particularly in
energy storage and catalytic oxidation.'"'™"'® Notably, the
protonated form of 2,2’-bipyridine has garnered widespread
attention due to its potential applications as both electron
carriers and electron acceptors, while the deprotonated form
serves as a potent chelating agent."'*'"

The system depicted in Figure 4 is characterized by a shared
proton stabilized through a N—H-N hydrogen bond.
Furthermore, the ligand exhibits a structural arrangement
featuring two planar pyridine rings interconnected by a
carbon—carbon single bond, thus introducing a degree of
torsional freedom. This torsional rotation of the C—C bond
serves as a gating mode, regulating the spatial separation
between the donor and acceptor atoms defining the hydrogen
bond. Consequently, the torsional rotation of the C—C bond
significantly influences the basicity or proton affinity of
protonated 2,2'-bipyridine.''* In this study, we focus on
examining both the torsional angle (x,) of the C—C bond and
the corresponding relative proton position along the donor—
acceptor axis, denoted as xy, as illustrated in Figure 4.

In our scheme, the potential energy surface is computed
through electronic structure methods, the details of which can
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be found in Supporting Information. The time evolution of this
problem is studied classically, and to show that our quantum
evaluation process works quite well, in Figures Sa—d, we
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Figure S. Illustrating the coherent dynamics of the wavepacket. The
time evolution along specific grid points for the vibrational degree of
freedom along the internuclear axis (x;) connecting the two nitrogen
atoms in Figure 4 is shown in parts (a,b). Figures (c,d) depict the
quantum dynamics corresponding to the torsional degree of freedom
(x,) resulting from planar rotations of the pyridyl rings about the C—
C bond. The projection of the wavepacket onto each grid point is
shown separately. The left and right columns pertain to the two
separate blocks of the Hamiltonian (see Supporting Information).

display the population of the time-evolved wavepackets on
each grid basis state as for the classically treated and quantum
mechanically treated problems. Due to the block diagonal
nature of the Hamiltonian discussed in ref. 59 (see Supporting
Information), each block of the Hamiltonian is simulated
separately on two separate two-qubit ion-trap systems. Figure
Sa,b shows the time traces of the upper and lower block
diagonal Hamiltonian corresponding to the vibrational degree
of freedom of the molecule (x;) along the internuclear axis
connecting two nitrogen nuclei, while Figure 5c,d depicts the
time traces of the upper and lower block diagonal Hamiltonian
corresponding to the torsional degree of freedom (i,) resulting
from planar rotations of the pyridyl rings about the C—C bond,
respectively. The agreement between the quantum and
classical calculations appears to be good but is gauged in
further detail by probing the Fourier transforms of these time
traces and comparing those with the respective eigenstates of
the nuclear Hamiltonian.

In quantum mechanics, time correlations and their Fourier
counterparts are generally used to probe expectation values.
But as we discussed in ref. 58, and also in Supporting
Information here, on quantum platforms, the individual terms

within a correlation function become accessible to measure-
ment. This provides us with another approach to compute
these vibrational properties, which is done here, as was done in
ref. 58. Specifically, vibrational properties are normally
obtained from the Fourier transform of the density—density
autocorrelation function. As can be seen in Supporting
Information, inherently, there is a trace in all such observations
as required by the expectation value that the fundamentals of
quantum mechanics require us to perform. However, on a
quantum computer, it is possible to measure the value of
density at each basis point directly. Thus, in this publication, as
in ref. 58, we have utilized this alternate formalism of
computing vibrational properties that is not directly available
through the Fourier transform of density—density autocorre-
lation function.

Along the same lines, in Figures 6 and 7, we present the
experimentally derived frequency and energy spectra of
protonated 2,2’-bipyridine, showcasing two distinct vibrational
degrees of freedom. The first corresponds to the transfer of a
proton along the internuclear axis (x;) joining the two nitrogen
atoms, while the second pertains to the torsional motion (x,)
associated with planar rotations of the pyridyl rings about the
C—C bond. As mentioned earlier, leveraging the block-
diagonal nature of the Hamiltonian (Supporting Information),
each block is simulated separately on two distinct two-qubit
ion-trap systems. The Fourier transformation corresponding to
the upper and lower blocks of the Hamiltonian is depicted in
panels a and b of Figures 6 and 7, respectively, corresponding
to their respective degrees of freedom. Additionally, we
compute the Fourier transform of the time evolution of the
full Hamiltonian (see Supporting Information for theoretical
details) to determine relative energy separations between the
eigenstates of the respective blocks. In Figures 6 and 7, panel ¢
illustrates the Fourier transform derived from the quantum
dynamics of the full Hamiltonians. The meaning of the y-label
in Figures 6 and 7a—c is described in detail in Supporting
Information. Additionally, in panel d, frequencies extracted
from panels a to ¢ are color-coded according to their respective
spectra, facilitating the experimental determination of relative
energies for all eigenstates. Furthermore, panel e in Figures 6
and 7 presents a comparison between the energy eigenvalues
from the quantum (represented by blue dots) and classical
(depicted by dashed gray lines) simulations of the nuclear
Hamiltonian corresponding to the respective degree of
freedom.

At the end, from the Fourier transforms in Figures 6 and 7,
we find all energy differences (Figure 8) between eigenvalues
that populate a given initial state through our quantum
computation on an ion-trap system. The accuracy of these
eigenvalues is compared with that obtained from exact
diagonalization. The absolute energy differences between the
quantum-computed and those obtained from exact-diagonal-
ization are shown in Figure 8. As can be seen, the mean
absolute error is less than 0.2 kcal/mol, thus suggesting
chemical accuracy. In a real chemical experiment, these
eigenstates would be thermally populated, thus reducing the
number of such eigenvalue differences found in accordance
with the experiment, but here we find all eigenvalue differences
within the initial wavepacket state. Finally, we utilize this
information and find specific eigenstates from these eigenvalue
differences, but already the agreement between eigenvalue
differences classically computed and quantum computed is

high.
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Figure 6. Figure presents the experimentally determined frequency and energy spectra of protonated 2,2'-bipyridine corresponding to the
vibrational degree of freedom of transferring proton along the internuclear axis (x;) joining the two nitrogen atoms. Due to the block diagonal
nature of the Hamiltonian (see Supporting Information), each block of the Hamiltonian is simulated separately on two separate two-qubit ion-trap
systems. The Fourier transform of the time evolution of the full-Hamiltonian (see Supporting Information for theoretical details) allows for the
determination of relative energy separations between the eigenstates corresponding to the respective blocks. Panel (a) displays the cumulative
Fourier transform obtained from the quantum propagation of the upper block with different initial wavepackets (more details in Supporting
Information), while panel (b) illustrates the cumulative Fourier transform derived from the quantum propagation of the lower block of the
Hamiltonian along the x;-direction initialized with different wavepackets. Panel (c) shows the cumulative Fourier transform derived from the
quantum dynamics of the full-Hamiltonian with two distinct initial wavepackets, providing the relative separation between the two sets of
eigenstates corresponding to the lower and upper blocks. Figure 6d presents the extracted frequencies from panels (a—c), color-coded according to
their parent spectrum. This presentation allows for the experimental determination of the relative energies of all eigenstates. Additionally, Figure e
compares the quantum-computed energy eigenstates of the nuclear Hamiltonian (depicted as blue dots) with the results of exact diagonalization
(shown as dashed gray lines).
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Figure 7. Figure presents the experimentally derived frequency and energy spectra of protonated 2,2'-bipyridine, focusing on the torsional degree of
freedom (represented as x,) associated with planar rotations of the pyridyl rings about the C—C bond. Leveraging the block diagonal structure of
the Hamiltonian, each block is individually simulated by using separate two-qubit ion-trap systems. Panel (a) illustrates the cumulative Fourier
transform resulting from quantum propagation of the upper block with 4 distict initial wavepackets (further details in Supporting Information),
while panel (b) depicts the cumulative Fourier transform obtained from the quantum propagation of the lower block along the x,-direction starting
with different initial wavepackets. Panel (c) exhibits the Fourier transform derived from the quantum dynamics of the full-Hamiltonian, elucidating
the relative separation between the eigenstates of the lower and upper blocks. Furthermore, in Figure 7d, frequencies extracted from panels (a—c)
are color-coded by their respective spectra, facilitating the experimental determination of relative energies for all eigenstates. Additionally, Figure 7e
presents a comparison between the quantum-computed energy eigenstates of the nuclear Hamiltonian (represented by blue dots) and exact
diagonalization results (depicted by dashed gray lines).

E https://doi.org/10.1021/jacs.4c07670
J. Am. Chem. Soc. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c07670/suppl_file/ja4c07670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c07670/suppl_file/ja4c07670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c07670/suppl_file/ja4c07670_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c07670/suppl_file/ja4c07670_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c07670/suppl_file/ja4c07670_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c07670?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c07670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

o It N
[ e IS
. '.

.

.

Error (kcal/mol)

o
—
.
.
.
.
.
.
.

(] 10 20 30 40 50
Energy (kcal/mol)

o
(=]
»

Figure 8. Mean absolute eigenenergy differences between the
quantum computed and classically computed vibrational eigenener-
gies corresponding to the two chosen modes of protonated 2,2'-
bipyridine. Information from Figures 6e and 7e is combined to form
the vibrational energy spectrum. The mean absolute error between
the quantum-computed energies and the exact-diagonalization results
is 0.14 kcal/mol for first sixty-four energy levels.

4. CONCLUSIONS

In conjunction with the findings of ref. 58, we have
demonstrated that quantum wavepacket dynamics studies
can be constructed on ion-trap systems to good accuracy.
While in ref. 58, the study is shown for a one-dimensional
system, here, we have shown that this can be done for a
hydrogen transfer mode that is coupled to a gating dimension.
We also present a theory that readily generalizes to more-
dimensional quantum dynamics problems. The complexity of
the problem as given by the associated set of quantum circuits
grows with the entanglement in the system. But we do not
have an exponential scaling with dimension, and the circuit
depth only grows in a proportional manner to the number of
basis points used per dimension which may, in general, be
fewer than the total number of dimensions in the problem. We
believe that this approach offers a robust alternative to the
challenges associated with quantum circuit depth and
complexities in quantum nuclear dynamics.
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