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Abstract

With the aim of developing a general method for the synthesis of molecular spin
qubits, this work demonstrates a spin-center doping method based on the use
of a metal-organic framework (MOF). As the MOF host, perovskite-type
[CHgN3][Zn'(HCOO)3] doped with 5%, 2%, and 1% mol of Cu(Il) ions is used.
An analysis including X-ray fluorescence spectroscopy, magnetism, and the
complete active space self-consistent field calculation method confirm the
presence of dopant Cu(ll) sites with the S = 1/2 system. Magnetic dynamics
indicate the occurrence of a slow magnetic relaxation via the Raman process
under an applied field, with a relaxation time of 3.5 ms (5% Cu), 9.2 ms (2%
Cu), and 15 ms (1% Cu) at 1.8 K. Furthermore, pulse electron spin resonance
spectroscopy reveals spin qubit properties with a Hahn echo decay time of 0.24
0s (2% Cu) and 0.41 0Us (1% Cu) at 4 K as well as Rabi oscillation between Mg =
+1/2 spin sublevels. These relaxation-extending effects stem from the
weakening of the spin-spin interactions between the Cu(lIl) sites and can be
tuned by adjusting the dopant concentration. This work demonstrates a new
application of MOFs as quantum materials having fine-tuning ability for spin

qubits.



Introduction

Spin qubits are promising units that can work at higher temperatures than
superconducting qubits, which generally operate at the milliKelvin scale.l-?
Examples of materials exhibiting spin qubit properties, which are based on the
superposition of quantum spin states, particularly two spin sublevels of Mg =
+1/2 in the S = 1/2 system because of their relatively stable spin coherence,
are [VIVO(/+C3S5),]%7,6 [VIVO(dipivaloylmethanato),],” low-spin [M(CN)g]3~ (M =
Felll, Rull, Os!),8 lJow-spin [Nill(mnt),]- (mnt = maleonitriledithiolato),®10
[Cul(mnt),],!! and [Cul(phthalocyaninato)].1? Aside from such molecular spin
qubits, the diamond nitrogen-vacancy center has been reported as a solid-state
qubit with stable spin coherence,!3-15 in which the very rigid framework is
considered to suppress decoherence due to spin-lattice relaxation and the
sparse vacancy centers contribute to weaken the spin-spin interactions by
isolation.

For the construction of spin qubits, metal-organic frameworks (MOFSs)
are desirable materials because their structures and properties can be tuned
by varying the metal ions and organic linkers.16-19 Three methods can be used
to synthesize spin qubits using MOFs, i.e., the molecular building block method
(Fig. 1a),2% the diamagnetic-center doping method (Fig. 1b),?! and the spin-
center doping method (Fig. 1c),%229 among which the spin center doping
method is especially attractive because of its simple procedure involving the
self-assembly of solvated metal ions and linkers and wide application. Siménas

et al. reported the spin qubit properties of doped MOFs with perovskite



compositions,30-32 j.e., high-spin Mn!-doped [CH3(NH;),][ZnI(HCOO)3] with a
spin-spin relaxation time (73) of ~0.5 Os at 40 K (note that 7; is also called phase
memory time; 77,)%% and high-spin Co!-doped [(CH3),NH,][Zn(HCOO)3] with 7
= ~0.045 (X-band) and ~0.07 (Q-band) Us at 5 K.?9 They also described the
occurrence of tunnel coherence related to phase transition due to methyl group
rotation in the cation moieties.2” However, the concentration dependency of the
doping sites for spin qubit properties is still unknown, as are the magnetic
properties of such doped spin qubit MOFs. In addition, although some studies
have reported slow magnetic relaxation in Cu(Il) complexes,33-3> there is no
report on both slow magnetic relaxation and spin coherence properties.
Previously, a doped MOF, i.e., [CHgN3][Col,Zn!; - (HCOO)3] ([CHgN3]*
= guanidium; x = 0.01, 0.005, 0.002), was reported to exhibit single-ion
magnetism with a positive D term of zero-field-splitting in a S = 3/2 system.36
Since this guanidium-type MOF is more simple than that containing
[CH3(NH;),]* because it lacks a phase transition derived from cations,37 it
seems a suitable candidate to investigate the slow magnetic relaxation and spin
coherence phenomena. Herein, the systematic doping of Cu(Il) into
diamagnetic [CHgN3][ZnI(HCOO)3] (Zn-MOF, Figure 2a) is reported, and the
concentration dependency of magnetic dynamism and spin qubit properties in

the S = 1/2 system is discussed.
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Figure 1. Schematic of the general methods to prepare MOF-based spin qubits,
e.g., [VIV,TilV,_,O(TCPP-Zn,-bpy)] (TCPP = tetracarboxylphenylporphyrinate;
bpy = 4,4’ -bipyridyl),20 [Zng ¢3Cuy g7(tricarboxylate),],2! and
[CH3(NH;),1[Mn!,Zn!, _ (HCOO)3]:25 (a) molecular building block method, (b)

diamagnetic-center doping method, and (c) spin-doping method.



Results and Discussion

The crystal structure of the Cu(ll)-doped Zn-MOFs, i.e., Cu/Zn-MOF(5%),
Cu/Zn-MOF(2%), and Cu/Zn-MOF(1%), was determined via powder X-ray
diffraction (PXRD), which confirmed that they are isomorphous with pristine
Zn-MOF (Fig. 2a). The presence of the doping Cu element was qualitatively
confirmed by X-ray fluorescence (XRF) spectroscopy (Fig. 2b and S1). The Cu-
K/ and Zn-K// peaks were detected at 8.04 and 8.63 keV, respectively, and were
accompanied by those of Cu-K7 (8.90 keV) and Zn-K7 (9.57 keV). Using the
fundamental parameter method, the doped amount of Cu was estimated to be
5.2%, 2.2%, and 1.0% mol relative to Zn, which is consistent with each loading
amount (5%, 2%, and 1%, respectively). Figure 3 shows the magnetization-field
(M-H) curves of the Cu/Zn-MOFs. Almost saturation at a higher field region at
1.8 K can be observed (Fig. 3a), and the saturation magnetization is consistent
with the loading amount. These curves are different from that of a pristine Cu-
MOF having canted-spin antiferromagnetism with hysteresis (Fig. S2),37
suggesting that the Cu/Zn-MOFs are sufficient diluted to prevent three-
dimensional magnetism. In contrast, Zn-MOF does not show any magnetization,
which indicates that the magnetism is not due to impurities but to the doping
Cu(ll) sites. Furthermore, the complete active space self-consistent field
(CASSCF) calculation using the program Orca afforded anisotropic g-factors in
the S = 1/2 system, i.e., gx = 2.09, gy = 2.12, and g, = 2.52 (Table S1),3® which
is almost consistent with those of electron spin resonance (ESR), i.e., gx = 2.065,

gy = 2.120, and g, = 2.435 (vide infra). The temperature dependency of the M-H



curves shown in Figs. 3b-3d matched well with those simulated using the PHI

program,3? supporting that the magnetism stems from the doping Cu(Il) sites.
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Figure 2. (a) PXRD patterns and (b) XRF spectra of Cu/Zn-MOF(5%), Cu/Zn-
MOF(2%), and Cu/Zn-MOF(1%) and the crystal structure and PXRD pattern of
[CHgN3][Zn(HCOO)3] (Zn-MOF).37 The escape (esc) peak stems from Cu-K/.
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Figure 3. Magnetization-field (M-H) curves normalized by the saturation M
(Ms) at 1.8 K of (a, b) Cu/Zn-MOF(5%), (c) Cu/Zn-MOF(2%), and (d) Cu/Zn-
MOF(1%). The temperature dependency was measured at 1.8, 3.6, 5.4, 7.2, 9.0,
11, 13, and 15 K. The solid colored curves and the dotted gray curves (they are
overlapping) represent the normalized simulation curves using the values
obtained from CASSCEF, i.e., gy = 2.09, g, = 2.12, g, = 2.52, and ESR, i.e., gx =
2.065, gy = 2.120, and g, = 2.435, respectively.
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Although the Cu/Zn-MOFs did not show any signals on alternating
current (AC) susceptibility measurements in the absence of an applied field,
such signals were observed under a magnetic field (Fig. S3 and Table S2).
Figure 4 shows the imaginary part of the AC susceptibility (/") of the Cu/Zn-
doped MOFs under an applied field of 0.4 T. The real parts (7) and the Cole-
Cole plots are shown in Fig. S4. The /”values obtained at various temperatures
were fitted using the Debye relaxation equation (equation 1):40

T \ (2rft )1 cos(na /2)
X0 = X XS}l + 2(2 nft )t-asin(na /2) + (2nft )22«

(1)

Here, /r, &, £, 0, and /7 refer to the isothermal susceptibility, adiabatic
susceptibility, AC frequency, relaxation time, and dispersion coefficient,
respectively. The fitting parameters are summarized in Tables S3-S5. The peak
of /" shows a delay of spin reversal between the quantum states of Mg = £1/2
and the relaxation time (/) obtained by the Debye equation. The log-scale plots
of /and temperature were fitted using a combination of the direct process and

the Raman process (Fig. 4d, equations 2-4):7

TDirect = AT ! (2)
TRaman — cT™ (3)
T!= TDirect_l + TRaman_1 (4)

Here, A and C are the coefficients of the direct and Raman processes,
respectively, and m is the index of the Raman process. This spin-lattice
relaxation is similar with that previously reported for
[VIVO(dipivaloylmethanato),] in the S = 1/2 system.” As a general trend, dilution

slows down the relaxation, i.e., 7 (Cu/Zn-MOF(5%)) < 7 (Cu/Zn-MOF(2%)) < 7
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(Cu/Zn-MOF(1%)), which can be explained by the weakening of the spin-spin
interactions between Cu(II) centers. Particularly, Cu/Zn-MOF(1%) shows a /7 of
15 ms at 1.8 K. The temperature dependency of these MOFs indicates the
occurrence of a Raman process with m = 4.4-4.7 at a higher temperature (Table
S6). Meanwhile, below ~2 K, the plots slightly deviate in the upper side from
the theoretical curves, which suggests a slower relaxation induced by the
phonon-bottleneck effect.

Figure 5 shows the results of X-band pulse-ESR spectroscopy
measurements. Electron-spin relaxation was measured at the static magnetic
field (328 mT) corresponding to the peak top of the Hahn-echo detected ESR
spectrum (Fig. 5a). Spin-lattice (77) and 7, relaxation times were determined
by the inversion recovery method and Hahn-echo decay measurement,
respectively. Both relaxation times were obtained by fitting using the following

(stretched-)exponential equations (equations 5 and 6):20

B
| = lo +|(exp _(-'Ir__,;) (5)
I = lpexp|- ZT—T: (6)

Here, I, Iy, & [}, and U refer to the echo intensity, initial echo intensity, pulse
separation between the initial inversion p-pulse and the two-pulse sequence for
the Hahn-echo detection, pulse separation between p/2-pulse and p-pulse in the
two-pulse sequence, and stretch factor, respectively. The fitting parameters are
summarized in Table S7-S10. The log-scale 7; plots are curved (Fig. 5b),

suggesting the occurrence of multicomponent spin-lattice relaxation. This 73
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multicomponent relaxation, which was determined using 7, is consistent with
the results of the AC susceptibility measurements showing the occurrence of
direct and Raman processes (Fig. 4d). In contrast, the log-scale 7, plots lie on
a straight line, suggesting a single spin-spin relaxation (Fig. 5c). 7; and 7; are
at the microsecond and submicrosecond scales, respectively, and were
measured below ~25 K. Cu/Zn-MOF(1%) shows longer 7; and 7, than Cu/Zn-
MOF(2%) (Fig. 5d and 5e), which can be attributed to the weakening of spin-
spin interactions in Cu/Zn-MOF(1%). This relaxation-extending effect is
consistent with the results of the AC magnetic susceptibility measurements (Fig.
4). The longest 7; and 7; values of 13 ms and 0.41 (s, respectively, were obtained
for Cu/Zn-MOF(1%) at 4 K. The 77 and 7; values of Cu/Zn-MOF(5%) could not
be measured because the corresponding processes were too fast. Furthermore,
Rabi oscillation was confirmed under different microwave powers using Cu/Zn-
MOF(1%) at 10 K (Fig. 5f), indicating superposition of Ms = =*1/2 spin

sublevels.as spin qubits.
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Figure 4. Imaginary part of the AC susceptibility (7’) of (a) Cu/Zn-MOF(5%),
(b) Cu/Zn-MOF(2%), and (c) Cu/Zn-MOF(1%) measured at 1.8-7.0, 1.8-8.0, and
1.8-10 K over a range of 1-1000 Hz under a static magnetic field of 0.4 T,
respectively. Each line is a Debye-relaxation-fitting curve. (d) Log-scale plots of
magnetic relaxation time (/) versus temperature (7) for Cu/Zn-MOF(5%),
Cu/Zn-MOF(2%), and Cu/Zn-MOF(1%) measured under a static magnetic field

of 0.4 T. The dotted lines represent the fitting curves obtained using the direct
and Raman processes.
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Figure 5. X-band pulse ESR measurements. (a) Hahn-echo-detected ESR
spectrum of Cu/Zn-MOF(1%) at 3.8 K under microwave irradiation of 9.689126
GHz, together with that of a simulation applied gy = 2.065(20), gy = 2.120(60),
g = 2.435(20), ¢4, = Cv4, = 60 MHz, ¢4, = 330 MHz, and lwpp = Gaussian
(0.6 mT) + Lorentzian (0.6 mT) using EasySpin.#! (b) Inversion recovery time
(71) and (c) Hahn echo decay time (73) of Cu/Zn-MOF(1%) at 4, 8, 10, 12, 15,
20, 22, and 25 K under a magnetic field of 328 mT. Temperature dependency
of (d) 77 and (e) 75 of Cu/Zn-MOF(1%) and Cu/Zn-MOF(2%). (f) Rabi oscillation
of Cu/Zn-MOF(1%) at 10 K for different microwave powers (0, 3, and 6 dB). The

fine oscillation at a later time region is due to 'H electron spin echo envelope
modulation (ESEEM).
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Conclusions

This work demonstrated the tuning of slow magnetic relaxation and spin qubit
properties in Cu-doped Zn-MOFs. It also revealed for the first time the
occurrence of both magnetic dynamism and spin coherence on Cu(II) centers in
the S = 1/2 system. The relaxation times for magnetism and spin decoherence
can be tuned through the strength of spin-spin interactions by modifying the
doping amount. This spin-doping method, which involves the self-assembly of
Cu(Il) and Zn(II) solvated ions and organic components, offers a general route
for the synthesis of doped MOFs and provides a new platform for the application

of MOFs as quantum materials having fine-tuning ability.

Methods

Materials. Zn''(NO3),-6H,0, Cull(NO3),-3H,0, formic acid (HCOOH), methanol
(MeOH), and N, N-dimethylformamide (DMF) were purchased from Fujifilm
Wako Pure Chemical Corp. Guanidinium carbonate ([CHgN3],CO3) was
purchased from Sigma-Aldrich.

Synthesis of [CHgN3]1[Zn''(HCOO)3] (Zn-MOF). The synthetic protocol was
same as previously as follows.3¢ Formic acid (811 UL, 21.5 mmol) was added
into a suspension of [CHgN3]CO3 (1.55 g, 8.60 mmol) in MeOH (20 mL), afforded
a colorless solution. A solution of Zn!''(NO3),-6H,0 (1.28 g, 4.30 mmol) in MeOH
(20 mL) was dolloped into the solution with stirring at room temperature,
immediately generated a precipitate. A white precipitate was collected by

filtration, washed with DMF (3 x 5 mL) and MeOH (3 X 5 mL), and dried in

16



vacuo to afford Zn-MOF in ~100% yield.

Synthesis of [CHgN3][Cull(HCOO)3] (Cu-MOF). The reported synthetic
protocol was modified as follows.3” Formic acid (811 0L, 21.5 mmol) was added
into a suspension of [CHgN3]CO3 (1.55 g, 8.60 mmol) in MeOH (20 mL), afforded
a colorless solution. A solution of Cul’(NO3),-3H,0 (1.04 g, 4.30 mmol) in MeOH
(20 mL) was dolloped into the solution with stirring at room temperature,
immediately generated a precipitate. A white precipitate was collected by
filtration, washed with DMF (3 x 5 mL) and MeOH (3 X 5 mL), and dried in
vacuo to afford Cu-MOF in ~100% yield. Elemental analysis calcd (%) for
C4HgN306Cu ([CHgN;3][Cu(HCOO)s3]): C 18.57, H 3.51, N 16.24; found: C 18.72,
H 3.54, N 16.32.

Synthesis of [CHgN3][Cu'l,Zn!!;_,(HCOO)3] (Cu/Zn-MOF). The Cu(II) doped
Zn-MOFs were synthesized by the same protocol above except for using
Cull(NO3),-3H,0 together with Zn'(NOs3),-6H,0 (Cu: 10.5 mg, 0.0434 mmol; Zn:
1.28 g, 4.29 mmol (x = 1 %); Cu: 20.8 mg, 0.0861 mmol; Zn: 1.27 g, 4.28 mmol
(x = 2 %); Cu: 51.9 mg, 0.215 mmol; Zn: 1.27 g, 4.26 mmol (x = 5 %),
respectively in ~100% yields. Elemental analysis calcd (%) for
C4HgN306CuyZn;_y ([CHgN3][CuyZn;_ (HCOO)3]): C 18.44, H 3.48, N 16.13;
found: C 18.63, H 3.59, N 16.24 (1%); C 18.69, H 3.61, N 16.22 (2%); C 18.72,
H 3.60, N 16.13 (5%).

Measurements. The elemental analysis was performed by using J-Science Lab
Co. Ltd. JM11 at the Research and Analytical Center for Giant Molecules

(Tohoku Univ.). XRF spectroscopy was performed by using a Rigaku NEX-DE
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under an atmosphere of air. PXRD measurements were carried out with Cu-KU
radiation using a Rigaku Ultima IV diffractometer at room temperature.
Magnetic measurements were performed using a magnetic property
measurement system (MPMS-XL, Quantum Design) in direct current and
alternating current modes. The sample was filled into a gelatin capsule
(Matsuya) which was fixed in a plastic straw.

Pulse-ESR. Pulse-ESR spectra were recorded on a Bruker ESP 380 at X-band
with a flexline dielectric resonator (Bruker ER 4118X-M-5) and an Oxford
Instruments CF935 continuous flow helium cryostat. The customized
spectrometer is fully controlled by Specman4EPR software.*2 Hahn-echo
detected field-swept ESR spectra were recorded by the Hahn-echo pulse
sequence (p/2-t-p-t-echo) with fixed pulse separation ¢ = 200 ns, £, = 100 ns,
and £ = 200 ns. 7, was measured by the Hahn-echo pulse sequence upon
increasing the pulse separation ¢ = 300 ns, %, = 50 ns, and 4 = 100 ns. 7; was
measured by the standard inversion recovery sequence (p-Z3-p/2-t-p-t-echo)
with #,, = 50 ns. Rabi-oscillations were measured with a nutation pulse (¢,) of
variable length followed by a Hahn-echo sequence (#,-#-p-f3 -echo) with 4 =
400 ns. The pulse length of the detection sequence was adjusted depending on
the attenuation level.

Quantum chemical calculation. CASSCF and N-electron valence
perturbation theory (NEVPT2) calculations were performed using the def2-
TZVP with the AutoAux RIJCOSX basis sets on the program Orca.3® The atomic

coordinates were used from crystal structure of [CHgN3][Cul!(HCOO);3] (Table
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S1).37 The active space was applied nine electrons and five 3d orbitals

(CAS(9e,50)) with 5 doublet states on the Cu(Il) center.
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Figure 1

Schematic of the general methods to prepare MOF-based spin qubits, e.g., [VVV, Ti"V,_,O(TCPP-Zn,-bpy)]
(TCPP = tetracarboxylphenylporphyrinate; bpy = 4,4 -bipyridyl),2° [Zn, 43Cu, o(tricarboxylate),]>! and



[CH3(NH,),][Mn" Zn'l, _ (HCOO0)3]:2° (a) molecular building block method, (b) diamagnetic-center doping
method, and (c) spin-doping method.
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Figure 2

(@) PXRD patterns and (b) XRF spectra of Cu/Zn-MOF(5%), Cu/Zn-MOF(2%), and Cu/Zn-MOF(1%) and the
crystal structure and PXRD pattern of [CH¢N3][Zn(HCO0),] (Zn-MOF).3” The escape (esc) peak stems



from Cu-Ka.
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Figure 3

Magnetization—field (M—H) curves normalized by the saturation M (M) at 1.8 K of (a, b) Cu/Zn-
MOF(5%), (c) Cu/Zn-MOF(2%), and (d) Cu/Zn-MOF(1%). The temperature dependency was measured at
1.8,3.6,5.4,7.2,9.0,11,13,and 15 K. The solid colored curves and the dotted gray curves (they are
overlapping) represent the normalized simulation curves using the values obtained from CASSCEF, i.e, g,
2.09,9,=212,g,=2.52,and ESR, i.e, g, = 2.065, g, = 2.120, and g, = 2.435, respectively.
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Figure 4

Imaginary part of the AC susceptibility (x") of (a) Cu/Zn-MOF(5%), (b) Cu/Zn-MOF(2%), and (c) Cu/Zn-
MOF(1%) measured at 1.8-7.0, 1.8-8.0, and 1.8—10 K over a range of 1-1000 Hz under a static
magnetic field of 0.4 T, respectively. Each line is a Debye-relaxation-fitting curve. (d) Log-scale plots of
magnetic relaxation time (f) versus temperature (7) for Cu/Zn-MOF(5%), Cu/Zn-MOF(2%), and Cu/Zn-
MOF(1%) measured under a static magnetic field of 0.4 T. The dotted lines represent the fitting curves
obtained using the direct and Raman processes.
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Figure 5

X-band pulse ESR measurements. (a) Hahn-echo-detected ESR spectrum of Cu/Zn-MOF(1%) at 3.8 K
under microwave irradiation of 9.689126 GHz, together with that of a simulation applied g, = 2.065(20),

g, = 2.120(60), g, = 2.435(20), °“A, = ““A, = 60 MHz, ®“ A, = 330 MHz, and Iwpp = Gaussian (0.6 mT) +
Lorentzian (0.6 mT) using EasySpin.#" (b) Inversion recovery time (7;) and (c) Hahn echo decay time (T>)
of Cu/Zn-MOF(1%) at 4, 8,10, 12, 15, 20, 22, and 25 K under a magnetic field of 328 mT. Temperature
dependency of (d) 7 and (e) T, of Cu/Zn-MOF(1%) and Cu/Zn-MOF(2%). (f) Rabi oscillation of Cu/Zn-
MOF(1%) at 10 K for different microwave powers (0, 3, and 6 dB). The fine oscillation at a later time
region is due to "H electron spin echo envelope modulation (ESEEM).
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