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In organic semiconductors, bi-excitons are key intermediates in carrier-multiplication and exciton
annihilation. Their local geometry governs their electronic properties and yet has been challenging
to determine. Here, we access the structure of the recently discovered S = 2 quintet bi-exciton state
in an organic semiconductor using broadband optically detected magnetic resonance. We correlate
the experimentally extracted spin structure with the molecular crystal geometry to identify the
specific molecular pairings on which bi-exciton states reside.

Figure 1. Broadband ODMR of triplet-pair states.
(a) Experimental schematic. Crystalline samples of TIPStetracene (oriented with ĉ-axis as shown) were optically illuminated under amplitude-modulated microwave excitation
(B1 ) using a broadband strip-line in liquid helium (4 K).
Photoluminescence was collected via optical fibre to detect
the microwave-induced change in photoluminescence (PL) as
a function of both microwave frequency and static magnetic
field (B0 ) with B0 ⊥ B1 . (b) Molecular structure of TIPStetracene and corresponding principal axes of the intra-triplet
dipolar interaction (x̂t , ŷt , ẑt ). (c) Solid-state crystal structure of TIPS-tetracene with four rotationally inequivalent
molecules per unit cell labelled 1-4 and unit cell axes (â, b̂, ĉ).

Bi-excitons are key excited-state species in a range of
nano-structured materials from quantum-confined inorganic systems [1–3] to synthetic molecular structures [4–
6]. In organic semiconductors the exciton-pair is an intermediate in both the process of singlet fission [7–9] –
the formation of a pair of spin-1 (triplet) excitons from an
initial spin-0 (singlet) excitation – and its reverse process,
triplet-triplet annihilation [10]. While singlet fission is of
particular interest for photovoltaics [11–13], where it has
been shown to increase efficiencies of solar energy harvesting beyond traditional limits [14, 15], triplet-triplet
annihilation is of interest for spectral light conversion
[10, 16], catalysis [17, 18], photovoltaics [16, 19], and bioimaging [20, 21].
Despite their importance, the wavefunction of these
transient, intermediate pairs remains challenging to
probe. Purely optical characterization of bi-excitons can
be ambiguous as their optical signatures typically overlap with those of singly-excited states. Spin resonance
has played a key role in showing, unexpectedly, that in
several molecular systems, singlet fission produces a longlived bi-exciton [22–24]. An unambiguous signature of
bi-exciton formation is the dominant exchange interaction between the triplets within a pair (parametrized by
J & THz) [23, 25]. This exchange interaction separates
the pure singlet (S = 0) from the triplet (S = 1) and
quintet (S = 2) pairings of the bi-exciton by hJ and
3hJ respectively and is identified via spin resonance or
magneto-optic spectroscopy [25, 26].
Following identification of these bi-exciton states [23,
25], we can now investigate where such bound pairs reside. Conveniently, the ∼ MHz-GHz spin fine structure
of the bi-exciton is determined by inter- and intra-triplet
dipolar interactions and therefore provides a native probe
of its spatial confinement and orientation [27, 28]. We apply this approach in TIPS-tetracene (Fig. 1b), a solutionprocessable singlet fission material of interest for its high
singlet fission efficiency [29, 30]. TIPS-tetracene is structured with side-chain modification of the canonical fission
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Figure 2. Field-swept and zero-field ODMR of the triplet pair state.
(a) Energy levels of the triplet and quintet m = 0, ±1 sub-levels as a function of field with transitions at 9 GHz marked
with arrows to correspond to experimentally observed transitions in (b). (b) ODMR spectrum at 9 GHz showing inner quintet
transitions (Q± ) and the outer triplet transitions (T ± ). (c) Energy level diagram of triplet and quintet zero-field spin sub-levels.
Zero-field ODMR spectra with quintet transitions (d) marked with corresponding zero-field splitting parameters (DQ , EQ ) and
simulation in red and triplet transitions (e) marked with corresponding triplet parameters (DT , ET ) and simulations in blue.

molecule, tetracene [9]. It crystallizes with four orientationally inequivalent molecules per unit cell (Fig. 1c)
yielding six possible nearest-neighbor pair-sites within a
unit cell in addition to non-crystalline defect sites on
which bi-excitons could reside. Here we measure the spin
fine structure in TIPS-tetracene and use it to determine
the molecular pair-sites where bi-excitons reside.
The fine structure is described by the following zerofield splitting (ZFS) Hamiltonian
1
Ĥzf s /h = S| · D · S = D(Ŝz2 − S(S + 1)) + E(Ŝx2 − Ŝy2 )
3
(1)
where D is the dipolar tensor (D-tensor) with parameters
D, E and S is the relevant vector of spin operators ( with
total spin S = 1, 2 for triplet, quintet states) defined
along the principal axes (x̂, ŷ, ẑ) of the D-tensor.
We now show how the quintet fine-structure (DQ , EQ
and the principal axes x̂q , ŷq , ẑq ) depends on the underlying triplet pair orientation on two molecules (labeled
here a and b). We assume that each triplet has the same
zero-field parameters (DT , ET ) and differ only in orientation and position. We define the principal axes of the
first triplet state as (x̂a , ŷa , ẑa ) and the second triplet as
(x̂b , ŷb , ẑb ), defined relative to the molecular structure as
in Fig. 1b with the vector between them given by ~rab and
unit vector ûab = ~rab /|~rab |. The zero-field Hamiltonian
of the pair in the uncoupled basis is then given by

(1⊗1)

Ĥzf s /h =

X

S|i ·DiT ·Si −Γ(ûab ·Sa )(ûab ·Sb )+JSa ·Sb

i=a,b

(2)
gives the strength of the inter-triplet
where Γ =
dipolar interaction with µ0 the magnetic permeability of
free-space, µB the Bohr magneton, and g the g-factor.
In the limit of strong exchange coupling (J  DT ),
the Hamiltonian is approximately diagonal in the coupled spin basis defined by the states of pure total spin
[25, 26, 31]. Converting the above Hamiltonian to the
coupled basis and projecting into the S = 2 subspace
gives the quintet zero-field fine-structure Hamiltonian as
3µ0 µ2B g 2
4π|~
rab |3

(2)

Ĥzf s /h = S| · DQ · S

(3)

where S = (Ŝx , Ŝy , Ŝz ) are the Pauli spin operators for
total spin-2. The quintet zero-field tensor DQ in terms of
the underlying triplet fine structure, inter-triplet distance
and dipolar interaction is given by
DQ =

2
DT X
(
ẑi ẑi| − Iˆ3 )
6
3

(4)

i=a,b

+

ET X
Γ
1
(x̂i x̂|i − ŷi ŷi| ) − (ûab ûTab − Iˆ3 )
6
3
3
i=a,b

where Iˆ3 is the identify matrix in three dimensions (a
detailed derivation is in the Supplemental Material [32]).
(2)
Converting Ĥzf s to the form of Eq. 1 yields the quintet dipolar parameters DQ , EQ , and the principal axes
x̂q , ŷq , ẑq (the eigenvectors of DQ ).
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Figure 3. Fine-structure tensors from broadband ODMR.
(a,d) Energy level diagram for the quintet (a) and triplet (d)
states as a function of magnetic field. Arrows indicate potential transitions, corresponding to lines in (c) and (f) respectively. (b,e) Schematic representation of the orientation
of B in the quintet (b) and triplet (e) fine-structure axes.
(c) ODMR transitions associated with the quintet state with
overlay of simulated transitions. Signal has been isolated by
subtracting a scaled out-of-phase (Y)-channel signal from the
in-phase signal to remove triplet contributions. Black lines
show simulations given for θq = 90◦ and φq = 30◦ with an
uncertainty of ±5◦ where solid (dashed) lines overlay (un)observed transitions. (f) Y-channel (out-of-phase) ODMR
map of the triplet state with overlay of calculated transitions
in black with θt = 90◦ and φt = 0.

Each distinct potential pair site can be identified by
its unique fine structure parameters in a single crystal
with the relation given by Eq. 4. With this motivation we use a macroscopic crystal (∼mm-scale singlecrystalline domain) and measure the principal values and
axes of the D-tensors of the triplet and quintet states
using broadband optically detected magnetic resonance
(ODMR). The experimental setup is shown in Fig. 1a
and includes 532 nm continuous-wave (CW) light excita-

tion, static magnetic field (B0 ) , and microwave radiation
(B1 ) with variable frequency delivered through a broadband copper strip-line. The TIPS-tetracene crystal is
aligned with B0 k ĉ. The ODMR signal is measured by
lock-in detection of microwave-induced changes in photoluminescence (PL).
We first perform fixed-frequency (9 GHz), field-swept
ODMR. In agreement with previous measurements using transient electron spin resonance, we observe two
pairs of spin-transitions consistent with the ∆m = ±1
transitions of the S = 1 triplet exciton (which we label T ± ) and the ∆m = ±1 transitions of the S = 2
quintet state (labeled Q± ), as shown in the Fig. 2a,b.
(Note that this spectrum confirms the expected orientation of the crystal aligned with B0 k ĉ as noted in
the Supplemental Material [32]) We correlate these observed high-field transitions with zero-field transitions
(magnetic field strength B0 = 0, Fig. 2c,d), measured
here to sensitively determine the zero-field splitting parameters. We now describe the microwave transitions
observed experimentally. Two of the triplet energy levels are separated by |hDT | from the lowest level, and the
two upper eigenstates are further split by |2ET h| (Fig. 2c
in blue). ODMR then occurs at microwave frequencies
ν = DT ±ET . The three lowest quintet levels are split by
|DQ | from the ground state to the first two states with a
further splitting of |6EQ | between those two upper levels
(Fig. 2c in red). This leads to ODMR transition frequencies at ν = DQ ± 3EQ . Note that the previously reported
D-parameters for TIPS-tetracene are DT ∼ 1.4 GHz and
DQ ∼ DT /3 [23, 33].
The spectra of triplets and bi-excitons can be separated in ODMR using the difference in lifetime of the
two species [23, 33]. The microwave amplitude modulation frequency (137 Hz) is chosen such that the triplet
signal appears with equal amplitude on the in-phase (Xchannel) and out-of-phase (Y-channel) lock-in channels,
which corresponds to the inverse lifetime of the triplets.
The signal from shorter lived bi-excitons appears only on
the X-channel and can be isolated by subtracting X and Y
channels. The zero-field X- and Y-channel ODMR spectra are plotted in Fig. 2d,e in black (X-channel) and grey
(Y-channel). The transitions on the Y-channel are consistent with triplets with |DT | = 1.4 GHz and |ET | = 14
MHz (Fig. 2e,with overlaid spectral fit in blue). Transitions in the frequency region expected for the quintet
only appear on the X-channel and give |DQ | = 477 MHz
and |EQ | = 22 (Fig. 2d, with overlaid spectral fit in
red). The measurement of the E-parameters here is made
possible by the reduced linewidths observed at zero-field
relative to previous measurements under non-zero magnetic field. (Note that the spectral fit in Fig. 2d includes
a minor species with slightly larger quintet parameters
(|DQ | = 490, |EQ | = 24) that quickly decays in intensity
with field.)
Having extracted the principal components of the
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triplet and quintet fine-structure at zero-field, we now
map the resonance frequencies as a function of magnetic
field to determine the corresponding orientations of the
principal axes. The experimental ODMR maps for quintet and triplet states are shown in Fig. 3c,f. The observed resonances cannot be fit by a spin-1 state, which
further confirms the assignment (see Supplemental Material [32]). We parametrize the orientation of the principal
axes relative to the magnetic field with the polar angle
θ and azimuthal angle φ as shown in Fig. 3b,e. The
orientation of the quintet fine-structure axes is obtained
by fitting these maps with the spin transitions predicted
by the fine structure parameters determined at zero-field
with the orientation as input. There are 10 possible transitions between the five quintet spin sub-levels (Fig. 3a),
which are overlaid on the quintet ODMR map (Fig. 3c).
It should be noted that the visibility of transitions depends on populations and selection rules, and transitions
3,4,6,7 and 9 are not clearly observed experimentally.
The quintet state is oriented with fixed θq = 90 ± 5◦
between ẑq and B0 and φq = 30 ± 5◦ between x̂q and B0 .
The evolution of the triplet zero-field transitions (∼ 1.4
GHz) with field, shown in Fig. 3f are consistent with
θt = 90◦ (simulated transitions shown in black). We
also observe θt ∼ 0 peaks due to a weak powder background, which decays quickly with field. The dominant
θt = 90◦ triplet orientation correlates with the high-field
spectrum (Fig. 2b): triplet peaks are separated in field
by ∼ hD/gµB , which occurs when θt ∼ 90◦ , whereas
no peaks are observed for θt ∼ 0 (separation in field of
∼ 2D/gµB ). Note that the transitions are consistent
with φt ∼ 0, but this angle could not be extracted reliably
and is not required for subsequent analysis because the
triplet states are nearly axially symmetric (i.e., ET ≈ 0).
As the D-tensor principal values and axes in the laboratory frame are obtained from a crystalline sample aligned
with B0 k ĉ, we can now compare them with the theoretically predicted D-tensors in the TIPS-tetracene crystal
structure.
There are six potential nearest-neighbor dimer configurations in the TIPS-tetracene crystal structure (see
Fig. 1c) and for each we can calculate the fine structure parameters (DQ , EQ , θq , φq ) using Eq. (4) and the
point-dipole approximation, the dipolar axes shown in
Fig. 1b and the intermolecular distances extracted from
the crystal structure [34]. The full set of values are summarized in the Supplemental Material [32]. The observed
quintet parameters and extracted angles of θq ∼ 90◦ and
φq ∼ 30◦ are consistent with exchange-coupled triplets
localized on dimers with molecules 1,2 and 3,4 (labelled
in Fig. 1c). The extracted local quintet fine structure is
visualized in Fig. 4 where the full quintet and triplet dipolar interactions are shown with respect to the magnetic
field in the lab frame and crystallographic axes, summarizing the local structure of quintet and triplet states in
TIPS-tetracene and their relation to intermolecular ge-

Figure 4. Local geometry of the quintet fine-structure tensor
in the TIPS-tetracene crystal with an angle of θq = 91.6◦ and
φq = 30.6◦ , where the crystal is oriented with B0 k ĉ with
two co-planar triads of vectors, (x̂q , ŷq , B0 ) and (ẑq , rab , B0 ).

ometry.
We have shown how the sensitivity of broadband magnetic resonance enables identification of triplet-pair geometries in a material with many possible intermolecular
configurations. This approach is broadly applicable even
in cases where the crystal structure is not known or relevant (as in disordered materials and devices with trap
sites). Here we find that the triplet pairs are localized
on the closest π-stacked dimers of the crystal structure.
As the fine structure is consistent with minimal modification from the ground-state crystal structure, these results suggest that geometric reorganization is negligible
in the quintet bi-exciton excited-state. This description
of the geometry of the triplet pair sets the foundation
for time-resolved measurements to allow investigation of
the transient localization and molecular reorganization
of the pair-state. While here we have examined a singlet
fission material, this technique is broadly applicable to
any device architecture with interacting excited states,
from those incorporating two-dimensional materials and
quantum dots to emerging hybrid organic-inorganic and
bio-engineered structures.
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