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High-spin states play a key role in chemical reactions found in nature. In artificial molecular systems, singlet
fissionproduces a correlated triplet-pair state, a spin-bearingexcited state that can beharnessed formore efficient
solar-energy conversion and photocatalysis. In particular, triplet-pair states with overall quintet character (total
spin S ¼ 2) have been discovered, but many of the fundamental properties of these biexciton states remain
unexplored. The net spin of these pair states makes spin-sensitive probes attractive for their characterization.
Combinedwith their surprisingly long spin coherence (of ordermicroseconds), this opens up techniques relying
on coherent spin control. Here we apply coherent manipulation of triplet-pair states to (i) isolate their spectral
signatures from coexisting free triplets and (ii) selectively couple quintet and triplet states to specific nuclear
spins. Using this approach, we separate quintet and triplet transitions and extract the relaxation dynamics and
hyperfine couplings of the fission-borne spin states. Our results highlight the distinct properties of correlated and
free triplet excitons and demonstrate optically induced nuclear spin polarization by singlet fission.
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I. INTRODUCTION

Interacting triplet-pair states are key intermediates in
photocatalysis [1], photon up-conversion [2], recombination
in light-emitting diodes [3–5], aswell as the process of singlet
fission [6,7]—the production of two spin-1 triplet excitons
from an initial spin-0 singlet exciton, a process which has
received great interest for its potential in photovoltaics
[8–11]. Recently, it has been demonstrated that the biexciton
generated by the fission process can evolve in time to form a
long-lived pair statewith total spin S ¼ 2: a spin-quintet state
[12–19]. This quintet state is intriguing for several reasons.
First, while biexciton states typically undergo rapid recombi-
nation [20], quintets in organic materials are theoretically
spin protected from recombination losses, due to triplet-
triplet annihilation to the single-molecule quintet state being

energetically inaccessible [21,22]. Second, as a long-lived,
high-spin state there is potential to use the coupled pair
in spin-dependent reactions and molecular spintronics.
Furthermore, quintets formed via singlet fission offer a test
bed for investigating the multiexciton intermediates found
in a wider range of photoinduced processes. However, many
fundamental spin properties of the quintet state remain
uncharacterized.
Since the quintet state has a net spin, its properties are

accessible through spin-sensitive techniques: from pair-state
delocalization, hyperfine or dipolar couplings, to its spin
dynamics and how they vary between triplet-pair and
uncoupled triplet states. Pulsed electron spin resonance is
well suited to answering such questions as it provides a way
of coherently separating quintet and triplet states due to their
difference in multiplicity (S ¼ 2 versus S ¼ 1). Because of
the higher spin of the quintet state it can couplemore strongly
than the triplet state to an external microwave drive, and this
provides a means to coherently separate and selectively
address these distinct states. This is particularly powerful for
nonoriented samples, such as an organic semiconductor film,
where coexisting quintet and triplet spectral features will
overlap due to the simultaneous presence of both these states
[Fig. 1(a)] [23]. Furthermore, electron spin resonance (ESR)
offers angstrom-scale sensitivity through measurement of
spin-spin couplings, providing a sensitive probe of triplet-
pair wave functions, and enables investigation of optically

*j.behrends@fu-berlin.de
†robert.bittl@fu-berlin.de
‡Present address: Pritzker School of Molecular Engineering,

University of Chicago, Chicago, Illinois 60637, USA.
§These authors contributed equally to this work.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW X 10, 021070 (2020)

2160-3308=20=10(2)=021070(10) 021070-1 Published by the American Physical Society

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Institutional Repository of the Freie Universität Berlin

https://core.ac.uk/display/333952318?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://orcid.org/0000-0002-1156-7243
https://orcid.org/0000-0003-0872-708X
https://orcid.org/0000-0001-7581-8593
https://orcid.org/0000-0003-1024-428X
https://orcid.org/0000-0003-4103-3768
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.10.021070&domain=pdf&date_stamp=2020-06-29
https://doi.org/10.1103/PhysRevX.10.021070
https://doi.org/10.1103/PhysRevX.10.021070
https://doi.org/10.1103/PhysRevX.10.021070
https://doi.org/10.1103/PhysRevX.10.021070
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


dark states which can be challenging to address through
purely optical means.
Here we capitalize on the prolonged (order microsec-

onds) spin coherence displayed by fission-borne spin states
to deploy coherent spin selection and separately probe the
properties of triplet-pair and triplet states. We first use this
approach to separate the quintet from spectrally over-
lapping triplet states. We then demonstrate multiplicity
specific optically generated nuclear spin polarization and
extract hyperfine couplings from the quintet and triplet
states to specific hydrogen sites, providing a probe of the
spatial distribution of triplet-pair and triplet states.

II. EXPERIMENTAL METHODS

We use solution-processed films of core-deuterated
TIPS-tetracene [bis(triisopropylsilylethynyl)-tetracene] in

which the tetracene core is deuterated, but the TIPS
side groups are hydrogenated [Fig. 1(b)]. As we discuss
below, this core deuteration improves our experimental
sensitivity through reducing the ESR linewidths compared
to nondeuterated TIPS-tetracene, and enables the side chain
protons to act as a site-specific spin label. Thin-film
samples were dropcast from chloroform solution onto
quartz substrates and flame sealed under helium gas in a
quartz ESR tube (further sample details are contained in the
Supplemental Material [24]). Pulsed ESR experiments
were performed at X-band frequencies (≃10 GHz) using
a Bruker Elexsys E-580 spectrometer. A 532 nm pulsed
laser (5 ns pulse length) was used to photoexcite the
sample, generating quintet and triplet states. Microwave
manipulation was then performed after a delay time of TD.
The sample was kept at 5 K using a helium flow cryostat.
A quasi-cw spin-1=2 and resonator impurity signal were
subtracted by using the ESR signal at long times after the
laser excitation where quintet and triplet states were not
present.

III. RESULTS AND DISCUSSION

A. Quintet-selective spin manipulation

Pulsed ESR allows for measurement of the spectrum,
dynamics, and localization (via dipolar and hyperfine
coupling parameters) of spin species. A key asset of this
technique is that the transition strength between two spin
sublevels will vary depending on the total spin S of the
species, providing a powerful way to separate different
states [25–29]. Specifically, for an ac magnetic drive
between two spin sublevels m ↔ m� 1, the drive strength
(the Rabi frequency) is

Ω ¼ ω1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þ −mðm� 1Þ
p

; ð1Þ

where ω1 ¼ gμBB1=ℏ, with μB the Bohr magneton, g the
electronic g factor, and B1 the ac magnetic-field strength
from the microwave pulse. Here we probe m ¼ 0 ↔ m ¼
�1 transitions for quintet and triplet states for which Eq. (1)
reduces to Ω ¼ ω1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þp

[Fig. 1(c)], meaning the
driving strength seen by a quintet state (S ¼ 2) will be

ffiffiffi

3
p

times higher than a triplet state (S ¼ 1). This is demon-
strated in Fig. 1(d), where we show Rabi oscillations of the
photoexcited quintet and triplet states for the same external
microwave drive, along with their fast Fourier transform.
As expected from Eq. (1), the quintet oscillation frequency
is

ffiffiffi

3
p

times higher than the triplet (further details on the
pulse sequence and additional Rabi oscillation data are
shown in the Supplemental Material [24]). In this article,
we use this selectivity by spin multiplicity to independently
probe quintet and triplet states.

FIG. 1. Coherent spin selection of quintet and triplet states
formed by singlet fission. (a) Schematic of coexisting quintet,
triplet, singlet, and nuclear spin states in a singlet fission material.
(b) Core-deuterated TIPS-tetracene with deuterons on the tetra-
cene core (dark purple) and protons on the side groups (light
purple) indicated. (c) Basis of coherent spin selection: the micro-
wave drive strength Ω (the Rabi frequency) between m ¼ 0 and
m ¼ 1 spin states depends on the total spin S, enabling quintet and
triplet states to be separately addressed. (d) Rabi oscillations for
quintet and triplet states in a core-deuterated TIPS-tetracene film,
along with the corresponding fast Fourier transform (FFT) show-
ing the expected factor of

ffiffiffi

3
p

between the nutation frequencies.
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B. Separating quintet and triplet states

As indicated in Fig. 2(c), device-relevant thin-film sam-
ples contain a distribution of microcrystalline or amorphous
domains each defined by an orientation relative to the
external magnetic field. This noncrystalline distribution of
molecular orientations results in a distribution of resonant
fields due to the orientation dependence of the electron-hole
dipolar interaction (the zero-field splitting), as shown sche-
matically in Fig. 2(d) for quintet and triplet spectra. [This
zero-field splitting interaction gives an energy splitting of
gμBB� 3

2
h½Dðcos2γ − 1=3Þ þ Eðcos2α − cos2βÞ� between

the m ¼ 0 and m ¼ �1 states, where B is the external field,
D andE are the zero-field splitting parameters, andα, β, γ the
angles between the field and the molecular X, Y, Z axes.]
Quintet and triplet spectra will therefore overlap, and

measurement of the individual properties of these states
can be challenging.
However, by implementing multiplicity selective spin

echoes, spectrally overlapping quintet and triplet states can
be disentangled. Figure 2(e) (top) shows the spin-echo
signal as a function of the external field using a standard
Hahn-echo sequence, showing contributions from both
quintet and triplet states. In order to separate these two
components, we modify the standard Hahn-echo pulse
sequence to use pulse lengths that select either the quintet
or triplet state by producing an echo on the species of
interest and preventing an echo from the other species
[Figs. 2(a) and 2(b)]. This is readily achieved by adjusting
the length of the first microwave pulse such that it inverts
the spin population (a π pulse) for the species not being
measured [shown in Bloch sphere representation in
Fig. 2(b)]. Because of a difference in nutation frequency,
the species of interest (e.g., quintet) will develop an in-
plane magnetization and hence gives rise to a spin echo,
while the other species (e.g., triplet) will not. This is shown
experimentally in Fig. 2(e), where quintet and triplet
spectra are separated via their spin multiplicity, despite
the fact that the spectra from both states coexist in the same
field range. [Since the quintet-selective sequence produces
an echo with the opposite sign to the nonselective and
triplet-selective sequences—see Fig. 2(b)—we plot the
negative of the experimentally detected echo for the
quintet-selective traces for clarity.] This simple approach
to triplet-pair selectivity means that it can be readily applied
to other spin-echo-based experiments, as we show below.
We note that this coherent spectral separation would be
particularly useful for systems where triplet spin polariza-
tion is much greater than that of the quintet, making triplet
pairs otherwise unobservable. We now use this technique to
examine the distinct properties of the quintet and triplet
states.

C. Quintet and triplet spectra

First, we analyze the separated spectra of the quintet and
triplet species [experimental spectra and simulations are
shown in Fig. 2(e)]. The triplet spectrum measured follow-
ing optical excitation shows a dominant m ¼ 0 Zeeman
state population, as expected from singlet fission [24,30,31],
and the spectral fit gives triplet zero-field splitting param-
eters DT ¼ 1.4 GHz, ET ≤ DT=100, consistent with pre-
vious measurements of fully hydrogenated TIPS-tetracene
[12,32,33]. However, the line broadening is approximately
3 times narrower than in fully hydrogenated TIPS-tetracene,
demonstrating a significant hyperfine line-broadening
mechanism due to interaction with core protons [34]
(further details on the effects of core deuteration on the
ESR linewidths are contained in the Supplemental Material
[24]). The corresponding quintet spectrum measured
directly after optical excitation also shows an m ¼ 0
polarization, as described previously [12]. This quintet

(a)

(b)

(c)

(d)

(e)

FIG. 2. Spectral separation of fission-borne spin states in
a thin film. (a) Spin-echo pulse sequence. The length of pulse 1
determines which spin multiplicity is selected in the echo-
detected field-swept spectra by rotating triplet (red), quintet
(blue), or neither state (green) onto the pole of the Bloch sphere,
as depicted in (b). (c) Distribution of the magnetic fieldB relative
to the molecular axes of TIPS-tetracene for a randomly oriented
film with (d) corresponding ESR transitions from the j0i sublevel
of the S ¼ 2 quintet states (top) and S ¼ 1 triplet states (bottom).
(e) Spin-echo-detected spectra measured at TD ≃ 0.5 μs with
nonselective (green), quintet-selective (blue), and triplet-selective
(red) pulse sequences, demonstrating coherent separation of
quintet and triplet states. Corresponding simulations are shown
in black lines.
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spectrum is consistent with the diabatic limit of spin
polarization generation considered by Collins et al. [35]
forwhich singlet fission predominantly populates them ¼ 0
quintet state, with negligible population in the other quintet
spin sublevels or the S ¼ 1 triplet-pair manifold (see
Supplemental Material for further discussion of spin sub-
level populations [24]). The isolated quintet spectrum and
the lower linewidths from using core-deuterated TIPS-
tetracene reveals that a nonzero quintet fine-structure
parameter (EQ ≠ 0) is needed to reproduce the observed
line shape, in contrast to the observed axial nature of the
triplet spectrum ET ≃ 0. (In particular, this quintet non-
axiality is manifested as less sharp spectral edges at the Q�

peaks compared to the T� peaks.) We find that the
combination of two noncollinear molecules from the
TIPS-tetracene unit cell is not sufficient to reproduce
the observed fine structure, but that the data can be explained
by including an intertriplet dipolar coupling,whichmodifies
the quintet fine structure. This is described in more detail
in Ref. [36].

D. Spin dynamics of quintet and triplet states

We now turn to using quintet selectivity to examine the
time evolution of quintet and triplet states. We capitalize on
the free evolution that pulsed ESR affords to measure free
spin dynamics (in contrast to previous transient ESR
measurements which involve a continuous microwave
field). First we use the quintet-selective sequence to
measure the quintet lifetime, by varying the time between
the optical excitation and the echo sequence [TD in the
pulse sequence shown in Fig. 2(a)]. We find a lifetime of
τQ ¼ 17� 1 μs [Fig. 3(a)], demonstrating the surprisingly
long-lived nature of these biexciton states. (We note that
this is consistent with delayed photoluminescence and
transient absorption signatures of the triplet-pair state in
TIPS-tetracene which have been reported to have a ∼10 μs
lifetime in crystalline films at 10 K [37].)
We next examine the difference in spin coherence for the

quintet and triplet states [Fig. 3(b)] by varying the free
evolution time 2τ of the echo sequence. (We note that the
measurements for the triplet transitions do not require a
selective sequence due to the spectral separation from
the quintet state.) Interestingly, we find essentially the
same T2 ¼ 0.75� 0.02 μs for quintet and triplet states.
Furthermore, these values differ only slightly from non-
deuterated TIPS-tetracene for which the quintet and triplet
coherence times were 0.87� 0.04 and 0.69� 0.04 μs,
respectively [12]. This indicates that the core protons play
only a minor role in decoherence in this system despite their
significant contribution to line broadening (×3 compared
to core deuterons). Such behavior is consistent with
decoherence predominantly arising from fluctuating mag-
netic fields from the weakly coupled side-chain nuclei, with
the more strongly coupled core protons serving to produce
a quasistatic line broadening [38]. Modulation of the

zero-field splitting tensor by molecular vibrations or
triplet exciton hopping is a further possible source of
decoherence. However, we expect this mechanism to
produce spectral distortions from orientation-dependent
decoherence, which we do not observe [39,40]. A further
contribution to decoherence could arise from the presence
of charges, something which would be interesting to
investigate in future studies through, for example, the
controlled incorporation of dopants or generating quintet
and triplet states in a device architecture [41,42].
While the decoherence times are indistinguishable

between triplet and quintet states, the spin lifetime varies
drastically between coupled and uncoupled triplet states.
Unlike the quintet, the triplet polarization evolves over
hundreds of microseconds reflecting the significantly
longer lifetime of the triplet state (Fig. 4). As shown in
Figs. 4(c) and 4(d), the initial m ¼ 0 fission-generated
spectrum evolves to yield an AAEE pattern by TD ¼ 1 ms
(where A signifies absorptive and E emissive), which
reflects spin population selective in the zero-field basis
of the molecule [43,44]. This late-time spectrum is shown
in Fig. 4(d) along with a simulation which demonstrates
overpopulation of the zero-field jZi eigenstate. The
observed spectral behavior is consistent with spin-selective
decay via spin-orbit mediated intersystem crossing (ISC) of
the triplet excited state to the singlet ground state, which
more rapidly depletes the zero-field eigenstates jXi and jYi
(further details are contained in the Supplemental Material
[24]). Here we parametrize this spin-selective population
decay by the ISC decay rates kXY for the jXi, jYi states, and
kZ for the jZi state, and the spin-lattice relaxation time T1.
As shown in Fig. 4 and described in the Supplemental

Material [24], at the Tþ
k transition [Fig. 2(c), BkẐ] the j0i

and j1i levels have decay rates kZ and kXY , respectively,
and so the initial overpopulation of j0i is enhanced by the

FIG. 3. Quintet spin lifetime and coherence for quintet and
triplet states. (a) Selective measurement of the quintet lifetime at
the Qþ transition with an exponential fit to a quintet lifetime of
τQ ¼ 17� 1 μs. (b) Echo decay measurement for quintet and
triplet states (Qþ and Tþ transitions, respectively) along with an
exponential fit with T2 ¼ 0.75� 0.02 μs.
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longer lifetime of this state relative to the j1i state. By
contrast, at the Tþ⊥ [Fig. 2(c), B⊥Ẑ] transition the j0i and
j1i levels have decay rates kXY and 1

2
ðkXY þ kZÞ, respec-

tively, and so the initial polarization becomes inverted due
to the longer lifetime of j1i relative to j0i. Using a global fit
for the two time traces we extract the spin-orbit mediated
decay rates k−1Z ¼ 4.6� 0.2 ms and k−1XY ¼ 0.51� 0.03 ms
and the spin-lattice relaxation time of T1 ¼ 2.6� 0.1 ms.
(We note that the fit is constrained to start after the rise and
equilibration of the initial spin population by singlet fission
and that these measurements do not require multiplicity
selective pulses due to spectral separation from the quin-
tet state.)
These measurements point to the key role of triplet-

triplet coupling in pathways for spin-state decay of the
quintet state: the quintet lifetime is significantly shorter

than that of the triplet state. This suggests that the dominant
loss pathway for pair states is not intersystem crossing of
the underlying triplet excitons to the ground state but rather
pair dissociation or recombination. We note that recombi-
nation of the quintet state would require spin mixing with
the triplet and singlet pair states, for which triplet-triplet
annihilation is spin allowed, and points to a key question
for future investigation into how such mixing occurs.
The enhanced relaxation and decay of the quintet relative
to the triplet suggests that exciton recombination, dissoci-
ation, and spin-spin coupling are key parameters for future
optimization of the spin properties of the multiexciton state.
Having discussed the properties of the electronic spin states
involved in singlet fission, we now turn to their interaction
with nuclear spins in their surrounding environment.

E. Multiplicity selective coherent nuclear
coupling via spin locking

Measurement of the hyperfine couplings of a state
provides a highly sensitive probe of its wave function
[45,46], and are thus important to access for triplet-pair
states. In the presence of coexisting triplet states, it is
important to be able to selectively address the quintet state’s
hyperfine interactions as well as use a technique which is
compatible with the relatively short-lived nature of the
biexciton (compared to typical nuclear spin manipulation
times). An attractive approach to meet both of these
requirements is to use purely electron spin manipulation
and interrogate hyperfine coupling through its effect on the
electronic spin state. Importantly, this can readily be
applied in a multiplicity selective way through a spin-
locking sequence, also referred to as nuclear orientation via
electron spin locking [47,48], allowing separation of the
nuclear coupling of quintet and triplet states.
The principle of this approach and its corresponding

pulse sequence is shown in Figs. 5 and 6(a) [47,48]. The
basic idea is to overcome the difference in energy splittings
between electronic and nuclear spin states by generating a
superposition state of the electronic spin (a dressed state)
whose energy is determined by the microwave Rabi
frequency Ω, rather than the static Zeeman energy and
zero-field splitting. This dressed state can then be brought
into resonance with the nuclear spin splitting, enabling
electronic spin polarization to be transferred to nuclear spin
polarization. Briefly, a quintet (or triplet) spin initially
polarized along the z direction is rotated onto the −y axis in
the rotating frame by a microwave π=2 pulse oriented along
the x axis. (Here the z axis is defined by the static magnetic
field, the x axis by the microwave drive, and the y axis by
the mutually perpendicular direction.) This is immediately
followed by a 90° phase-shifted pulse (which corresponds
to a pulse polarized along the y axis), which locks the spin
along the −y axis. Under this spin-locking condition the
spin sees a static magnetic field B1 along this axis. The
eigenstates of this system are then the dressed states jþi,

FIG. 4. Spin-orbit mediated decay of uncoupled triplet excitons
formed by singlet fission. (a) Spin sublevel decay schematic for
BkẐ with a decay rate of kZ for the j0i state and kXY for the j � 1i
states. (b)Decay schematic forB⊥Ẑwith a decay rate ofkXY for the
j0i state and 1

2
ðkXY þ kZÞ for the j � 1i states. (c),(d) Echo-

detected spectra (gray) with TD ¼ 1 μs and TD ¼ 1 ms along
with simulations (black) for overpopulation of the Zeeman j0i
state, and the zero-field jZi state, respectively. (e) Experimental
lifetime measurements for the Tþ

k and Tþ⊥ field positions shown

in (c) and (d), alongwith a fit giving k−1XY ¼ 0.51� 0.03 ms, k−1Z ¼
4.6� 0.2 ms, and spin-lattice relaxation time T1 ¼ 2.6� 0.1 ms.
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j−i, which are now quantized along the microwave field
with energies � 1

2
ℏω1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þp

.
When this energy splitting matches the splitting between

nuclear states (the m ¼ � 1
2
nuclear states j↑i; j↓i), the

jþ↓i and j−↑i states can coherently mix in the presence of
hyperfine interactions. Under this matching condition,
termed Hartmann-Hahn resonance [49], the polarization
evolves coherently, oscillating between the electrons and
nuclei with a frequency that depends on the hyperfine
coupling. This hyperfine-induced coherent evolution
thereby provides a way to measure the hyperfine coupling
in these states. Since the dressed-state energy splitting is
dependent on the spin multiplicity [Ω ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þp

],
quintet and triplet states can be separately addressed.
Furthermore, since the electron spin is initially polarized
due to fission, the j−i dressed state will predominantly be
populated [Fig. 5(b)] and transfer from j−↑i → jþ↓i
therefore transfers the electron spin polarization to initially
unpolarized nuclei, optically generating a net nuclear spin
polarization [48,50,51].
Figures 6(b) and 6(c) show the echo intensity as a

function of the locking pulse length at the quintet ðQþÞ and
triplet ðTþÞ transitions under resonant matching conditions
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þp

ω1 ¼ ωH as well as detuned from this condition
at

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þp

ω1 ¼ ωH=2, where ωH is the Larmor fre-
quency of the hydrogen nuclear spins on the side chains.
We note that since the deuteron Larmor frequency is 6.5
times smaller than for the proton [52], the core deuterons

(a)

(b)

FIG. 5. State- and site-selective electron-nuclear coupling in a
singlet fission material. (a) Selectively deuterated TIPS-tetracene
with photoexcited triplet pair (green) showing coupling to
hydrogen nuclear spins on the side groups. (b) Schematic of
electron-nuclear coupling under spin-locking conditions showing
microwave driving to form dressed states with a Rabi splitting
matching the ∼10 MHz nuclear spin splitting, allowing coherent
electron-nuclear evolution and polarization transfer.

(b)

(a)

(c) (d)

FIG. 6. Selectively coupling quintet and triplet states to site-specific nuclei. (a) Pulse sequence for spin polarization transfer from
electronic to nuclear degrees of freedom along with Bloch sphere depiction of spin locking. (b),(c) Pulse-length-dependent polarization
transfer from quintet and triplet states to side-chain nuclear spins with simulations for electronic ðPeÞ and nuclear ðPnÞ spin polarization
shown in dashed lines, with Peð0Þ the initial electronic spin polarization. (d) Multiplicity selective polarization transfer shown as a
function of the microwave driving field (ω1) for quintet (400 ns locking time) and triplet states (300 ns locking time) measured at theQþ

and Tþ transitions, respectively.
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would be brought into resonance at much lower frequencies
(≃2 MHz) and are therefore decoupled from the response
of the side-group proton spins, which provide a label to
selectively address the hyperfine coupling to the side
chains.
Detuned from resonance, the spins are locked along the

−y axis by the microwave field and decay with their
respective rotating frame relaxation times T1;ρ, which we
find to be 18 μs (Tþ) and 2.5 μs (Qþ). At Hartmann-Hahn
resonance, however, a very different behavior arises. Now
the dressed spins are resonantly coupled with surrounding
hydrogen nuclei and can coherently mix at a rate deter-
mined by their hyperfine coupling. The echo intensity will
then undergo oscillations at the coupling frequency as
polarization is exchanged between electrons and nuclei.
Damped oscillations, as we observe here, arise when there
is a distribution of coupling strengths, which we expect due
to the presence of multiple inequivalent hydrogen nuclei
[Fig. 5(a)] and from the ensemble averaging of molecules
within the film.
The hyperfine coupling is read out in the oscillatory

driven electron spin, which acts as a sensor of the local
nuclear environment, a scheme for quantum metrology
demonstrated with external quantum sensors [51] and here
with the intrinsic spin states generated by singlet fission.
We simulate the polarization transfer dynamics in Figs. 6(b)
and 6(c) by finding the density-matrix evolution of a quintet
or triplet coupled to a hydrogen nuclear spin, averaging
over a Gaussian distribution of hyperfine couplings with
center A⊥ and standard deviation σA⊥ (simulation details
are contained in the Supplemental Material [24]). The
resulting traces show good agreement with the experimen-

tal data with AðQÞ
⊥ ¼ 2.0 MHz, σðQÞ

A⊥ ¼ 1.2 MHz (quintet)

and AðTÞ
⊥ ¼2.7MHz, σðTÞA⊥ ¼ 1.3 MHz (triplet). Figures 6(b)

and 6(c) also show the corresponding simulated nuclear
polarization Pn normalized to the initial quintet or triplet
polarization Peð0Þ. These traces show a maximum polari-
zation transfer of ≃70% (triplet, 400 ns locking pulse) and
≃50% (quintet, 300 ns locking pulse). By further reducing
the distribution of hyperfine couplings, this polarization
transfer could be increased further. Future work incorpo-
rating simultaneous ESR and nuclear magnetic resonance
detection would further provide an exciting opportunity to
measure and optimize the bulk nuclear spin polarization
generated by singlet fission. While optically generated
polarization from intersystem crossing has been established
as a promising platform for dynamic nuclear polarization in
isolated molecules [53–55] as well as spin defects in solids
[50,56–58], to our knowledge, this is the first demonstra-
tion of dynamic nuclear spin polarization from singlet
fission.
Because of the higher total spin, the quintet j0i ↔ j1i

transition ðQþÞ has a ffiffiffi

3
p

higher Rabi frequency compared
to the triplet j0i ↔ j1i transition ðTþÞ, meaning that

quintet states are resonantly coupled to nuclei at physically
separate ω1 driving fields. This is more clearly demon-
strated in Fig. 6(d), where we fix the locking pulse length
and sweep its power, i.e., ω1. (π=2 and π pulses are adjusted
according to the Rabi frequency, and since the echo
intensity also increases with ω1, we normalize by a linear
baseline for clarity.) Because of their difference in total
spin, the Qþ and Tþ transitions display multiplicity
selective resonances, with the expected factor of

ffiffiffi

3
p

between their positions: the higher spin of the quintet state
means Hartmann-Hahn matching is achieved for lower
driving powers than for the triplet. Similarly, the higher
spin of the quintet means it could be more readily matched
to the nuclear Zeeman energy at higher magnetic fields than
lower spin states [59].
The hydrogen spins present only on the TIPS side groups

act as a spin label which provide information on the degree
of delocalization of the quintet or triplet wave functions onto
these side chains. The extracted hyperfine coupling
strengths correspond to electron-nuclear dipolar coupling
distances of ∼3 Å, which is approximately the distance
between the tetracene core and the TIPS protons, suggesting
that spin density is mainly localized on the tetracene core.
For comparison, we measured hyperfine couplings at the
Tþ transition in fully protonated TIPS-tetracene through
electron-nuclear double resonance, which is feasible for the
much longer-lived triplet states, where we found couplings
up to 6 MHz (see Supplemental Material [24]), much larger
than those measured in Fig. 6(c), which we assign to the
stronger interactions with protons on the tetracene core.
Interestingly, we find a weaker hyperfine coupling for the
quintet state than the triplet, which could be explained by
averaging over a greater number of nuclear spins in a triplet-
pair state compared to a single triplet state due to increased
delocalization.

IV. CONCLUSION

From measurement of relaxation and spin-selective
decay to hyperfine coupling and nuclear polarization,
coherent control of singlet fission generated spin states
opens up a wealth of methods to interrogate their key
properties. Our measurements reveal that while spin coher-
ence times (T2) are similar in both quintet and triplet states,
the spin lifetimes are reduced by over 2 orders of magnitude
in the quintet state compared to the triplet state. This
enhanced quintet relaxation indicates that intertriplet cou-
pling determines the fate of the biexciton, and points to the
need for synthetic control of this property for prolonged
biexciton spin lifetimes. The pure triplet state, on the other
hand, with its millisecond relaxation times, may find a
niche in spin-based sensors with facile fabrication, low
cost, and material flexibility [60].
Beyond probing dynamic properties, coherent control

enables investigation of the hyperfine coupling associated
with triplet-exciton pairs and allows independent coherent
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coupling of photoexcited quintet and triplet states to nuclei
within the same material. In doing so we have demonstrated
optical polarization of nuclear spins with singlet exciton
fission for the first time and present a pathway for mapping
the quintet state via hyperfine coupling. Future experiments
selectively deuterating different points around the molecule
would further allow site-specific hyperfine interactions to
be uncovered. In contrast to intersystem crossing, which
relies on spin-orbit coupling and is hence relatively slow to
induce electron spin polarization (of order milliseconds; see
Fig. 4), singlet fission is intriguing in offering polarization
through spin-dependent reactions, and hence can be much
faster in generating initial electron spin polarization than
intersystem crossing. Furthermore, since spin polarization
by singlet fission does not rely on thermal statistics, fission-
generated dynamic nuclear polarization should be possible
at room temperature and a simple kinetic model indicates
that weakly coupled triplets can be generated with up to
33% spin polarization (see Supplemental Material [24]).
More broadly, dynamically polarizing nuclei in organic
semiconductors should also be possible with the spin-
polarized electron-hole pairs which form in organic
photovoltaic or light-emitting materials [61], providing a
pathway to map the solid-state environment of excited
states in optoelectronic materials through targeted
polarization transfer. Along with optical or electrical read-
out schemes [62–64], coherent manipulation of fission-
generated spins provides a promising way to uncover the
influence of spin-spin coupling and nuclear spins in organic
semiconductor materials, and opens up new possibilities for
organic spintronics [65,66].
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