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ABSTRACT: Molecular electron spin qubits offer atomic-level tunability and room-
temperature quantum coherence. Their integration into engineered solid-state matrices can
enhance performance toward ambient quantum information technologies. Herein, we

Room temperature

¥ 9
demonstrate covalent organic frameworks (COFs) as programmable matrices for stable Y T, > 300 ps
organic radical qubits, allowing strategic optimization of spin-phonon and spin—spin - T > 13 ps
interactions. Using two classic boronate-ester frameworks, COF-5 and COF-108, to host Y d W
W | e

semiquinone-like radical qubits, we achieve an ultralong spin relaxation time (T, > 300 ps) at &

298 K, which outperforms most molecular qubits and rivals inorganic spin defects. The . *

suppression of spin relaxation is attributed to rigid and neutral structures as well as carbon-

centered spin distributions that effectively weaken spin-phonon coupling. Employing dynamical decoupling methods to both COFs
improves their quantum coherence and enables room-temperature detection of nuclear spins, including 'H, ''B, and "*C. Our work
establishes COFs as designer quantum materials, opening new avenues for quantum sensing of nuclear spins at room temperature.

H INTRODUCTION
2 3

Stable organic radicals, e.g. nitroxide," semiquinone,” &
triphenylmethyl radicals,”® are molecular electron spin qubits
with room temperature quantum coherence. They are
promising candidates for ambient quantum information
technologies and have enabled prototypical demonstrations
of molecular quantum logic gates,7 quantum sensors,” and
quantum memories.” Incorporating stable organic radicals into
metal—organic frameworks (MOFs) and covalent organic
frameworks (COFs) facilitates rational optimization of their
key qubit metrics includin¥ spin relaxation time (T;) and
decoherence time (T,).'”"" The corresponding quantum
materials, molecular qubit frameworks (MQFs), possess
atomically designable, highly ordered, and microporous
structures.”>”"* They impart well-defined and fine-tunable
spin distributions and phonon dispersion relations, enabling
sophisticated control of spin-phonon coupling and spin—spin
coupling." "> Their nanoscale pores and functionalizable inner
surfaces further facilitate T} and T, modulations by harnessing
host—guest interactions.'®'” Recent development of MQFs
has led to materials with decent room-temperature spin
dynamic properties (T, = 214 us, T, = 0.98 us),'® optically
initiazl(i)zable quantum states,'” and quantum sensing capabil-
ities.

Previously, we investigated two MQFs consisting of HOTP-
based semiquinone-like radical qubits (HOTP represents
2,3,6,7,10,11-hexaoxytriphenylene) and diamagnetic metal
ions, i.e. Mgo(HOTP),(H,0);, (MgHOTP) and
[(CH;),NH,],Ti(HOTP) (TiHOTP).""'*** The spin relax-
ation in these frameworks is closely related to their structural
rigidity and innate hydrogen bonds. The former determines
the density of states (DOS) and cutoff frequencies (Debye
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frequency, wp) of acoustic phonons that drive direct and
Raman relaxation processes; the latter affects vibrational modes
involving oxygen atoms of HOTP ligands, which stimulate
local-mode relaxation processes. Specifically, MgHOTP
consists of flexible hydrogen-bonded networks that introduce
sub-terahertz optical phonons and expedite spin relaxation. In
contrast, the more rigid TIHOTP displays much slower spin
relaxation, with T, being 41 ps at 294 K. Soaking it in pyridine
further improves the structural rigidity and weakens local
hydrogen bonds between HOTP and (CH;),NH,*, enhancing
the room-temperature T to 117 us.

Further improving the T, of MQFs necessitates implement-
ing stable organic radicals into more rigid structural motifs.
This led us to investigate COF-based MQFs, as covalent bonds
(B—O, C=N, etc.) are stronger than coordination bonds and
covalent building blocks are typically less flexible than
coordination spheres of metal ions.”"** Using 7-conjugated
monomers could promote spin delocalization, which might
help protect spins from environmental vibrational and
magnetic influences.”> Moreover, the frameworks can be
neutral, leaving no counterions in the pores, and they can be
evacuated to remove adsorbed guest molecules.”* Thus, COFs
could provide rigid matrices without innate hydrogen bonds,
which combined would improve T, and T, at room
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Figure 1. COFs as solid-state hosts for stable organic radical qubits. (a) Advantages of boronate-ester COFs over TIHOTP as MQFs. (b)
Comparison of room-temperature T, values of COF-5 and COF-108 with those of representative molecular electron spin qubits and paramagnetic
defects in dense inorganic solids. Schemes of selected molecules are shown. Full data and the corresponding references are summarized in Table S1.
Triangles represent electron spin qubits embedded in solid-state materials or dispersed in solid-state diamagnetic matrices. Circles represent
molecular qubits dissolved in fluid solvents. Filled stars represent COF-5 and COF-108. T, values of the systems described above were acquired by
pulse EPR experiments. Diamonds represent inorganic spin defects whose T values were acquired by optical pumping or optical readout methods.

temperature (Figure 1a). In addition, because their structures
can be engineered by rational design of monomers and their
spin density can be fine-tuned by postsynthetic modification,"’
COFs enable systematic examination about the influence of
structural features, e.g., dimensionality, topology, pore size,
etc.,, and spatial distribution of spins on the qubit perform-
ance.”® Overall, COFs could be excellent solid-state hosts for
stable organic radical qubits, yet their potential remains largely
unexplored, with only one previous example reported to date
exhibiting T} and T, up to 30.2 and 0.49 us at 296 K,
respectively.'”

Herein, we report ultralong room-temperature T} of HOTP-
based qubits embedded in two classic COFs developed by
Yaghi et al, namely COF-5 and COF-108.**” These
frameworks exhibit T values of 358.0 + 4.5 us and 315.1 +
5.7 us at 298 K, respectively. They outperform most molecular
electron spin qubits at room temperature and are comparable
with ensemble paramagnetic defects in dense inorganic solids

(Figure 1b). The slow spin relaxation stems from rigid
structures, the absence of hydrogen bonds, and carbon-
centered spin delocalization as revealed by spin dynamic
analysis, specific heat capacity measurements, and density
functional theory (DFT) calculations. The long T leads to T,
reaching 1.3 ps at 298 K, the record for MQFs, and enables
room-temperature nuclear spin detection with quantum
sensing protocols, showing the potential of radical-integrated
COFs for ambient quantum information technologies.””

B RESULTS AND DISCUSSION

Structures and Phononic Characteristics. We synthe-
sized COF-5 and COF-108 by reacting methylboronic-acid-
protected 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)
with pinacol-protected benzene-1,4-diboronic acid (BDBA)
or tetra(4—hydroxyborzlghenyl) methane (TBPM) based on
literature procedures.””*” The reversible transesterification
reaction between boronic esters helps reduce density of defects
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Figure 2. Crystal structures and phonon characteristics. (a) Portions of the crystal structures of COF-S and COF-108. Gray, purple, and red
spheres represent C, B, and O, respectively. H atoms are omitted for clarity. (b) Raman spectra of COF-S and COF-108 collected at 298 K with
785 and 633 nm excitation, respectively. Stretch modes of representative chemical bonds are highlighted. (c) FT-IR spectra collected at 298 K. (d)
Temperature dependencies of specific heat capacity. Circles are experimental data and dash lines are fitting curves.

in the products, thereby improving their crystallinity. Powder
X-ray diffraction (PXRD) confirmed structures of target COFs
(Figure S1). COF-S exhibits a 2D layered structure with
honeycomb-like planar sheets and eclipsed interlayer stacking
(Figure 2a).”® HOTP moieties form an ordered lamellar
architecture facilitated by 7—x interactions. In contrast, COF-
108 displays a 3D non-interpenetrated cubic structure nested
by triangular HOTP and tetrahedral tetraphenyl methane
moieties (Figure 2a).”” The 7—x interaction is absent between
HOTP moieties, as they are spatially separated.

Phonon dispersion relations of COF-5 and COF-108
determine their spin-phonon coupling and in turn spin
relaxation processes.’’ Specifically, some optical phonons
manifest themselves as vibrations of chemical bonds involving
spin-bearing atoms, inducing local-mode relaxation, whose rate
is determined by vibrational frequencies. Acoustic phonons
could cause direct relaxation by matching electron Zeeman
splitting and could participate in Raman relaxation by
providing virtual phononic states. The rates of these two
processes decrease with the rise of Debye temperature (T =
(hwp)/ks where h represents reduced Planck constant and ky
represents Boltzmann constant).

Submicrometer crystal sizes of COF-5 and COF-108
prevented characterization of their complete phonon dis-
persion relations by inelastic neutron scattering or resonant
inelastic X-ray scattering,””>' so we conducted Fourier-
transform infrared (FT-IR) and Raman spectroscopy to
characterize optical phonons at the Gamma point of first
Brillouin zone. Both COFs exhibit vibrational peaks at
approximately 1250 cm™, 1330 cm™, 1377 cm™!, and 1610
cm™! (Figure 2b,c; Figure S2), which are respectively
attributed to stretch modes of C—0O, B—O, C—B, and C-C
bonds.”***** These high-frequency optical phonons may
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contribute to local-mode relaxation near room temperature.
The lowest-frequency optical phonons of COF-5 and COF-
108 are at approximately 260 cm ™' and 280 cm™" (Figure 2b,c;
Figure S2), respectively, which provide upper limits of Ty, as
374 and 403 K.

Experimentally determining Tp helps to reduce the
ambiguity of this parameter, providing more accurate insights
into spin relaxation mechanisms (vide infra). To precisely
determine Tp, values, we measured specific heat capacity (C,)
of COF-S and COF-108 at various temperatures (T) (Figure
S3a). Both frameworks exhibit low electron spin density (vide
infra) and behave as electronic insulators (Figure S4), so their
C, dominantly stems from phonons. Below 8 K, C, values of
COF-5 and COF-108 scale with T> and T°, respectively,
consistent with Debye models of 2D and 3D systems at the

low-temperature limit (T < Tp):>*~°
24¢(3)N, kT
2D:Cp=7C( ) 20
Tp (1)
127*N kg T?
3D: C, = A
STy ()

where N, represents Avogadro’s number and {(x) is Riemann
zeta function. These observations indicate consistent distribu-
tion of phonon density of states with structural dimensionality
for each COF. Fitting the temperature dependencies of C,
with egs 1 and 2 revealed T}, values of 138.9 and 123.5 K for
COF-S and COF-108, respectively (Figure 2d). As Tp is a
proxy for structural rigidity, COF-S is slightly more rigid than
COF-108 possibly due to the interlayer 7—x stacking in the
former. The Tp, values of these COFs are higher than that of
TiHOTP acquired by the same method (Tp, = 110.5 K; Figure

https://doi.org/10.1021/jacs.5c09638
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Figure 3. Room-temperature (298 K) qubit performance. (a,b) Rabi oscillations of COF-S and COF-108. Microwave attenuations are labeled for
nutation traces. (c) Hahn echo decay measurements of T,,. Dots are experimental data. Solid lines are monoexponential decay fitting curves. (d)
Inversion recovery measurements of T;. Solid lines are biexponential decay fitting curves. (e,f) Spin density distributions of COF-S and COF-108.

S3), which is consistent with the larger bond dissociation
energy and force constant of B—O bonds compared with those
of Ti—O bonds (Figure S7; see detailed discussion in
Supporting Information). This reinforces the hypothesis that
the boronate ester linker helps improve the structural rigidity
of frameworks due to its inherent robustness.
Room-Temperature Qubit Performance. X-band (9.8
GHz) continuous-wave electron paramagnetic resonance
(CW-EPR) spectroscopy revealed slight g-anisotropy for each
framework with COF-5 showing g, = 2.00313 and g, =
2.00351 and COF-108 showing g; = 2.00310 and g, = 2.00353
(Figure SSa,b). These values are comparable with the free-
electron g-factor (g. = 2.00233), confirming the radical
characteristics of electron spins. The radical concentrations
amount to 5.2 X 10" spins:-mm™ (0.019% HOTP) and 9.3 X
10" spinssmm™ (0.048% HOTP) in COF-5 and COF-108,
respectively, as indicated by quantitative CW-EPR measure-
ments. Both radical percentages are lower than that of HHTP
used for the COF synthesis (0.202% HHTP) (Figure SSc),
demonstrating that the transesterification reaction reduces the
density of radical defects, i.e. partially oxidized HOTP
moieties. DFT calculations show that the electron spin mainly
resides on triphenylene moieties in both COFs (Figure 3e,f),
exhibiting distinct spin distribution from that of the HOTP
radical in MgHOTP and TiHOTP where electron spin is
concentrated on oxygen atoms.'' This difference is likely
caused by the electron donation of HOTP to electron-deficient
boron, which significantly reduces the electron density on
oxygen atoms and leaves the unpaired electron mainly
distributed on the aromatic rings. In addition, DFT
calculations indicate efficient spin delocalization along the 7-
stacked HOTP columns in COF-S (Figure S6), contrasting
with localized spin on a single HOTP moiety in COF-108.
Thus, comparing these two COFs could reveal the influence of
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structural dimensionality and its associated spin delocalization
among HOTP moieties on the spin dynamics.

We employed X-band pulse EPR spectroscopy to character-
ize T, and phase memory time (T,), the latter of which
encompasses all dephasing factors and represents T, for
ensemble systems, of COF-5 and COF-108 at room temper-
ature (298 K). We characterized three synthetic batches and
conducted six repetitive measurements for a representative
batch (discussed below) to confirm reproducibility of T, and
T,, values (Figure S10 and Table S2). Both COFs exhibited
echo-detected field sweep spectra corresponding to S = 1/2
spins (Figure S8) as well as Rabi oscillations in nutation
experiments (Figure 3ab; Figure S9), demonstrating their
coherent addressability and qualifying them as MQFs. Their
T,, times are 1.31 + 0.04 s and 1.38 + 0.03 ps, respectively, as
revealed by Hahn echo decay measurements (Figure 3¢; Figure
S10 and Table S2), which are longer than the room-
temperature T, of other MQFs (Table S1). Inversion recovery
measurements showed comparable behaviors of the two COFs
involving two exponential decays. The faster is likely caused by
spectral diffusion, whereas the slower is attributed to intrinsic
spin relaxation, and its characteristic decay time is assigned to
T,. Remarkably, T times of COF-5 and COF-108 are 358.0 &
4.5 ps and 31S8.1 = 5.7 ps, respectively (Figure 3d; Figure S10
and Table S2). They are significantly longer than the room-
temperature value of TiHOTP (T, = 41 us).'' To our
knowledge, these two COFs show comparable T, at room
temperature with ensemble paramagnetic defects in inorganic
solids (e.g., nitrogen—vacancy centers in diamond®”) and three
carbon-centered radicaloids dispersed in o-terphenyl,”® and
they outperform all other molecular electron spin qubits
encompassing stable organic radicals,”®”’ photo-generated
radicals,”” and coordination complexes*' (Figure 1b and
Table S1).

https://doi.org/10.1021/jacs.5c09638
J. Am. Chem. Soc. 2025, 147, 31930-31939


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09638/suppl_file/ja5c09638_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09638?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09638?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09638?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09638?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c09638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a 100 b 104
COF-5 - - - Raman: TD =138.9K
o COF-108 Local mode: vic = 1619 cm™
107 {- sum o7
] 8 ‘If(; o o
—~~ o R _ -
£ 102, o4 103
~ ° b ~
o ~ P
o
107, ‘e 1.7
e 7
o
[«
1074 , , , 10° , ;
100 200 300 100 200 300
Temperature (K) d Temperature (K)
(o
104 108
- - - Raman: T =123.5K o COF-108
Local mode: v/ic = 1611 cm™ o0 9 a» TiIHOTP N
i Sum g°?// i AAA/‘e_,
o~ A R
'?\ o ol ° ‘If\ a ‘ '// ° /?
(7)) 2 e (7)) A e S
= 10%3 6o ° S10% Raman a2 ,; 0 %--77
D A A S /
S el ° S a2 e 4:’//0 .
1 s d _ - 0 / /
> -6 © / 1
P / Local /" Local
100 COF-108| Raman 7 mode / mode
100 200 300 100 200 300

Temperature (K)

Temperature (K)

Figure 4. Spin relaxation mechanisms. (a) T, of COF-S and COF-108 acquired at various temperatures. (b,c) Spin relaxation rates (1/T)) acquired
at various temperatures and their fitting results. Circles represent the experimental data. Dash lines with various colors represent contributions from
individual spin relaxation processes and their sums. Debye temperatures and vibrational frequencies used for fitting are indicated. ¢ represents the
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714 cm™") (Figure S12d). Contribution of a direct process was omitted for TIHOTP for the sake of clarity.

Spin Relaxation Mechanisms. To articulate the spin
relaxation mechanisms, we measured T, of COF-S and COF-
108 in the temperature range of 30—298 K. These two
materials exhibited almost identical T at each temperature
(Figure 4a), indicating that the structural dimensionality and in
turn the spin delocalization among HOTP moieties do not
affect spin relaxation. T, increases monotonically with
decreasing temperature in each COF: it increases from 300—
360 us at 298 K to 130—170 ms at 30 K. It cannot be
accurately measured below 30 K due to instrumental
limitations (insufficient shot repetition time to recover thermal
equilibrium), yet it has the potential to exceed 1 s below 10 K
(see Tables S3 and S4). The spin relaxation rate (1/T) scales
with T>° (Figure S12a), indicating the presence of multiple
two-phonon processes driven by both acoustic and optical
phonons.* As the electron spin density mainly distributes on
the triphenylene moieties, both C—C and C—O stretches
could induce local-mode relaxation near room temperature.'
Their contributions are hardly distinguishable due to
comparable vibrational frequencies, and involving both
modes would cause overfitting (Figure 4b,c; Figure S12b,c
and Table SS; see details in the Supporting Information).
Hence, we take the local-mode process driven by C—C
stretches as an example in the following discussion. In addition,
considering the low spin density and relatively high
experimental temperatures, both cross relaxation and direct
process should be negligible.""
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Based on this analysis, we fitted the temperature dependence
of 1/T, with a Raman process driven by acoustic phonons and
a local-mode process driven by C—C stretches:

T 8 x eh"/kBT
5 dx + Ap,.

1 ’ T x'e
—— ARam e f x
T T, ) Jo (e* =

i 1)

(/BT _ 1y 3)
where Ag,, and A; . are prefactors of Raman and local-mode
processes, respectively, and v represents the linear frequency of
the optical phonon. T}, and v were extracted from specific heat
capacity and vibrational spectroscopic measurements (vide
supra), respectively, reducing fitting parameters to the two
prefactors. This equation yielded decent fitting results (Figure
4b,c; Figure S12e). The Raman relaxation rate scales with T
when T approaches or becomes larger than Tp; in contrast, the
local-mode relaxation rate increases more sharply with
increasing temperature: it follows exp(—hv/ksT) for T <
hv/kg (hv/kg > 2300 K for C—C stretches). For both COFs,
the Raman process is dominant below 250 K with Ag,, being
approximately 2 X 10° s7', and the local-mode process
dominates above this temperature with A;,. being approx-
imately 6 x 10° s™! (Table S5).

For comparison, we re-analyzed spin relaxation mechanisms
of TiHOTP using the Debye temperature (Tp = 110.5 K)
determined by variable-temperature specific heat capacity
measurements (Figure S3b). The analysis revealed the
dominant role of the Raman process between 30 and 200 K
(Figure S12d). A local-mode process driven by Ti—O stretches
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Figure S. Spin decoherence and nuclear spin modulation. (a) T, of COF-5 and COF-108 acquired at various temperatures. SD represents spectral
diffusion; ID represents instantaneous diffusion. (b) Hahn echo decay and CPMG measurements of Tj, at 298 K for COF-108. Circles represent
experimental data. Solid lines are monoexponential decay fitting curves. (c,d) Frequency-domain spectra acquired by CPMG-16 and various types
of ESEEM sequences at room temperature for COF-5 and COF-108. The n* harmonics of the Larmor frequency of a nuclear spin X are

represented as nw(X). Frequencies are normalized to 1w('H).

(v/c =714 cm™) dominates above 200 K, which has also been
discussed in our previous study.'' Corresponding Ag,, and
AL, are approximately 7.0 X 10° s' and 5.6 X 10° s/,
respectively (Table S5).

Both Raman and local-mode relaxation rates of COFs are
much slower than those observed for TIHOTP (Figure 4d; see
details in the Supporting Information). The suppression of
Raman process is likely due to enhanced structural rigidity
because B—O bonds and [BO,C] linkers are more rigid than
Ti—O bonds and [TiOg] coordination spheres, respectively
(Figure S7). The local-mode process may be inhibited for
three reasons. First, C—C and C—O stretches in COFs exhibit
much higher vibrational frequencies than that of the Ti—O
stretch in TiHOTP, so the local-mode process in COFs
requires higher temperature to activate. Second, the formation
of a boronic ester shifts the spin distribution in HOTP from
peripheral oxygen atoms to its triphenylene core, making spins
less prone to the influence from guest molecules. For instance,
soaking COF-S in a tetrahydrofuran solution of dimethylam-
monium chloride only reduces its room-temperature T, by
12% (Figure S11). This also leads to spin delocalization on
triphenylene, which reduces spin density on each atom, so
spins are less affected by local vibrations of chemical bonds.
Third, both COF-5 and COF-108 are neutral. Evacuating them
during sample preparation for pulse EPR measurements could
greatly reduce the amount of guest molecules adsorbed in the
pores and in turn eliminate local hydrogen bonds involving
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HOTP. These combined effectively suppress spin relaxation in
both COFs, giving rise to the exceptionally long T, at room
temperature.

Decoherence in COFs and Quantum Sensing Capa-
bilities. We further probed spin decoherence mechanisms of
COF-5 and COF-108 by conducting Hahn echo decay
measurements from 30 to 298 K (Figure Sa). The T,, values
of these two materials are comparable across this temperature
range. They remain almost constant below 120 K, indicating
that the decoherence is governed by temperature-independent
nuclear spectral diffusion, electron spin flip-flop, and/or
instantaneous diffusion.*>** Above this temperature, T,,
drops acutely with the rise of the temperature. Mechanistic
analysis revealed the dominant role of electronic spectral
diffusion above 120 K for both COFs (Figure S13): spin flip
and its diffusion perturb local magnetic environment and
accelerates decoherence.* In this regime, the decoherence rate
is determined by the relaxation rate and spin—spin coupling
strength, the latter of which is in turn related to spin density
(n): 1/T, < /n/T,. Thus, T, poses the upper limit for T,,
above 120 K even though the former is much longer—the
decent T, values observed at room temperature for both
COFs benefit from their exceptionally long T. Reducing spin
density would further improve the T,, of COFs.'"*’

We employed a classical dynamical decoupling method,
Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence, with
a complete phase cycling method to extend T, at room
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temperature.”*” The CPMG sequence consists of a series of
spin-locking 7 pulses applied after an initial 7/2 excitation
pulse, which refocus the spins and allow for the measurement
of spin dynamics over time. This refocusing helps mitigate the
effects of inhomogeneous magnetic fields, effectively suppress-
ing the decoherence caused by the electronic and nuclear
spectral diffusions. Take COF-108 as an example. Compared
with the room-temperature value observed by the Hahn echo
decay sequence (T, = 1.3 us), applying a CPMG sequence
consisting of two 7z pulses (CPMG-2) improves T,, to 1.6 s,
employing eight 7 pulses (CPMG-8) extends T, to 5.5 ys, and
using more 7 pulses does not lead to further improvement
likely due to the reduced echo intensity and accumulated pulse
errors (Figure Sb and Figure S14b). Applying CPMG-8 to
COF-$ improved its T,, from 1.3 to 2.9 us (Figure Sl4a).
Hence, the T,, of COFs can be improved by dynamically
suppressing environmental magnetic noise. Further enhance-
ment of coherence may be achieved by using more robust
dynamical decoupling sequences, e.g. XY-8* and DROID-
60, and at lower temperatures, which demands the
sophisticated design of corresponding phase cycling methods.

In addition to prolonging the T, the CPMG sequence can
also detect alternative-current (AC) magnetic fields. Indeed,
employing it to COF-5 and COF-108 generated decay curves
with pronounced spectral oscillations (Figure Sb). These
oscillations are manifestations of the electron spin echo
envelope modulation (ESEEM).”° They originate from the
modulation of electron spin precession in COFs by nuclear
spin precession. Under the weak coupling regime where the
hyperfine constant is much smaller than the nuclear Larmor
frequency, the modulation frequency reflects the gyromagnetic
ratio of surrounding nuclear spins, and the modulation depth
corresponds to their quantities. As the gyromagnetic ratio is an
intrinsic property of a nucleus and differs for different elements
and isotopes, it unambiguously reveals the identity of the
nucleus. Thus, ESEEM signals can be used to identify and
quantify nuclear spins around the electron spin, potentially
enabzl(i)ng quantum sensing applications of COF-5 and COF-
108.

To further investigate the quantum sensing capability of
COFs as well as to articulate environmental nuclear spins that
act as decoherence sources, we compared the nuclear spin
modulation signals at room temperature obtained from Hahn
echo decay (also called 2-pulse (2P) ESEEM), 3-pulse (3P)
ESEEM, combination-peak (CP)-ESEEM,” and CPMG-16
sequences (Figure S15c).>" 2P-ESEEM and CPMG sequences
leverage electron spin coherence to measure hyperfine
interactions, making their resolution fundamentally limited
by T, In contrast, 3P-ESEEM and CP-ESEEM exploit nuclear
spin coherence for hyperfine detection, with their performance
being limited by the T, of nuclear spins and T of the electron
spin. Thus, the long T, and T, of COF-5 and COF-108 enable
the application of these quantum sensing sequences at room
temperature.

Both COFs exhibit clear modulation features from 'H, !'B,
and C nuclei under these sequences, demonstrating these
nuclei as sources of nuclear spectral diffusion (Figure Sc,d;
Figure S15a,b). 2P ESEEM generates broad peaks with
unresolved low-frequency features, and 3P ESEEM shows
weak modulations with a low signal-to-noise ratio (SNR).
CPMG-16 gives rise to first to fourth harmonics of 'H, but
modulations from ''B and "*C appear as a combined peak, the
latter of which are clearly resolved with CP-ESEEM (Figure
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5¢,d). The observation of ''B at its nuclear Larmor frequency
(or second harmonics) indicates negligible hyperfine inter-
action between HOTP radicals and "B nuclear spins.”® This is
consistent with the results of DFT calculations: as the electron
spin primarily distributes on the conjugated triphenylene
moiety, it should interact with "'B nuclei through dipolar
coupling rather than Fermi contact, resulting in a weak
hyperfine interaction. Overall, these results confirm the
capability of COFs for nuclear spin detection and indicate
their potential for quantum sensing of nuclear spins, which
might empower unambiguous identification and precise
quantification of guest molecules.

Comparing the four quantum sensing sequences, we find
that increasing the number of 7z pulses effectively refocuses
electron spins, counteracts phase diffusion, and enhances and
accumulates periodic modulation signals, thereby significantly
improving the SNR for sensing. For the same sample, the
CPMG sequence exhibits the strongest modulation depth and
the best SNR but has a limited capability to resolve low-
frequency signals due to insufficient T,,. In contrast, the CP-
ESEEM sequence is effective at resolving low-frequency signals
by harnessing the long T, but has a limited SNR as a result of
its weaker modulation depth. Developing new pulse sequences
that integrate the benefits of CPMG and CP-ESEEM holds
promise for further improving the sensitivity, spectral
resolution, and dynamic range for quantum sensing applica-
tions.

B CONCLUSIONS AND OUTLOOK

In conclusion, COF-5 and COF-108 exhibit excellent qubit
performance at room temperature. The rigid structures,
triphenylene-centered spin distributions, and absence of
hydrogen bonds in these two frameworks together suppress
spin relaxation. This leads to T above 300 s at 298 K, which
is longer than the values observed for most molecular electron
spin qubits. The ultralong T, gives rise to T, reaching 1.3 s at
room temperature, setting a record for MQFs. The excellent
qubit performance enables applications of dynamical decou-
pling and ESEEM sequences, showing the capability of COF-5
and COF-108 for nuclear spin detection. The foregoing results
demonstrate that COFs provide viable solid-state hosts for
molecular electron spin qubits. Integrating design principles
unveiled in this study with well-established synthetic method-
ologies for radical-embedded COFs could lead to MQFs with
long T and T, at room temperature.””>* Rational design and
post-synthetic modification of the inner surfaces of COFs
would further generate candidate materials for quantum
sensing of nuclear spins in ambient conditions.
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