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Optical control of electron spin states isimportant for quantum sensing

and computing applications, as developed with the diamond nitrogen
vacancy centre. This requires electronic excitations, excitons, with net spin.
Here wereport amolecular diradical where two trityl radical groups are
coupled viaameta-linked fluorene bridge. The singlet excitonis at lower
energy than the triplet because electron transfer from one of the radical
non-bonding orbitals to the other is spin allowed, set by the charging energy
for the double occupancy of the non-bonding level, the Hubbard U. Both
excitons give efficient photoluminescence at 640 and 700 nm with near
unity efficiency. The ground state exchange energy is low, 60 peV, allowing
control of ground state spin populations. We demonstrate spin-selective
intersystem crossing and show coherent microwave control. We report up to
8% photoluminescence contrast at microwave resonance. This tuning of the
singlet Mott-Hubbard exciton against the ‘bandgap’ exciton provides a new
design platform for spin-optical materials.

broughtinto contact through covalentintramolecular coupling. With
coupling selected to keep spins localized to their parent molecular

Coupled correlated spin systems form the basis of a wide range of
electronic phenomena, from cuprate superconductors' to materials

developed for quantum information and sensing?. Molecular semi-
conductors, asused in organic light emitting displays, use closed shell
electronic structures, where strong Coulomb interactions give rise to
large spin exchange energies separating singlet and triplet excitons.
Here, we explore a parallel opportunity to engineer correlated molecu-
lar semiconductors with‘openshell’ spin radical building units that are

unit, such extended structures behave as Mott-Hubbard insulators’.
As we develop below, this structure has spin-specific excitations, and
for our materials, these are optically controllable.
Opticalinitialization and read-out of spin states has been of grow-
inginterest to the emerging field of quantum technologies with impli-
cations in quantum computing*®, communication®, teleportation’
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Fig.1|Molecular design of luminescent diradical spin-optical units. a, The
molecular structure of the M,TTM-3FIr-M,TTM diradical. The two TTM groups
are protected by mesityl groups, and the meta-linkage is through the 3-and
6-positions on the fluorene bridge. b, A scheme showing charge transfer from
one non-bonding orbital to the other, to set up a spin zero zwitterionic exciton.
¢, Modelled zwitterionic-singlet exciton with anionic doubly occupied non-

00

bonding (blue) and cationic unoccupied non-bonding (red) levels.d, An energy
level diagram for ground and excited states of the singlet and triplets, shown at
close to zero magnetic field. The energy values as determined from experiment
areindicated. d and e are the axial and rhombic components of the zero-field
splitting tensor.

and sensing®. This spin-optical interface and its applications have
been demonstrated through solid-state defects’ ™. In molecular
organo-metallic systems, itis possible to create an open-shell, non-zero
netspin, ground state, and this has been explored to successfully cre-
ate spin-optical interfaces>". Fully organic systems offer geometric
and spatial control through readily accessible synthetic chemistry
methods. There are reports of coherent control over photoexcited high
spinstates'* ™, spin-singlet-based quantum optics'and long coherence
times', but these are from weakly luminescent systems so that optical
read-outislimited. The materials we report here show spindependent
luminescence, critically with near unity luminescence yields. We note
recent reports of trityl diradical systems?°** that show emission from
coupled spin states that we discuss later in this study and which are
compared in Supplementary Table 2.

Carbon-centred chlorinated trityl monoradicals (TTMs), cou-
pled to electron donors such as carbazole, provide a family of effi-
cient luminescent radicals?*® that show promise as light emitters
in red and near-IR LEDs. These show emission from excitons in the
doublet manifold, and this avoids dark triplet states found in closed
shell systems currently used in organic light emitting displays. High
photoluminescence quantum yield (PLQE) is essential for any practi-
cal optical read-out or writing of a quantum system. Generally, PLQE
for molecular semiconductors is much reduced with intermolecular
interactions. However, we have found that high PLQE can be maintained
in TTM radical systems brought into intramolecular contact. This
allows bright multispin excitons and unlocks new opportunities for
spin-optical control.

Our starting pointis the finding of luminescence-preserving inter-
molecular energy exchange between emissive doublet excitons and
triplet excitons supported in amolecular semiconductor host***°, and
we have used this to engineer LED performance. Moving to intramo-
lecular extended structures, we reported high-spin photogenerated
excitons for structures where the TTM radical molecular unit is cova-
lently attached to an anthracene®. Inthe ground state, thereis no spin
interaction withthe anthracene, and whenasecond TTMis attached to
theotherside of the anthracene, onlyadoublet electron spinresonance
(ESR) response is seen, demonstrating that thereis no spininteraction
between the two radicals. However, on photoexcitation, high-spin
quartet (monoradical) and quintet spin state (biradical) excitons are
photogenerated due to coupling to atriplet exciton onthe anthracene

(selected because it is energy degenerate with the doublet exciton).
Spin manipulationis possiblein the excited state, and optical read-out
via the doublet emission is achieved by reverse intersystem crossing
(rISC) tothe doublet, whichis the only emissive exciton. Note that this
does not provide opportunity to manipulate the overall ground state
spinnorto read out the ground state from photoluminescence (PL)*'.

Thereis current interest in diradical systems, ranging from weak
coupling®®* through to systems with strong conjugation where the
ground state is closed shell (termed diradicaloid)**>*. We report here
organic diradicals using two TTM radicals coupled with a molecu-
lar bridge. The coupling of adjacent localized spin sites, through a
transfer energy ¢, is usually described by the Mott-Hubbard model,
where the excitation gap is the electrostatic charging energy for dou-
ble occupancy of a spin site, termed the Hubbard U. The coupling ¢
sets up antiferromagnetic exchange, /= 2t%/U (refs. 35,36). Although
the Hubbard Uis generally considered the energy barrier for carrier
transport, we show here that it also sets the energy for the spinsinglet
photoexcitation. The strength of ¢ can be controlled by the nature of
the bridging unit, and we have recently reported strong coupling using
cyclopentadithiophene units to give strong infrared absorption”. Here,
we have tuned the interradical transfer energy to alow value, of ordera
few millielectron volt, using a meta-linked fluorene unit that maintains
alternant symmetry, as shownin Fig. 1a.

Results

Photoexcitation in the spin triplet manifold is constrained to similar
non-bonding to t/mt* ‘bandgap’ excitations as for the monoradicals, but
inthe singlet manifold, the lowest energy singlet excitoninvolves elec-
tron transfer from one of the radical non-bonding orbitals to the other,
toformazwitterionic exciton, asillustrated in Fig. 1b,c. Itis the Hubbard
Uthat sets the energy of the singlet exciton, and for this molecule, its
energy is red-shifted from the triplet exciton. This differentiation of
zwitterionic singlet from covalent triplet is critical.

Measurements presented here were carried outin dilute solutions
(100 pM solutions of toluene) or in spin-coated thin films of polysty-
rene where the diradical concentration was <0.1 wt%. Polystyrene
serves as a non-polar host in which the diradical can be dispersed
uniformly. We find it necessary to keep these diradical molecules well
separated through dilution to prevent intermolecular energy and
spin transfers. At these concentrations, the aggregation effects are
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Fig. 2| Photophysics of the luminescent diradical. a, The absorption and PL
spectrafor M,TTM-3FIr-M,TTM. The spectra were acquired under ambient
conditions following a 532 nm excitation in a100 uM toluene solution. n.u.,
normalized units. b, The magnetic-field-dependent PL spectrum of the M,TTM-
3FIr-M,TTMdiradical recorded at O (red) and 7 T (blue) at 0.25 K. The steady-
state PL spectrumat 300 K is also show for reference (grey, dashed) ¢, Zero-field
temperature-dependent PL at 640 (blue triangles) and 700 nm (red circles)
from300-0.6 K. The break pointin the graphis10 K. d, The time-resolved and

Pump-probe delay (ns)

continuous-wave PL for M,TTM-3FIr-M,TTM at 200 K. CW, continuous wave.

e, Thekinetic traces of the PIA features at 520/1,330 nm (blue) and at 610/1270 nm
(red) from the transient absorption spectra and the associated fits (dashed

lines) for amultiexponential decay model. The exponential decay constants and
weights are quoted in the figure. The PL data for all plots were obtained from
aM,TTM-3FIr-M,TTM(0.1%):polystyrene doped polystyrene film following a

532 nm excitation pulse at a fluence of 6 uj cm™

unimportant (Supplementary Information Section12). The samples for
PL-detected magnetic resonance (PLDMR) were prepared by doping
diradicalsat1nM concentrationinto1,3,5-trichlorobenzene crystals.

Figure 2a shows the absorption and PL spectrum of 100 mM
toluene solution of M,TTM-3FIr-M,TTM. We note that this diradical
has approximate alternant symmetry that imposes electron-hole
symmetry>**° so that the lowest absorption band has similar but
opposing contributions from 1t - non-bonding and non-bonding > m*
transitions. The diradical shows efficient PL, red-shifted from the
monoradical (Supplementary Fig. 6), with a peak emission at 640 nm
and PLQE above 90%. We note that there is asecond peakin the PL near
700 nm, which, very importantly, is not just a vibronic overtone butis
duetoaspin-singlet excited state, while the 640 nm featureisduetoa
spintriplet excited state. The distinction between these two emission
bands is most easily seen in magnetic-field-dependent PL, measure-
ments at low temperatures, as shown in Fig. 2b. In brief, at 0.25K, the
ground state is a spin singlet (with emission at 700 nm) but with an
applied magnetic field (above 0.6 T), the ground state switches to the
triplet and the emission at 640 nm s from the triplet exciton.

The differentiation between the singlet and triplet excitons is at
the core of our results. The triplet excitonis red-shifted from the mono-
radicalby 0.1 eV, (Supplementary Fig.4b), but the energy of the zwitte-
rionic singlet excitonis given by aHubbard Uand s further red-shifted.
We observe that the energy of the singlet PL (700 nm, 1.8 eV) matches
the difference in energy between the electrochemical potentials for
reductionat-1.2 V (versus Fc/Fc*) to the anion and for oxidationat 0.6 V

to the cation, shown in Supplementary Fig. 4. The origin of high PLQEs
insome of the radical donor-acceptor systems has been explored by
Ghoshetal.*°. Inthis model, electron-hole separation to vibrationally
decoupled molecular fragments in the zwitterionic singlet exciton is
responsible for the high PLyield in spite of the long radiative lifetime.

Figure 2c shows the temperature-dependent PLintensity in 0.1 wt%
spin-coated thin films of the 640 and 700 nm peaks inthe 300-0.6 K
regime. The 700 nm PL increases while the 640 nm PL decreases at
lower temperatures, although the integrated-PL intensity does not
change (Supplementary Fig. 13). The slope of the curves changes
twice: first at ~120 K and second at ~1.0 K. We first assign the initial
slope-change event to the thermal energy of the system falling below
the activation energy for rISC and second when it falls below the anti-
ferromagnetic exchange energy of the diradical.

Figure 2d shows time-resolved PL measurements at 200 K on the
0.1wt% doped polystyrene films. The M,TTM-3FIr-M,TTM diradical
shows emissionfromthe triplet, peaked at 640 nm, with a fast lifetime
of 10 ns and slower emission from the singlet, peaked near 700 nm,
with a delayed lifetime of 100 ns and beyond. Analysis of emission
before and after 50 ns shows about equal contributions from the tri-
plet and singlet spectra (Supplementary Fig. 8). Although the initial
decay of the 640 nmfeatureis fast it shows atemperature-dependent
long-lived component, and this slow component has an activation
energy around 10 meV (Supplementary Fig.12). We consider the slow
component of the 640 nm emission to be due to rISC. We note that we
are fortunate to observe efficient singlet emission even though it is
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MPL contrast at 7 T (red) for the 700 nm emission compared with the
temperature dependence of the magnetization at 7 T (blue), measured using
SQUID magnetometry. Norm., mormalized; emu, electromagnetic unit.

b, The PLintensity versus magnetic field at 0.25 K, measured on aM,TTM-3FIr-
M,TTM(0.1%):polystyrene doped polystyrene film with 400 nm laser excitation
at<lyjcm™

slow, but nevertheless, we are not able to measure absorption from
the spin-singlet ground state, S, to the first spin-singlet excited state,
S, because the oscillator strengthiis low.

Figure 2e shows kinetic traces of the main peaks obtained from
transient optical absorption spectroscopy. A detailed report and analy-
sisof transient optical absorptionstudiesis provided in Supplementary
Information Section 6, and associated quantum chemical modelling
is provided in Supplementary Information Section 10.6. In summary,
the photoinduced absorption (PIA) bands near 520 nm (2.05 eV) and
1,330 nm (0.93 eV) are associated with the triplet exciton before charge
separation®®. The PIA bands centred at 610 nm (2.28 eV) and 1,270 nm
(0.98 eV) build up over the first 3 ns and are associated to the absorp-
tion of the zwitterionic singlet exciton formed after charge separa-
tion. The kinetics of the PIA bands associated with the exciton before
and after charge separation are in agreement with the kinetics of the
640 and 700 nm PL peaks, respectively. The triplet and singlet PIA
features cross over before1ns; this can be attributed to the intersystem
crossing (ISC) process.

Figures 2b and 3a,b show magneto-optical studies. We find that
the 640 and 700 nm emission features are strongly dependent on
applied magnetic field (Fig. 2b). In the ground state, the two spins,
localized on each of the M,TTMs, are weakly antiferromagnetically cou-
pled, as shown in the temperature-dependent magnetization curves
inFig. 3a, with an antiferromagnetic exchange energy near 1 K. Thisis
also captured using PL through the rise in 700 nm and fall in 640 nm
emission below 1.2 K, shown in Fig. 2c. In summary, the 700 nm emis-
sion dominates at zero field, where only the singlet state is occupied
at low temperatures, and as the field is raised above 0.6 T where the
Zeeman energy exceeds the exchange energy, the triplet becomes
predominantly occupied, and the 640 nm emission dominates. We
associate this with a magnetic spin triplet ground state. Figure 3b
shows evidence for aresonance where the Zeeman energy equals the
ground state exchange energy. In the region close to exchange, we
obtainPLspectrathatare linear combinations of the singlet and triplet
PLwhichare proportional their relative populations (Supplementary
Figs.17 and 18).

We note that the field and temperature-dependent PL matches
the magnetization measurements shown in Fig. 3a. This establishes
that the two emissions are associated with the magnetization of the
sample arising from the two possible overall spin states, namely singlet
at700 nmand tripletat 640 nm.

We have assembled a photophysical model with the available
experimental information in Fig. 1d. We can assume that the initial
photoexcitation occurs via fluorene 1/m* to non-bonding transitions

duetothe similarity of the absorption spectrum of the diradical tothe
monoradical (Supplementary Fig. 6). These new states can be of either
singlet or triplet multiplicity, denoted as S, and T, respectively. Exten-
sion of the exciton to both radical units willbe dependent on molecular
geometry, and Fig. 1billustrates the singlet with zwitterionic character.
We have explored this by running extensive time-dependent density
functional theory calculations on the M,TTM-3FIr-M,TTM diradical
paying particular attention to the role of dielectric and geometric
relaxation (Supplementary Information Section X. The approximate
electron-hole symmetry yields a T, triplet exciton with finite oscilla-
tor strength (the state involves dominant CT excitation between the
fluorene and the TTM) translating into a radiative lifetime of ~20 ns,
irrespective of the dielectric constant and in reasonable agreement
with experiment. By contrast, the S, singlet state radiative decayis very
sensitive to both dielectric and geometric (mostly conformational)
relaxation effects. Thisis because the zwitterionic singlet state acquires
finite oscillator strength only through wave function mixing with
the singlet counterpart of the *CT excitation, and such mixing varies
strongly with their energy separation. Thus, the quasipure zwitterionic
state, as formed after full dielectric (at e = 2.37 or above) relaxation, has
a vanishingly small oscillator strength and a radiative lifetime larger
than 1 ps. By relaxing only the optical part of the dielectric response
at n’ =2 (where n is the refractive index of the medium), we instead
obtain a hybrid zwitterionic-'CT state with radiative lifetime of -50 ns
in the Franck-Condon region and of -200 ns when relaxing only the
high-frequency contribution of the lattice relaxation (thus freezing
the conformation of the molecule to that of the ground state), rates
bracketing the measured value. Full conformational relaxation brings
the S, state further downin energy, resulting againin aradiative lifetime
inthe microsecond range. We consider thisis either atleast partly alle-
viated by steric effects in the solid phase or that thermal fluctuations
allow populating higher-energy conformations and/or local dielectric
environments where finite zwitterionic-CT mixing occurs.

This zwitterionic singlet excitonis a very unusual excitation for a
molecular semiconductor, but its excitation energy, the Hubbard U,
is a very well recognized quantity for many inorganic oxides. There
is extensive literature on Mott-Hubbard models for transition metal
oxides, including superconducting cuprates and nickelates'. Ingeneral,
the Hubbard Uis typically above 2 eV and is larger than other electronic
excitations, such as metal to oxygen charge transfer. There has been
little considerationabout optical absorption and emission to and from
the Mott-Hubbard charge transfer state, but thereisarecentreport on
‘Hubbard excitons’ in SrlrO, (ref. 41). For our organic radical systems
we are able to bring the Hubbard U below the lowest interband exci-
ton, and itis this that allows us to observe the Mott-Hubbard exciton
throughits PL. The special feature of our studied material is the efficient
dualfluorescence fromboth the triplet and singlet excited states with
near unity quantumyield. Matsuoka et al.” report evidence for singlet
emission associated with magneto-PL (MPL) in a weakly luminescent
diradical system but do notidentify the singlet exciton as zwitterionic.
We have explored other systems with different bridging units, including
carbazole, presentedin detail in the Supplementary Information. These
show no evidence for PL from singlet excitons. The carbazole-linked
system shown in Supplementary Fig. 5is very similar to that reported
by Mizuno et al.”” and shows only triplet emission. This is also the case
forarecently reported phenyl-linked system?,

Sincethe ground state exchange energy is low (0.8 K), we expect
a3:1ratio of triplet:singlet ground states down to low temperatures.
We observe however that the ratio of triplet to singlet PL near 300 K
iscloser to1:1(noting that the overall PLQE is >90%) and consider this
mustarise throughISC fromtriplet to singlet. The TA evolution shown
inFig. 2e shows this happens beyond 100 ps. We assign the thermally
activated delayed emission at 640 nmtorISC, fromthe S, tothe T, state
(we note also that the energy of the emitted photon does not capture
the full internal energy of the singlet exciton, and we consider there
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Fig. 4 | Photoinduced long-lived ground-state spin polarization. a, Half-field
(left) and full-field (right), dark, continuous-wave X-band ESR spectra at 298 K
which show the [Am| = 2 transitionin a 0.1 wt% doped polystyrene film (black
dots) and the simulation (red line) of all features as a triplet species. b, The

EDFS spectrum of the diradical. ¢, Rabi oscillations measured at the 345.62 mT
transition using different microwave powers. d, The Rabi-frequency spectrum
plotted for different microwave powers. The inset shows the shift in the peak
frequency with decreasing microwave attenuation, and we observe an expected
frequency decrease for every 3 dBincrease in attenuation. e, trESR spectral slices
derived at the beginning of each temporal decade (10*to 10° ns) of a 0.1 wt%

doped polystyrene film of M,TTM-3FIr-M,TTM diradical at 200 K. The spectra
are obtained at the quoted time point after a 532 nm laser excitation lasting for
5ns,whichrepeats atafrequency of 100 Hz. The data highlight the long-lived
photogenerated spin-polarized ESR signals persisting beyond 200 ps. The
simulation of the 100 ps slice (green solid line) confirms polarizationin T,.f, The
kinetic traces of the trESR signal in the 345-348 mT region, which is the kinetics
of light-induced spin polarization observed from the ESR signal, for the 0.1 wt%
doped polystyrene film at 200 K (black solid lines) of the M,TTM-3FIr-M,TTM
diradical. Norm., normalised; a, absorption; e, emission; n.u., normalized units.

is a conformational energy contribution to the singlet exciton that is
notavailable for photon emission). These observations of competing
singlet and triplet excitation and de-excitation pathways, alongside
evidence for ISC and rISC, sets up scope for photoexcited spin polari-
zationin the ground state.

We carried out ground and excited-state ESR measurements, on
0.1wt% doped polystyrene thin films containing M,TTM-3FIr-M,TTM
(see the Supplementary Information for 50 pM toluene solutions).
In the dark, continuous-wave ESR (cwESR) measurements at 298 K
(Fig. 4a) shows clear evidence for triplets with full-field |Am,| = 1 tran-
sitions which could be simulated with D =30.3 MHz and £=1.6 MHz.
Further confirmation of a ground state triplet state is given by the
observation of a|Am,| = 2 transition at half field.

Ground state pulsed ESR was performed, and the resulting
echo-detected field sweep (EDFS) shows two peaks, duetothe T > T,
and T, > T,, transitions (Fig. 4b). Echo decay measurements at the two
peak positions behave similarly; an exponential decay fit (Supplemen-
tary Figs. 46 and 47) gives the phase memory time, T,,, of 950 ns. The
long T, is comparable with that of a perchlorotriphenylmethyl mono-
radical*. Inversion recovery experiments show that the T, (spin-lattice)
relaxation time is 31.8 ps. As T,, is clearly not limited by T,, creating a
nuclear-spin free environment could further increase the T,, (ref. 43).

One critical component for molecular systems to be utilized in
quantum information applicationsis the ability coherently manipu-
late the spin state**. Rabinutation experiments shown in Fig. 4¢, show
the ability of this system to be coherently driven between two states
with multiple oscillations seen at room temperature under relatively
low microwave powers. We also observe an expected linear shift in

the Rabi-oscillation frequency with increasing microwave power,
showninFig. 4d.

Transient ESR (trESR) was measured with a 532 nm, 5 ns pulsed
photoexcitation. Figure 4e shows spectrameasured at different times
after excitation. At the timescales shown here, we consider the domi-
nantresponse to arise from non-thermal spin sublevel populationsin
the electronic ground state formed by the decay of photogenerated
excitons. We note here that the triplet luminescence response has an
initial decay time of 10 ns. At 100 ns and 1 ps, two emissive features
areobserved, whichwe consider arise from sublevel transitionsin the
triplet state, with preferential populationinthe T,and T, sublevels. This
indicates either preferential filling of the T,/T, or depopulation of the
T_spin-levels, the latter via ISC in the excited state to the singlet with
spin sublevel selective transition probabilities. At 10 ps, the spectra
show a broad absorptive feature and beyond 50 ps this ESR feature
reverses sign to become emissive and is measurable beyond 200 ps
(Fig. 4f). A similar trESR response is found in frozen solution spectra
at 150 K, with the only difference being the initial emissive feature
to much more pronounced (see Supplementary Figs. 48 and 49 for
two-dimensional maps). Note that the 5 ns pulse excitation (100 Hz rep-
etitionrate) isshorter than the PL lifetime and precludes spin pumping
via re-excitation. A possible mechanism for the sign reversal (Fig. 4e)
is spin sublevel selective excited-state depopulation®*. The later
time sign reversal shown in Fig. 4e,fis very unusual, and we consider
requires spinrepopulation froman excited-state reservoir*’. A possible
mechanism to provide this repopulation channel is by rISC from the
reservoir of long-lived excited-state singlets which persists to these
timescales at 200 K (Fig. 2c and Supplementary Fig. 11). We confirm
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Fig. 5| Spin-opticalinterface in diradicals. a, X-band ESR conditions (9.7 GHz,
0.346 T) APL/PL >107% at 100 K. We probe the spin-optical interface using
probed using PLDMR spectra. ODMR, optically detected magnetic resonance;
fMW, frequency of the applied microwave. b, The spectrally resolved PLDMR
under conditions at the PLDMR resonance point at 4.1835 T. All PL detected
ina-cand utilized along-pass filter (>420 nm) to cut-off the laser line. APD,
avalanche photo-diode; MW-ON, microwave on; MW-OFF, microwave off. c,
Anillustration of the proposed spin-selective ISC mechanism for the observed
PLDMR behaviour. At B,>0.7 Tand 7 < 0.8 Kthe m, = -1sublevel in the ground
state tripletis occupied, which has a small ISC probability. Bz is the static
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magnetic field applied along the z-axis. When microwaves are switched on
(right), amicrowave-induced Am, = 1transition drives population fromm,=-1
to m, =0 within the ground state. This m, = 0 sublevel has a higher probability for
ISCin the excited state, which leads to more singlet PL and reduced triplet PL,
manifest as alarge PLDMR contrast. The samples for a were thin films made with
0.1wt% M,TTM-3FIr-M,TTM doped into polystyrene, and inb, we doped 10 nM
of M,TTM-3FIr-M,TTM into PhCl; crystal. The crystals were prepared using slow
evaporation of asolution, which were subsequently washed and polished, as
described in Supplementary Information Section 13.

the long-lived photogenerated spin polarization beyond 50 ps to be
due to overpopulation of the ground state T, sublevel by simulation
of the late-time trESR spectra where we require a ground state triplet
population, p(T;), distribution of p(T,) > p(T,) = p(T_;) but with the same
D and E parameters as for the cwESR dark spectrum.

Ground-state spin polarization mediated by a spin-opticalinter-
face can be revealed in PLDMR measurements. We explore a range of
PLDMR conditionsinFig. 5. The Zeeman energy exceeds Dabove 2.8 mT,
soat X-band (Fig. 5a) and D-band (Fig. 5b), thetriplet levels are set by the
applied B, fields (Fig.5c). At100 Kand X-band ESR conditions, in Fig. 5a,
we see that the PLDMRrecorded inthe range 590-650 nm shows a con-
trast >107%. We report low temperature wavelength-resolved PLDMR
under D-band conditions in Fig. 5b, showing suppression of the triplet
emission and enhanced singlet emission at magnetic resonance. The
PLDMR transitionis large with APL/PL contrast ~10% and has a narrow
2 mT spectral width, shown in Supplementary Fig. 35, reminiscent of
the dark-cwESR spectrum of the diradical. This behaviour arises due
to preferential spin-selective ISC from the m, = O sublevel of the triplet
excited state to the S, state, as shown in Fig. 5c, which is turned on by
microwave pumping at resonance by the spin sublevel T_, > T, transi-
tion in the ground state before photoexcitation (see Supplementary
Information Section 5 for more details). The mechanistic insights for
the quantum mechanical origins of PLDMR responses from alternant
diradicals has also been recently and independently explored by Poh
etal.”. Thesize of the PLDMR response s relatively agnostic to micro-
wave and laser excitation power (Supplementary Figs. 35 and 36) but
scales with sample magnetization following a Curie-like law, as seenin
Supplementary Fig. 34.

Discussion

Insummary, the special feature of our meta-fluorene-bridged diradicalis
itsdistinct optically accessible and optically distinguishable tripletand
singlet excitons, both with near unity PLQE. This arises because the low-
estenergy singlet excitonis abright zwitterionic excitation, withenergy
setby the onsite Hubbard U. This, along with other recent studies?**"*%,
opens up a new set of molecular semiconductors with a large set of
potential areas for application, particularly for quantum sensing and
transport. We have demonstrated that we can ‘read’ the ground spinstate:

singlet or triplet. We have also shown that we can ‘write’—through the
Zeemanenergy with applied magnetic field and, more broadly, through
spin-selective ISC and rISC following optical excitation.

This approachto spin controlisrelevant to the operational princi-
ples of optical qubits such as single-photon-emitting high spin defects
inc-Si, diamond or A-BN. In contrast to such defects, where placement
and thus large scale entanglement is difficult*’ because there is no
direct control of defect organization, there is real scope for designed
open-shell, highly luminescent, carbon-based molecular spin-optical
systems, as exemplified here for the M,TTM-3FIr-M,TTM diradical. We
consider the advancesreported here provide astrong and unexpected
basis for further developments for optically controlled qubit platforms.
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Methods

Steady-state optical absorption and PL measurements
Ultraviolet/visible/NIR spectra were measured with a commercially
available Shimadzu UV-2550 spectrophotometer and a Shimadzu
UV-1800 spectrophotometer. The PL was measured in a home-built
setup by providing a continuous-wave excitation at 532 nm using a
diode laser. PL is collected in a reflection mode setup after passing
photons through a 550 long-pass filter (Thorlabs). The transmit-
ted photons then are collected in a collimating two-lens apparatus
and directed into an optical fibre, which supplies the photons into a
calibrated grating spectrometer (Andor SR-303i) and finally into a
Si-camera where it is recorded. Output spectra are corrected, taking
intoaccount thefilter transmissionand camerasensitivity. The excita-
tion spectra were measured with acommercially available Edinburgh
Instruments FS5 Spectrofluorometer system using axenon lamp light
source. When solution samples are studied, 100 mm pathlength Hellma
quartz cuvettes were used.

Cyclic voltammetry

Cyclic voltammetry measurements were carried out on a PalmSens
EmStat4S potentiostatin athree-electrode setup using aglassy carbon
electrode (3.0 mm diameter) as the working electrode, platinum wire
as the counter electrode and freshly activated silver wire as the Ag/
Ag' reference electrode. The silver wire was activated by immersing in
concentrated HCl solution to remove any silver oxides and other impuri-
ties, then rinsed with water and acetone and dried before each meas-
urement. The reference electrode was calibrated against ferrocene/
ferrocenium (Fc/Fc*) redox couple at the end of each measurement. The
Fc/Fc" half-wave potential, £,,, was determined at 0.20 Vversus Ag/Ag"
in THF electrolyte and at 0.50 V versus Ag/Ag"in DCM electrolyte. The
supportingelectrolyte was 0.1 Msolution of Bu,NPFin THF (anhydrous)
andinDCM (anhydrous). The scan rate was 0.1V s ™. The electrolyte was
bubbled with Ar gas before each measurement to remove any dissolved
oxygen. The sample concentration was in the order of 10~ M.

PLQE

Steady-state PLQE measurements were performed using anintegrating
sphere. A continuous-wave 405 nm excitationis provided by a405 nm
diode laser with excitation powers of 10-300 mW cm™. A focussed
beam of diameter 1,000 um was used to excite the samples. The emis-
sion was directed using an optical fibre in a calibrated grating spec-
trometer (Andor SR-303i) onto a Si-camera.

Time-correlated single-photon counting

The studied solution samples areirradiated using an electrically pulsed
405 nm laser using a function generator at a frequency of 20 MHz
providing atime resolution of up to 100 ns. The photons emitted from
the sample were passed through a 405 nm long-pass filter (Thorlabs)
to remove the laser scatter. The subsequently transmitted photons
arethen collected by aSi-based single-photon avalanche photodiode.
Theinstrumentresponse function was found to be ~-0.1 nsin this setup.

Transient spectroscopy

Transient PL spectra at nanosecond-microsecond timescales were
recorded using an electronically gated intensified charge-coupled
device (CCD) camera (Andor iStar DH740 CCI-010) connected to a
calibrated grating spectrometer (Andor SR-303i). A narrowband nonco-
linear optical parametric amplifier pumped with afrequency-doubled
output ofalkHz 800 nm laser pulse from a Ti:sapphire amplifier was
used to generate a tunable 250-fs excitation pulse. Suitable long-pass
filters (Edmund Optics) were used to prevent scattered laser signals
from entering the spectrometer. Temporal evolution of the PL emission
was obtained by stepping the intensified CCD delay with respect to the
excitation pulse, witha minimum gate width of 5 ns. The raw data were
corrected to account for filter transmission and camera sensitivity.

In the same setup, we measured magnetic field effects on the PL
and electroluminescence. where the sub-1T magnetic field was gener-
ated using an electromagnet from GMW Model 3470 with a1 cm dis-
tancebetween cylindrical poles, and the field strength was calibrated
with a Gaussmeter.

Transient absorption spectroscopy

Transient absorption experiments were conducted on asetup pumped
by aregenerative Ti:sapphire amplifier (Solstice Ace, Spectra-Physics)
emitting 100-fs pulses centred at 800 nm at a rate of 1 kHz and a total
output of 7W. Depending on the probed spectral range and timescales,
different combinations of optical systems were used.

To collect subnanosecond dynamics in the visible range,
frequency-doubled output of the amplifier was used to seed ahome-built
broadband non-collinear optical parametric amplifier (NOPA) tuned to
output 540-750 nm pulses with a beta barium borate mixing crystal
(Eksma Optics). Following chirp-correction the white light output was
splitona50/50 beam splitter, focused to below 200 um and used as the
probe and reference beams. Wavelength-tuneable pump pulses were
generated in a home-built visible narrowband NOPA. Alternatively, to
probe theinfrared range the output of the amplifier was used to seed a
home-built NOPA tuned to output1,250-1,700 nm pulses with a periodi-
cally poled stoichiometric lithium tantalate mixing crystal. The pump
and probe beams were spatially overlapped at the focal point using a
beam profiler, with the pump spot diameter at least fivefold larger than
the probe. Timeresolution was achieved by theintroduction of astepped
optical delay (Thorlabs DDS300-E/M) between pump and probe pulses,
with acomputer-controlled delay stage allowing for maximum delay of
1.9 ns and beam wander of the probe due to changing beam pointing
minimized to below 5 um using abeam profiler. The pump pulses were
chopped at 500 Hz to enable shot-to-shot referencing, which accounted
for intensity fluctuations in the amplifier. After passing through the
sample, the probe and reference beams were dispersed with a grating
spectrometer (Shamrock SR-303i, Andor Technology) and simultane-
ously measured with CCD detector arrays (Entwicklungsbiiro Stresing).

To collect subnanosecond dynamics in the ultraviolet range, the
output of the amplifier was used to seed ahome-built broadband NOPA
tuned to output 350-650 nm pulses generated by focusing the 800 nm
fundamental beam onto a CaF2 crystal (Eksma Optics, 5 mm) connected
to a digital motion controller (Mercury C-863 DC Motor Controller),
after passing through amechanical delay stage. The transmitted pulses
were collected with a single-line scan camera (JAI SW-4000M-PMCL)
after passing through a spectrograph (Andor Shamrock SR-163).

Quantum chemical modelling

The excited-state analysis onthe diradical M,TTM-3FIr-M,TTM was car-
ried out at the time-dependent density functional theory level within
the Tamm-Dancoff approximation and by resorting to the screening
range-separation hybrid approach, as described in earlier works™. In
particular, the LC-whPBE functional® was used in combination with the
cc-pVDZ basis set. For such anapproach, the w parameter was optimally
tuned, wherea + 5 =1/¢, withaand Sbeing adjustable parameters and
¢ the dielectric constant of the chosen medium. All the calculations
were performed by using the Gaussianl6 suit of packages in its revi-
sion A.03 (ref. 52).

Global analysis

Global analysis was performed using the sum of weighted components
analysis where the spectrumiis, at a firstapproximation, expressed as
ani-term linear sum of spectral components @, (1):

fd0 =3 gy,

Each ith spectral component is weighted by a time-varying weight
prefactor computed from its associated lifetime r;given by e~%/%. This
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equation can be cast into a n x m matrix using the method described
by Dorhliac et al.>®. This is a matrix consisting of n-reduced weight
singular vectors (represented by (US)n) that can completely recon-
struct the experimental data matrix. The matrix formalism equationis
thenwritten as

(US), = E@pyemXmsas

where the time-varying exponential weight matrix is given by £(7) and
Xisthe wavelength-dependent weight matrix; the dimensions of each
termis givenin the subscript. A simulated annealing algorithm** used
for global minimization routines is then used to determine which
lifetimes ¢; can best satisfy the matrix equation. The determined life-
times from the optimizationare theninserted into the matrix equation,
and then, itis solved for X by solving the least-square problem*

. . 2
ming|(US),, — E@) psmXmxa| »

Magnetic susceptibility measurements

The magnetic susceptibility measurements were carried outinaQuan-
tum Design SQUID MPMS3 Magnetometer. The samples were in the
form of polycrystalline powders, about 8 mg, which were packed into
adiamagnetic capsule.

MPL measurements

The MPL measurements were carried out on Bluefors dry dilution
refrigerator with a superconductive vector magnet from American
Magnetics Model. The samples wereinstalled onagold-coated copper
plate and cooled down to 250 mK. The excitation source was a405 nm
(3.06 eV) laser stabilized through a (proportional-integral-differential)
PID loop, which was also used to provide power amplitude modula-
tion at 1.2 kHz. A fibre was used to guide the excitation to the sample
(excitation power of around 20 nW, 50 pW cm™) and to collect the
fluorescence signal. The magnetic field was swept from0to 9 Twitha
ramping speed of 0.1 T min™.. The MPL variation at a particular wave-
length was collected using an avalanche photodiode (Thorlabs) placed
behind amonochromator (HORIBA iHR320) with lock-in detection at
the power amplitude modulation frequency.

High-frequency PLDMR measurements

The measurements were conducted inaBluefors dry dilution refrigera-
tor with asuperconductive vector magnet from American Magnetics
Model. The optical setup was identical to the MPL measurement. A
quartzwhispering mode gallery resonator was used to enhance the AC
magnetic field without increasing the power input into the system. The
sample was mounted on top of asapphire cold finger within1 mm from
the surface of the disc resonator near its the perimeter to maximize the
AC magnetic field. The Q-factor of the resonator was >10°, with some
reductions attributed to the holder sample and excitation/collection
fibre assembly. The mm-wave setup was inspired by the design for the
study of the microwave-response from rotons in superfluid helium®.

cWESR

The cwESR spectra were recorded at X-band frequencies (~9.4 GHz)
using a laboratory-built ESR spectrometer. The magnetic field was
regulated using a Bruker BH15 field controller and monitored with a
Bruker ER 035 M NMR Gaussmeter while aBruker ER 041 MR microwave
bridge (witha ER 048 Rmicrowave controller) was used for microwave
generationand detection (diode detection). The static magnetic field
was modulated at 100 kHz, and lock-in detection was carried out using a
Stanford Research SR810 lock-in amplifier in combination with a Wang-
ine WPA-120 audio amplifier. The lock-in detection leads to the deriva-
tive spectra. A Bruker ER 4122 SHQE microwave resonator was used.
The g-factor calibration was additionally done using aN@C60 powder

sample at room temperature, withaknown g-factor (g=2.00204). The
inner wall film sample of M,TTM-3FIr-M,TTM was measured at room
temperature with amodulation amplitude of 0.05 mT and amicrowave
power of 3.2 uW for the main transition and 12.6 mW for the half-field
transition. Simulations of the cwESR spectrum were done using the
EasySpin toolbox”, version 6.0.0-dev.53 and the pepper function.
The half-field transition was scaled to account for the difference in
microwave power used.

Pulsed ESR

Pulse ESR was performed at X-band (9.7 GHz) using a Bruker ELEXSYS
E580 spectrometer, with a Bruker MD5 resonator. All measurements
were at room temperature in the dark.

The echo-detected field sweep was performed using the Hahn
echo sequence ’E’ — 17— m—1- echo, with pulse lengths of ¢,,, =160 ns
and t, =320 ns, aninterpulse delay 7of 400 ns, atwo-step phase cycle
and anechointegration window of 518 ns. The longer pulses were used
tosupress ESEEM effects.

The Rabinutation trace was recorded with a three-pulse sequence
of - 5pus— £ —7— m— 1—echo, where @is a variable length pulse that
is incremented. The nutation trace was recorded at the most intense
peakinthe EDFS at345.62mT with different relative B, strengths (atten-
uations of 29, 26 and 20 dB).

The phase memory time was measured withan echo decay meas-
urement with a pulse sequence g — 17— —1—-echo,where rwasincre-
mented from 400 ns to 4.4 ps in steps of 2 ns (¢,,=160 ns and
t,=320 ns). We fit the echo decay with a mono-exponential curve to
extractthe T, time.

The T, (spin-lattice) relaxation time was measured with a satura-
tion recovery sequence, where 20, 24-ns picket fence pulses were
used to saturate the transition followed by a delay and a Hahn echo
detection sequence with ¢,,=16 ns and ¢, =32 ns and an integration
window of 112 ns. We find the saturation recovery trace can be fit with
amono-exponential curve.

The field calibration was carried out using N@C60.

trESR

The trESR experiments were performed on a laboratory-built X-band
(9.7 GHz) continuous-wave spectrometer together with a Bruker MD5
dielectric ring resonator with optical access. Optical excitation at
532 nmwas provided using a diode-pumped Nd:YAG laser (Atum Laser
Titan AC compact 15 MM) equipped with a second harmonic genera-
tor, with an incident pulse energy of ~400 pJ, a pulse length of 5 ns
and operating at a 100 Hz repetition rate. Excitation also included a
depolarizer (DPP25-A, Thorlabs) to avoid polarization effects. The
temperature was controlled using a Lakeshore 332 temperature con-
trollerand alaboratory-built helium flow cryostat. The transients were
recorded as the static magnetic field was swept, and continuous-wave
microwave irradiation was applied (the samples were measured with
a microwave power of 12.6 pW). trESR on M,TTM-3FIr-M,TTM was
measured at 150 K for frozen solution of 0.1 wt% in PMMA in toluene,
justbelow the melting point of toluene, and at 200 K for the inner wall
films made of 0.1wt% in PMMA.

PLDMR at X-band

PLDMR was performed using ahome-built optical resonator (basedona
dielectric ringresonator), which allows for excitation of the sample and
collection of PL in transmission mode). A 365 nm LED (M365L3 Thor-
labs) was used for continuous excitation of the sample. The integrated
PLfrom400 to 650 nmwas collected by asilicon detector. (The365 nm
excitation residual was removed viaa400 nm long-passfilter, while we
used a 650 nm short pass filter to limit the range of wavelengths seen
by the Si detector to be from 400-650 nm). The PLDMR was carried
out at X-band, and the microwaves were square-wave modulated at a
frequency of 967 Hz. The change in PL owing to microwave absorption
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was monitored at the microwave modulation frequency using lock-in
detection (Stanford Research Systems SR830) as the static magnetic
field was swept through resonance. The sample was measured at 100 K.
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