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ABSTRACT: The inherent atomic level structural control of synthetic chemistry enables the creation of qubits, the base units of a
quantum information science system, designed for a target application. For quantum sensing applications, enabling optical read-out
of spin in tunable molecular systems, akin to defect-based systems, would be transformative. This approach would bring together
molecular tunability with optical read-out technology. In theory, nickel ions in octahedral symmetry meet all the criteria for optical
readout of spin. Yet, to the best of our knowledge, there are no pulse EPR studies on Ni** molecules. We identified two compounds
featuring highly symmetric Ni*" centers, thereby engendering weak zero-field splitting to enable EPR addressability:
[Ni(phen),](BF,), (1) and [Ni(pyr;),](BF,), (2) (phen = 1,10-phenanthroline; pyr; = tris-2-pyridyl-methane). Crucially, these
complexes feature the requisite strong field ligands to enable emission for optical addressability. We extracted axial zero-field splitting
parameters of D = +0.9 cm™' and +2.7 cm™" for 1 and 2, respectively, enabling pulse EPR measurements. Both compounds produce
emission at A, = 938—944 nm. The aggregate of these results expands the catalogue of qubit materials to Ni**-based compounds
and offers a future pathway for optical readout of these molecules.

Quantum information science (QIS) is an emerging addressability and optical emission. Recently, we demonstrated

paradigm, whereby inherent quantum properties of an success with this bottom-up strategy to create optically
object are harnessed for quantum applications including addressable molecular qubits in a series of Cr*" transition
communication, sensing, and metrology.l_7 In QIS systems, metal complexes.24 The combination of strong field aryl
bottom-up design of paramagnetic spin centers as quantum ligands coordinated to Cr*" in a high symmetry configuration
bits, or qubits, provides immense control over the electronic allowed for a spin-optical interface with atomistic control.
structure and environment of the qubit.” Such synthetic Expanding to other transition metals enables tunable emission
tunability has enabled control over coherence times,”'” design and control of the local environment to create designer qubits
of multiqubit systems for gate operations,'”'> and integration targeted for specific sensing or communication applications.
of qubits into diverse device architectures and scalable To realize optical read-out, we need an S = 1 ground state
arrays.*~'® To realize the promise of an atomistic approach featuring weak zero-field splitting to enable microwave
to QIS, we need a generalizable readout strategy. Optically manipulation coupled with strong field ligands to ensure the
addressable solid-state spins provide an enticing framework for lowest lying excited state is a singlet that radiatively decays to
readout of molecular systems. One of the most well-studied the ground state.”®
optically addressable quantum sensor candidates is the anionic One class of inorganic complexes that meet these criteria are
nitrogen-vacancy (NV) center, a defect in diamond in which a divalent nickel ions in octahedral coordination geometries

nitrogen atom substitutes for a carbon atom with an adjacent
vacancy.'”"® This defect hosts an S = 1 ground state, which is
optically initialized and read out under off-resonant optical

o : g
excitation. While the NV centers are the most developed Polypyridine ligands impart a strong ligand field around the

system with these properties, transition metal dopants in wide nickel jon to ensure an S = 0 first excited state.””>” While Ni2*

b‘zla.nd gap E?g’lzgnfgﬁfs)s _i‘:l)dllng) chronﬁlum or Var;t;d%um mn is an attractive target, it is typically considered “EPR-silent”,”®
silicon carbide (Cr :SiC), ™" as well as rare-earth ions in

h 21723 1 q d -l with few examples of pulse EPR data.”””’ High-symmetry,
'ga’rl'le.t ,OSt crystals, ave ergonstrate an 'c>pt.1ca octahedral environments support the small zero-field splitting
initialization and readout mechanism using resonant excitation. . .
e , values (denoted by the parameters D and E) required for spin
This wide array of defect-based systems that supports optical

readout offers promise to extend this approach beyond defects
to structurally precise materials such as molecules.

A bottom-up design through chemical synthesis allows us to
merge the optical addressability of solid-state defects with the
tunability of chemical synthesis. Our goal is the replication of
the electronic structure of these defect sites via coordination
chemistry. Specifically, we need a system that features EPR

containing polypyridine ligands. The O, geometry around
nickel leads to an S = 1 ground state, in which two unpaired d
electrons reside in the antibonding e, set of d orbitals.

Received: June 26, 2020
Published: August 10, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.0c06909

W ACS Publications 14826 J. Am. Chem. Soc. 2020, 142, 14826—14830


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+K.+Wojnar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+W.+Laorenza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Schaller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danna+E.+Freedman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c06909&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06909?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06909?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06909?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06909?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jacsat/142/35?ref=pdf
https://pubs.acs.org/toc/jacsat/142/35?ref=pdf
https://pubs.acs.org/toc/jacsat/142/35?ref=pdf
https://pubs.acs.org/toc/jacsat/142/35?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c06909?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

manipulation.’”*” Herein we report the optical, magnetic, and

pulse EPR analyses of two air- and water-stable Ni**
complexes, [Ni(phen);](BE,), (1) and [Ni(pyr;),](BF,),(2)
(phen = 1,10-phenanthroline; pyr; = tris-2-pyridyl-methane)
(Figure 1). Notably, both 1 and 2 meet the requirements for

Figure 1. (Left) Molecular structure of [Ni(phen);]** (1) and
[Ni(pyr;),]** (2) as found in the crystal structure. Green, blue, and
gray spheres represent Ni, N, and C atoms, respectively. (Right)
Energy-level diagram for 1 and 2.

molecular optically addressable qubits, including the correct
ground- and excited-state manifold, and an emissive
component to provide an optical interface to the spin
component.

To ensure an EPR-accessible transition, we sought
compounds featuring a rigorously octahedral ligand field with
strong donors. The strength of the donors increases the energy
separation between the d,, and d,. orbitals, which is inversely
proportional to axial zero-field splitting.”* As D originates from
the coupling of electronic ground states to excited states via
spin—orbit coupling, the strong field polypyridine ligands were
a crucial design principle to offset the large spin—orbit
coupling constant (630 ecm™)** of Ni** and lead to EPR-
addressable complexes. Toward that end, compounds 1 and 2
were synthesized following modifications of the literature
procedures.***°

To assess the EPR addressability of nickel in these strong
field coordination environments, we employed multifrequency
cw-EPR spectroscopy (Figure 2), which demonstrated these
molecules feature an S = 1 ground state. This enabled
quantification of the axial and rhombic zero-field splitting
parameters, D and E. The observed spectra were modeled with
EASYSPIN and the spin Hamiltonian, H = DS? + (E(S: — S;)
+ Y gugHS + IAS, which provides the energies of the Mj levels
for the spin S as a function of D and E as well as the applied dc
magnetic field (H). In this Hamiltonian, S; (i = «, y, and z) are
the spin operators, g; (i = «, y, and z) are the g factors, I is the
nuclear spin of the "*N nucleus, A is the hyperfine coupling
tensor, and yy is the Bohr magneton. The best simulations for
1 and 2 yielded the values shown in Table 1. The magnitudes
of the zero-field splitting parameters in 1 and 2 confirm the
EPR addressability of the complexes. Interestingly, IDI
increases slightly upon moving to the pyr; ligand. Whereas

— 1

d//dB

—_—
Magnetic Field (T)

Figure 2. High frequency EPR spectra for 1 (318.7 GHz) and 2
(213.0 GHz) with their best simulations (gray spectra) at S K (+
denotes the double quantum transition; * denotes a g = 2 impurity).

Table 1. Simulated Spin Hamiltonian Parameters for 1 and
2

A A”

IE| (**N) (MN)

& & g& D(em™) (cm™) (MHz) (MHz)
1 2.140 2.100 2.182 +0.90 0.20 3.2 3.8
2 2.160 2.150 2.140 +2.70 0.10 4.0 7.0

the stronger ligand field should lessen the excited state
contribution to D, we hypothesize that the other low-lying
excited states (i.e., 'E) lead to this increase.

Zeeman diagrams based on the cw-EPR spectra reveal the
identity of the EPR transitions and the ground-state energy
level scheme for 1 and 2 (Figures S6 and S8). This Zeeman
diagram changes slightly for a field aligned along the x- and y-
axes of the molecule due to the different principal g-values. For
both systems, a sharp resonance is observed at low fields,
assigned to the forbidden half-field transition (AMg = 2),
which is characteristic of an S = 1 ground-state spin, while the
multiple transitions observed at higher fields correspond to
allowed AMg = 1 transitions. For 2, with larger zero-field
splitting values, the resonances are also spread over a larger
field range. The energy level schemes illustrate the ground-
state chemical engineering afforded to the magnetic properties
of molecules in 1 and 2.

We employed pulse W-band high-power EPR (HiPER)
spectroscopy” " to evaluate the coherence properties of 1 and
2. All pulse EPR experiments were performed on 1 mM
solutions in 1:1 H,O/glycerol solutions. We first measured the
echo-detected field-swept (EDFS) spectra for 1 and 2 by
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applying a two-pulse Hahn-echo detection sequence (7/2-7-7-
7-echo) at a fixed 7 value while sweeping the magnetic field.
The resultant EDFS spectrum of 1 exhibits an intense and
broad transition at 3.00 T and a less intense yet sharp
transition at 1.53 T. Similarly, 2 shows a sharp peak at 0.00 T,
with three broad peaks at higher magnetic fields (0.69, 3.00,
and 6.00 T in Figure S10). The EDFS spectra for 1 and 2 are
consistent with predicted spectra at W-band frequency based
on the magnetic parameters obtained from cw-EPR measure-
ments. Notably, these sharper, low-field features likely
correspond to the spin-forbidden, AMg = 2 transitions, while
the broader features originate from spin-allowed, AM; = 1.
The nonzero echo intensity obtained for 1 and 2 demonstrate
that multiple transitions in the spin manifold can be
manipulated with coherent control.

We determined the spin—lattice relaxation time, T, the
upper limit for information storage in a qubit, using a
saturation recovery sequence (long pulse-T-7/2-7-7-7-echo).
The magnitude of T represents the lattice contribution to spin
relaxation. We fit the saturation recovery curves with a
monoexponential function, I = —Iy(e”’™ — 1). At § K, the low-
and high-field values (AMg = 2 and 1, respectively) of T, for 1
and 2 fall in the range 10—12 us (Figure 3b). With increasing
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Figure 3. (a) T, and T,, values for 1 at 1.53 T (blue) and 3.00 T
(pink). (b) T, values for 2 at zero field (0.00 T) and high fields (0.69,
3.00, and 6.00 T).

temperature, we find the temperature dependence of T, varies
significantly as a function of field, and therefore transition
identity. The values of T for the AM = 1 transitions have a
greater temperature dependence, dropping precipitously from
S to 7 K for fields > 0 T for 2. At these low experimental
temperatures, the field dependence of T, suggests the direct
process is the dominant relaxation mechanism.”” ™ We

attribute the more pronounced field dependence in 2 to the
higher zero-field splittin§ values, which results in faster spin—
lattice relaxation times.*

To assess the coherence properties of these molecules, we
determined the phase memory time (T,), which encompasses
all processes that contribute to decoherence, including the
electron spin T, and inhomogeneous dephasing time T,*.
Monoexponential functions (I = I, =7/ ™) were fit to the echo
decays. For both 1 and 2, T, values decay rapidly with
increasing temperatures. In line with the T values, the AMg =
1 superpositions have a greater temperature dependence in
comparison to the AMg = 2 transitions. In 1, T, at 1.53 T was
0.25(1) us at 20 K, while there was no echo intensity above 15
K at 3.00 T, where T,, vielded a value of 0.072(8) ps. The
convergence of T, and T, at the higher temperatures
establishes T, is T,-limited in 1 and 2, at all investigated
fields (Figure 3a), which has been observed in § > 1/2 metal
complexes.*”** Despite the field dependence of the spin—
lattice relaxation times, there is no dependence of field on the
spin—spin relaxation times in 1 and 2. While magnetic fields
typically suppress intermolecular interactions by locking
electronic spins in alignment with the field and thus increase
T,,*° we attribute this finding to the 1 mM concentration
where spin—spin interactions may be minor.

An optically addressable molecular qubit requires an
emissive component as a readout mechanism for the spin
information. Indeed, we selected these compounds for their
strong field ligands that may enable emission. We acquired
emission spectroscopy data by excitation with a 450 nm cw
laser source. Powders of 1 and 2 produce broad emission at
Amax = 938—944 nm (Figures S25 and S26), satisfying the
emissive readout criterion for an optically addressable
molecular qubit. To elucidate the electronic excited state
manifold, we acquired UV—vis data, basing our transition
assignments on published computational analyses of 1 and 2,
albeit with different anions.”>*” We observe a 3A2g—>3T2g
transition along with a pronounced lower energy shoulder in
the 3T2g band, which has been calculated and assigned as the
spin-flip transition 3Azg—>1Eg.48 The 3A2g—>1Eg band does not
shift in energy, but does lose intensity in 2, consistent with the
intensity borrowing mechanism observed in the electronic
absorption spectra of octahedral nickel(II) complexes.”” The
methylene spacer in the pyr; ligand accommodates a larger bite
angle and creates more overlap between the metal d orbitals
and the ligands, relative to the phen derivative. Accordingly, we
observe an increase in ligand field strength, in which the
3A2g—>3TZg transition blue-shifts by 400 cm™ from 1 to 2, in
agreement with previous studies (Figure $24).”>*

Compounds 1 and 2 expand our molecular toolkit of spin
qubits to nickel and represent, to the best of our knowledge,
the first molecular Ni** qubit candidates. The combination of a
transition that can be manipulated by pulse EPR spectroscopy
coupled with emission suggests these air-stable compounds are
viable candidates as optically addressable molecular qubits.
Future research will focus on integrating these molecules with
spectroscopic approaches designed to measure defect-based
qubits.
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