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S
inglet fission in small-molecule organic semiconductors has 
generated immense scientific interest due to its potential for 
increasing photovoltaic efficiencies beyond the Shockley–

Queisser limit1,2. In most photovoltaic materials, each absorbed 
photon produces a single electron with the potential for generat-
ing electricity. However, some materials, such as TIPS-pentacene 
(6,13-bis(triisopropylsilylethynyl)pentacene, TIPS-Pn)3,4, exhibit 
carrier multiplication via conversion of a singlet exciton into two 
triplets1. Each triplet exciton can go on to produce an electron, 
thereby increasing the total potential photocurrent. Indeed, pen-
tacene-based devices have exhibited >100% internal quantum 
efficiencies5–7, indicating that more electrons are generated than 
photons absorbed.

The dynamics of singlet fission has been studied in a variety of 
sample morphologies ranging from single crystals8–13 to molecu-
lar aggregates11,14,15 and polycrystalline/disordered thin films13,16–19. 
Here, local morphology plays a critical role as the relative geom-
etry between molecules determines the couplings responsible for 
singlet fission and exciton diffusion. Intermolecular coupling has 
been explored via covalently tethered dimers20–24 and crystal poly-
mophs25,26 where even subtle variations affect fission rates13,16, effi-
ciencies, and diffusion to sites favourable to fission27.

Despite the importance of molecular packing in determining 
the kinetics of singlet fission, the role of intermolecular geometries 
and local morphology is not well understood. Non-equilibrium 
molecular packing is usually thought to be detrimental as it is 
associated with defects that recombine or trap excitons. However, 
defects have also been invoked to explain anomalously high  
triplet diffusion rates in crystals by enabling singlet and triplet 
interconversion8,9. As a consequence, low populations of particu-
lar molecular geometries may be playing outsized roles in govern-
ing singlet fission dynamics. Identification of these geometries,  
however, is challenging, as sample morphologies are difficult to 
control on the nanoscale while the spectroscopic signature of  
low-population geometries is likely to be overwhelmed by more 
abundant signals.

We study the effects of molecular geometry on singlet fission 
dynamics using ultrafast two-dimensional white-light (2DWL) 
spectroscopy and broadband transient absorption (TA) imaging 
of individual TIPS-Pn microcrystals. These 2DWL spectra iden-
tify the presence of a low-population geometry whose abundance 
is spatially mapped via TA imaging, revealing a spatial correlation 
with microcrystal edges, crystal interfaces and other morphological 
irregularities. The observed spectral variation is modelled through 
the presence of a slip-stacked non-equilibrium molecular geometry 
whose intermolecular coupling creates singlet eigenstates at slightly 
reduced energy levels. These non-equilibrium geometries exist at 
low densities throughout the microcrystals and may play a role in 
singlet/triplet exchange, as evidenced by a shared picosecond tim-
escale between low-energy singlet and localized correlated triplet-
pair states15,28–31. From these observations and others, we conclude 
that the singlet energies created by the non-equilibrium molecular 
geometries act as a pathway for resonant energy interconversion 
between singlet and triplet exciton populations8,9. Our observations 
provide insight into how non-equilibrium molecular geometries, 
even when present at low concentrations, can impact the kinetics 
of singlet fission by introducing large couplings and fortuitously 
placed eigenstates.

Results
The energy level diagram of the exothermic process of singlet fis-
sion in TIPS-Pn, as well as the singlet vibronic progression pres-
ent in the absorption spectrum, are displayed in Fig. 1a and its 
inset. Previously, the kinetics of singlet fission for various forms 
of TIPS-Pn has been assigned to a wide range of timescales from 
~0.1 ps (refs. 28–30,32–34) to several picoseconds10–12,14. For the micro-
crystals studied here, a fast decay of the singlet ground-state bleach 
(GSB) associated with a reduction of singlet simulated emission 
provides initial evidence that fission occurs on an ~100 fs timescale.

2DWL microscopic characterization. To first characterize a mac-
roscopic ensemble of TIPS-Pn microcrystals, 2DWL spectra were 
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recorded with orthogonally polarized pump and probe pulses with a 
delay of T = 1 ps to characterize the electronic states after singlet fis-
sion was complete (Fig. 1c). The three negative cross-peaks are asso-
ciated with the GSB of the singlet vibronic progression (S1,n) while 
the broad positive peak is created by weak triplet-associated excited 
state absorption (ESA)35. For this measurement, the probe polariza-
tion is perpendicular to the longitudinal crystal axis to minimize 
triplet ESA and better resolve the S1,n progression whose transition 
dipole moments are oriented along the longitudinal and transverse 
axes of the pentacene core, respectively (Supplementary Fig. 6)10,11.

The GSB cross-peak associated with the lowest energy S1,0 absorp-
tion feature is enclosed by the dashed box in Fig. 1c. To analyse the 
spatial dependence of this feature, 2DWL spectra were recorded 
with <1 μm spatial resolution. Representative 2DWL spectra col-
lected at the centre (orange) and edge (pink) of a single microcrystal 

are shown in Fig. 1e,f. In the centre, the S1,0 cross-peak occurs at 
λpump = 638 nm and λprobe = 694 nm. At the microcrystal edge, how-
ever, the probe absorption redshifts and broadens to longer wave-
lengths, creating a pronounced spectral shoulder illustrated by 
horizontal cuts through the cross-peaks shown in Fig. 1g,h. Here, 
at λprobe = 723 nm a fourfold increase in intensity occurs in spectra 
near the microcrystal edge. Although the intensity and distribution 
of the S1,0 cross-peak varies in magnitude and extent from crystal to 
crystal, the spectral shoulder is systemically larger at the microcrys-
tal edge as compared to the centre.

Broadband TA spatial mapping. To map the spatial variation of the 
optical response, images were created using broadband TA micros-
copy. Figure 2a presents TA spectra averaged across areas at the cen-
tre (blue box in Fig. 2b) and edge (purple box in Fig. 2b) of a single 
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Fig. 1 | Probing energy levels using 2DWL spectroscopy. a, Singlet and triplet energies in crystalline TIPS-Pn (solid violet lines) and singlet non-equilibrium 

state (nEq) energies (dashed blue line). Inset: ensemble absorption spectrum of TIPS-Pn microcrystals. b, The relative intermolecular geometry and 

associated displacement vector between neighbouring molecules is pictured for equilibrium and the proposed slip-stacked non-equilibrium molecular 

packing configurations. c, 2DWL spectra corresponding to probe polarization perpendicular to the pentacene cores (delay T = 1 ps). OD, optical density.  

d, Microscopy image of a single TIPS-Pn microcrystal with locations of measured 2DWL spectra. e,f, The S1,1–S1,0 cross-peak region from single 2DWL 

spectra recorded at the centre (e) and edge (f) of a single TIPS-Pn microcrystal shown by matching markers in d. g,h, Horizontal cuts through the 2DWL 

spectra from e and f, respectively (black). Spectral fits (red) are generated using a superposition of equilibrium and non-equilibrium responses. The spectral 

position and strength of absorption features associated with equilibrium (dashed purple lines) and non-equilibrium (dashed blue lines) states are shown.
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microcrystal. The edge spectra exhibit a shifted S1,0 bleach with a 
pronounced low-energy shoulder. Hyperspectral images were cre-
ated by analysing the TA spectra, pixel by pixel, by fitting the S1,0 
bleach to a Gaussian distribution. Identifying the average centre 
wavelength of the TA (λ = 695 nm), we created an image that identi-
fies a systematic redshift along the lengths of both edges relative 
to the microcrystal centre. This redshift of up to ~5 nm (13 meV) 
spatially extends up to 3 µm from the edges. The edges themselves, 
however, are more discrete, as measured by atomic force miscros-
copy (AFM) topography (Fig. 2b). Determining the ratio of the 
low-energy shoulder absorption at λ = 715 nm to that at the centre 
of the S1,0 bleach at λ = 695 nm for each TA spectrum, we created a 
map of the relative strength of the S1,0 absorption shoulder (Fig. 2e). 
Here, the shoulder in the 2DWL spectrum is most prominent along 
the edges, peaking at 50% of the intensity of the S1,0 peak. Although 
subtle, similar redshifts in the absorption spectra have previously 
been observed correlated with sample preparation36. The clear reso-
lution of spectral shifts in the 2DWL spectra emphasizes the advan-
tage of nonlinear spectroscopy techniques, which are more sensitive 
to changes in transition dipole strength37. Moreover, the broad 
bandwidth of 2DWL imaging allows the entire S1,n progression to 
be simultaneously measured, with Fig. 2f,g showing the relative 
intensity (Γ1,i) of the S1,0 and S1,1 transitions, respectively. Here, the 
relative strength of the S1,0 absorption is larger near the microcrystal 
edge, while the S1,1 absorption feature is correspondingly smaller. 
The S1,2 state remains relatively unchanged.

To determine whether the spectral signatures associated with 
microcrystal edges are created by non-equilibrium molecular pack-
ing, we measured the optical response of both natural and artificially 
induced morphological defects. Similar redshifts and broaden-
ing of the S1,0 transition were observed in TA mappings of crystal  

interfaces (Fig. 3a), while a low-energy S1,0 shoulder was also 
resolved in 2DWL spectra (Fig. 3c). We also artificially induced 
structural deformations by mixing precursor molecules—6,13-pen-
tacenequinone (PQ)—with TIPS-Pn before crystal formation38–40. A 
known impurity, PQ precipitates upon crystallization on the edges 
of the microcrystals (Fig. 3b, left). Adjacent to these precipitates, the 
S1,0 transition is redshifted (Fig. 3b, middle), there is an increase in 
the S1,0 sideband ratio (Fig. 3b, right) and a broad shoulder appears 
in the 2DWL spectrum (Fig. 3e and Supplementary Fig. 15). The 
results are consistent with non-equilibrium molecular packing, 
caused by PQ perturbing crystallization or residual PQ remaining 
within the microcrystal. Thus, from the combined data recorded at 
the edges, structural interfaces and PQ-induced deformations, we 
conclude that the observed intensity at wavelengths >710 nm cor-
responds to low-energy singlet states created by non-equilibrium 
molecular packing (SNEq1;0

I

). This conclusion is further supported by 
wide-field fluorescence imaging, which exhibited enhanced fluo-
rescence near edges (Fig. 3g) and spectral characterization of the 
fluorescence (Fig. 3h) consistent with triplet–triplet annihilation 
(Supplementary Section 3).

Spectral modelling. To interpret the observed TA and 2DWL spec-
tra, we modelled the optical response of a pair of TIPS-Pn molecules 
as a coupled dimer using a Holstein-type Hamiltonian that includes 
charge-transfer states41. The main features in the spectra were mod-
elled using the equilibrium crystal structure. We found that the 
non-equilibrium features can be reproduced by a combined slip 
displacement from the equilibrium crystal structure of ~0.7 Å along 
the transverse and ~0.6 Å along the longitudinal coordinate. Shifts 
of this magnitude for the centre-of-mass distance between molecule 
pairs have been observed in TIPS-Pn polymorphs42. For the slipped 
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geometry, the hole transfer integral significantly increases in magni-
tude while the electronic coupling term J remains nearly unchanged 
from the equilibrium geometry, consistent with calculations43. 

Thus, from the combined 2DWL spectra and TA imaging across a 
variety of samples, we added an additional eigenstate to our energy 
level diagram in Fig. 1a. We placed the energy of this eigenstate 
at 1.72 eV and assigned it to singlets created by non-equilibrium 
slip-stacked molecular packing, SNEq1;0

I

. Although this energy rep-
resents the central energy, we note that the width of the cross-peaks 
observed in the edge- and defect-associated 2DWL spectra (Figs. 
1f and 3f) reach as low as 1.65 eV. Notably, while we model only 
a single molecular geometry, these slip-stacked molecular packing 
configurations probably exist as a distribution within the micro-
crystal, explaining why the observed low-energy spectral shoulder 
is broader in samples with morphological defects (Fig. 3e,f).

Having established coupling parameters for equilibrium and 
non-equilibrium geometries, we find that the 2DWL spectra and the 
entire TA images can be fit using the relative population fraction of 
each geometry. In this manner, we can extract the spatial distribution 
of the non-equilibrium molecular packing. The 2DWL spectra mea-
sured at the centre and edge regions of a pure TIPS-Pn microcrystal 
(Fig. 1e,f) are reproduced by a linear combination of equilibrium to 
non-equilibrium packing of approximately 92:8 and 72:28, respec-
tively, while the spectra recorded at grain boundaries and PQ defects 
are fit with ratios of 73:27 (Fig. 3d) and 70:30 (Fig. 3f), respectively, 
with a relative precision of ±5% (Supplementary Section 7).

Utilizing data from the broadband TA maps, the spatial distri-
bution of non-equilibrium molecular packing can be determined 
as shown by the data cross-section of an individual microcrystal 
(Fig. 2c). Using a fit of non-equilibrium molecular packing and 
convolving with the spatial resolution of the microscope, simu-
lated TA maps of the spatial variation of the S1,0 and S1,1 absorp-
tion features are generated (Fig. 2h,i) that reproduce those observed 
experimentally (Fig. 2f,g). From the fits, we find that the density of 
the non-equilibrium molecular geometry occurs at lower densities 
(~3–10%) in centre regions and higher densities (up to 40%) at the 
microcrystal edges.

Kinetics characterization. To assess the effect of SNEq1;0

I

 states upon 
fission, TA kinetics were collected for both oriented ensembles 
of microcrystals (Fig. 4a–c) and targeted locations within single 
microcrystals (Fig. 4e). In ensemble measurements, we character-
ized the dynamics of the singlet population by orienting the pump 
and probe polarizations along the short axis of the pentacene cores 
within the microcrystal to selectively excite and probe the S1,n pro-
gression. As shown in Fig. 4c,d, we observe both ~100 fs and pico-
second time constants in the response. Following photoexcitation 
of the S1,n states, the singlet GSB decreases in magnitude over the 
following 100 fs, indicating a reduction in stimulated emission. 
Mirroring these kinetics, triplet ESA increases (Fig. 4c) while a 
transient ESA feature at ~620 nm (Fig. 4d, blue line), attributed to 
absorption by singlets to higher singlet excited states (S1→Sm) simi-
lar to that of crystalline pentacene44, has a 100 fs timescale. Taken 
together, this mutual timescale indicates that singlet fission occurs 
with a τsf ≈ 100 fs time constant, in agreement with several recent 
measurements28–30,32–34 and in contrast to others assigning rates to 
picosecond timescales10–12,14.

Figure 4a displays an ensemble TA response measured with 
orthogonal pump/probe orientations with the probe oriented along 
the longitudinal axis of the molecular cores of the microcrystal. 
This polarization combination selectively excites a singlet popula-
tion but probes the ESA associated with triplet states. In this case 
we measure the same ~100 fs rise in broadband triplet ESA that was 
assigned to singlet fission above, followed by a decay ranging from 
625 to 750 nm that occurs over several picoseconds. The picosecond 
timescale is illustrated in Fig. 4b, which presents the spectral dis-
tribution of the response after subtraction of the offset at T = 25 ps, 
revealing an ESA feature with a centre energy of 1.77 eV and band-
width of 0.1 eV that decays on a ~3 ps timescale. This energy range is  
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consistent with recent observations of ESA from a localized correlated 
triplet-pair state (1(TT), 1(TT)→Sm) in pentacene dimers31,45, while 
the timescale matches previous measurements15,28–30 of the 1(TT) state 
prior to separation to a dissociated but still spin-coherent correlated 
triplet-pair state 1(T…T)31,46. We correspondingly assign this broad-
band near-infrared ESA feature to the presence of 1(TT) exciton pairs, 
which thus allows us to track the kinetics of its population.

Recognizing that the ~3 ps timescale for 1(TT) ESA is simi-
lar to that observed for S1,0 and SNEq1;0

I

 GSB (Fig. 4d), we per-
formed a global fit of the data to determine the system kinetics 
(Supplementary Section 9). A combined feature representing the 
lowest energy vibronic absorption for equilibrium and non-equi-
librium molecular geometries (S1,0 and SNEq1;0

I

) is displayed because 
the population of the non-equilibrium geometries is small on aver-
age. Fits of the TA spectra and their kinetics are shown in Fig. 4b–d 
(black dashed lines). As the broad near-infrared spectral distribu-
tion of the triplet ESA differs from specific wavelengths associated 
with the vibronic progression of the singlet GSB, these fits of the 
picosecond-timescale triplet and singlet population kinetics do not 
interfere with one another. From these fits, we obtain timescales 
for the 1(TT) ESA and low-energy singlet GSB with constants of 
3.2 ± 0.3 ps and 2.9 ± 0.6 ps, respectively. The equality of these time 
constants suggests that these populations are connected by a shared 
physical mechanism.

To further understand the impact of non-equilibrium molecular 
packing on singlet fission, we performed analogous kinetics mea-
surements at microcrystal edge regions (similar to the positions dis-
played in Fig. 1d), where the proposed slip-stacked packing reaches 
up to 40%. The extracted TA data in Fig. 4e display the kinetics of 
the S1,0 and SNEq1;0

I

 GSB features as well as the 1(TT) ESA (measured 
at 695, 725 and 755 nm, respectively). The dynamics of these states 
appear qualitatively similar to those measured for the microcrystal 
ensemble with the exception that the approximately picosecond 
deepening of the GSB occurs specifically in association with the 
non-equilibrium singlet state, SNEq1;0

I

. In previous studies, others11 
observed picosecond timescale dynamics at both edge and centre 
regions of individual microcrystals, with edge and interfacial regions 
exhibiting slightly faster dynamics. Additionally, small structural 
variations between crystal polymorphs have been observed to affect 
the picosecond timescale dynamics in thin films29. In our broadband 
measurements, we observe similar picosecond dynamics at both the 
bulk and edge regions of the microcrystals. Notably, the relative 
change in the magnitude associated with approximately picosecond-
timescale dynamics (100 fs to 10 ps) is ~30% for both the 1(TT) ESA 
and the SNEq1;0

I

 GSB. Here, the ESA associated with the 1(TT) state 
decreases in magnitude while the GSB of the SNEq1;0

I

 state continues 
to deepen (Fig. 4e). Corresponding kinetic fits find that the SNEq1;0

I

 
GSB grows with a time constant of 2.1 ± 0.4 ps while the 1(TT) ESA 
similarly decreases with a constant of 2.5 ± 0.5 ps. Thus, the kinetics 
of low-energy singlet states associated with non-equilibrium molec-
ular geometries and the 1(TT) state match within error.

Discussion
As evidenced by the broadband 2DWL and TA microscopy mea-
surements, a fraction of TIPS-Pn molecules exhibit a spectral 
response consistent with non-equilibrium packing. We model this 
using a sub-ångstrom slip-stacked lattice distortion. This distor-
tion alters the π-stacking between neighbouring molecules to cre-
ate much larger charge-transfer coupling, resulting in a reduction 
of the singlet state energy. The observed spectra cannot be repro-
duced by Stark effects47, ionic doping48,49, temperature-dependent 
absorption50 or other factors that induce local electrostatic effects 
(Supplementary Section 2). Spatial TA imaging reveals that while 
non-equilibrium packing is present throughout microcrystals at low 
densities (3–10%), it can be found at higher densities (up to 50%), 
which are spatially correlated with microcrystal edges and other 

morphological defects where the crystallization process occurs 
under non-uniform conditions. The observed spatial variation and 
the nonlinear scaling of the 2DWL signal aided in the recognition of 
the presence of these non-equilibrium spectral features, which are 
much less pronounced in ensemble and linear spectra.

Using the above data (Fig. 4a–e), we propose the model depicted 
in Fig. 4g. Upon photoexcitation at T = 0, the S1,n manifold of singlet 
states is populated (frame (i)) and quickly interconverts to local-
ized 1(TT) states34,46 via singlet fission with a rate, k�1

SF

I

 (frame (ii)). 
Subsequently, 1(TT) excitations disperse across neighbouring mol-
ecules to form the separated but spin-correlated triplet state 1(T…T) 
with the rate k�1

Sep

I

 (frame (iii)). The distinction between localized 
and separated correlated triplet-pair states has been reported previ-
ously34,46 and is consistent with our observed picosecond-timescale 
decrease in ESA attributed to the 1(TT) state. To determine the rate 
constants associated with these processes, we utilized the global 
fits of the TA data (Fig. 4a–d) to assign the time dependence of the 
spectral signatures of singlet fission and triplet-pair separation as 
k
�1

SF
¼ 95 fs

I

 and k�1
Sep ¼ 3:2 ps

I

, respectively. Similar to previous pop-
ulation models10,12,30, we utilized these rate constants to develop an 
energy-transfer model that simulates singlet and triplet populations 
to reproduce the dynamics of their spectral signatures (Fig. 4f and 
Supplementary Section 9).

Although the experimentally determined k�1

SF

I

 and k�1
Sep

I

 rate con-
stants explain many aspects of the data, they do not account for 
the observed ~3 ps timescale increase in magnitude of the S1,0 and 
SNEq1;0

I

 GSB (Fig. 4c,d), nor the fact that this timescale is shared 
by the decrease of the 1(TT) ESA. After excitation, a GSB feature 
may deepen for a number of reasons, including (1) depletion of the 
ground state, (2) alteration of the ground state absorption and (3) 
increased stimulated emission from an excited state. All but the last 
reason are ruled about because processes that induce local elec-
trostatics are not consistent with the data (see above) and because 
depletion of the ground state due to excitation and singlet fission 
occur on <100 fs timescales. Thus, we assign the approximate pico-
second-timescale increase in magnitude of the S1,0 and SNEq1;0

I

 GSB 
to stimulated emission.

To enable this simulated emission, the singlet population must 
increase. We propose that localized 1(TT) excitons undergo triplet 
fusion, that is, population transfer occurs between 1(TT) and low-
energy singlet states (Fig. 4g,h). Such triplet recombination explains 
the increase of SNEq1;0

I

 GSB and decrease of 1(TT) ESA on a shared 
~3 ps time constant. This energy transfer pathway is added to the pop-
ulation model for an individual microcrystal as a whole (in Fig. 4f)  
by including a fusion rate constant of k�1

NEqF

I

, which is established 
by the branching ratio of energy transfer from 1(TT) to SNEq1;0

I

 and 
1(T…T) states. Here, a rate of k�1

NEqF � 30 ps

I

 is determined using 
the magnitude of the experimentally observed growth of the SNEq1;0

I

 
GSB. Although triplet conversion dominates, the ensemble mea-
surements and associated population modelling indicate that ~10% 
of the localized 1(TT) population experiences exchange with non-
equilibrium singlet states for our microcrystals as a whole.

It is noteworthy that the ~2–3 ps timescale transfer dynamics 
associated with 1(TT) separation is not shared by the full S1,n pro-
gression, but only the SNEq1;0

I

 and S1,0 states. This observation is con-
sistent with our model, but not with the alternative explanation that 
picosecond-timescale deepening of singlet GSB is associated with 
the separation of 1(TT) exciton pairs to 1(T…T) states, as such trip-
let separation would be expected to uniformly deepen the GSB of 
the full S1,n progression. The specific association of the ~2–3 ps time 
constant with low-energy singlet states (Fig. 4e,d) is more consistent 
with population exchange as the primary mechanism of the pico-
second kinetics.

For fusion of localized triplet-pair states back to low-energy sin-
glet states to occur, the energies of the low-energy singlet and 1(TT) 
states would need to overlap or be within kBT. Recent measurements 
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of the spectral distribution of delayed emission from TIPS-Pn have 
been attributed to triplet–triplet upconversion/annihilation and 
evidence that the S1,0 singlet energy is proximate to twice the energy 
of the isolated triplet state51. Our observations of 2DWL cross-peaks 
at 720 nm place the energy of the SNEq1;0

I

 state at ~1.72 eV, ~70 meV 
lower than the S1,0 absorption associated with the equilibrium pack-
ing. Because phosphorescence from solid-phase TIPS-Pn is weak, 
the triplet energy of pentacene (0.86 eV) is often cited for model-
ling purposes52. This approximation places 1(TT) states directly on 
resonance with the SNEq1;0

I

 states present in the 2DWL spectra. The 
states may not be exactly on resonance, however, as phosphores-
cence measured from TIPS-Pn monomers and dimers solvated in 
cryogenic methyl-tetrahydrofuran places the central 1(TT) energy 
at 1.58 eV. Considering the spectral distribution of triplet phos-
phorescence we find ~10% of the expected 1(TT) energies overlap 
with the S1,0 and SNEq1;0

I

 states (Supplementary Section 5). Although 
this overlap would presumably be larger at room temperature, we 
regardless find that singlet/triplet exchange is possible for at least a 
fraction of molecules in non-equilibrium packing configurations.

Intermolecular couplings such as charge transfer are thought to 
play an important role in the process of singlet fission41. For example, 

non-equilibrium packing within organic semiconductors has been 
proposed to create ‘hot’ spots that favour a specific energy trans-
fer pathway16,18,27. In acene films, it is thought that singlets diffuse 
to molecular geometries where couplings are favourable for singlet 
fission13,18 while slip-stacked geometries have been investigated as 
potential fission sites15,19 and invoked to explain triplet-pair inter-
mediates in solution4,53. Indeed, certain intermolecular geometries 
may favour population exchange between triplets and singlets, thus 
improving exciton diffusion8,9.

Identifying the non-equilibrium molecular packing geometries 
and the magnitude of the charge-transfer couplings responsible for 
the above studies is difficult. The TIPS-Pn absorption and kinet-
ics presented here provide a link between structure, charge-transfer 
couplings and the kinetics of singlet fission. According to our model, 
through small shifts in the intermolecular geometry, the associated 
increase in the charge-transfer couplings results in a clear shift in 
the absorption frequency. Charge-transfer couplings are thought to 
mediate singlet fission to a localized triplet-pair state. For the case 
of TIPS-Pn, these couplings also create energy overlap between 
low-energy singlets and the localized triplet-pair state, allowing 
for the possibility of population exchange between the singlet and 
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timescale (T = 25 ps) component of the signal. d, The time dependence of 1(TT) ESA and the S1,n GSB. e, Corresponding TA kinetics measured from a single 

microcrystal edge fitted to exponentials with time-constant, tC. f, The modelled singlet (red dashed) and triplet (black dashed) populations relative to the 

individual populations of individual S1,0 (purple), SNEq1;0
I

 (blue), 1(TT) (maroon) and 1(T…T) (beige) species based on the TA dynamics in a–d. g, Energy 

level diagrams depicting the population flow from the singlet (purple) S1,n manifold. h, Schematic of the slip-stacked molecular packing geometry that 

enables the observed SNEq1;0
I

 states observed via 2DWL spectroscopy with the proposed energy pathways from measurements of TA kinetics.
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triplet populations. We do not know if singlet/triplet exchange fos-
ters diffusion, which would occur at a much longer timescale than 
measured here, but portions of these two states lie within kBT. An 
interesting experiment would be to correlate the population of non-
equilibrium molecular packing with exciton diffusion.

Methods
Sample preparation. The TIPS-Pn microcrystals studied here were fabricated 
via drop-cast crystallization on a SiO2 substrate, creating crystals 100–300 nm in 
height, 10–15 μm wide and millimetres in length (see Supplementary Section 1 for 
further details).

Ultrafast 2DWL microscopy system. To achieve high spatial resolution, a high 
repetition-rate 2DWL spectroscopy system54 was coupled with a reflective optical 
microscope objective (NA = 0.65) to achieve <1 μm focal volumes. The focal 
position of collinear pump/probe beams was matched with the tip of an AFM 
to provide correlated subdiffraction topographic information on the sample 
morphology. The fluence of the broadband pump pulse (~250 µJ cm−2) was 
maintained in an annihilation-free regime10–12 corresponding to excitation densities 
of ~3% to avoid multiexciton effects and triplet–triplet annihilation effects34 
(Supplementary Section 2).

TA images were generated by pixel-to-pixel scanning of the sample through 
the objective focus. Post-processing at each pixel was performed to determine the 
spectral positions and bandwidths of the S1,n vibronic progression, the S1,0 sideband 
ratio and the fraction of singlet intensity (Γ1,i). In comparison to conventional 
absorption spectroscopy, TA is more sensitive to small variations of the optical 
response, as scattering can effectively be removed (Supplementary Fig. 3). No 
indication of waveguiding effects via periodic variation of the TA indicating 
enhanced/reduced emission was observed. The spectral trends were observed 
across many crystals of varying thickness and relative orientation, ruling out 
artefacts associated with diffraction, triplet ESA interference and optical density 
(Supplementary Section 8). Rather, the observed spatial variation expresses real 
differences in the local electronic structure of the microcrystal centre versus the edge.

For Fig. 3f,g the sideband ratio was determined by taking the ratio integrated 
intensity of the low-energy singlet transition (715 nm) to the S1,0 peak located at 
695 nm. The fraction of singlet intensity (Γ1,i) was found by taking the ratio of the 
integrated intensity of the singlet absorption to the integrated intensity of the GSB 
associated with the full vibronic progression.

Spectral modelling. Although simulations have predicted wavefunctions in TIPS-
Pn to extend over several molecules12,55, to limit the number of model parameters 
we employ a simple coupled-dimer model43,56–59 and are able to reproduce the 
observed presence of low-energy singlet states.

The full Hamiltonian, including vibronic states, is provided in Supplementary 
Section 7. For illustration purposes, we show a simplified block diagram:

H ¼

Hmono

S1S0
þ D

J

te

th

J

Hmono

S0S1
þ D

th

te

te

th
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0

th
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0

HCT

AC

0

B

B

B

@

1

C

C

C

A

ð1Þ

Hmono represents the collection of terms that relate the energy of singlet excitations 
of non-coupled TIPS-Pn molecules to parameters representing the Frenkel 
excitonic energy (ω0 = 15,580 cm−1), vibrational-quanta energy (v0 = 1,310 cm−1) 
and the vibronic coupling/Huang–Rhys factor (λ2 = 0.4), arrived at from fits of 
the absorption spectrum of TIPS-Pn monomers in toluene solution. Charge-
transfer states and couplings are incorporated via the charge-transfer Hamiltonian 
for cationic (C) and anionic (A) sites (HCT) and the electron and hole transfer-
integral coupling terms (te, th), respectively. Recent calculations were used for 
the energy of these states (ωCT = 21,470 cm−1) and the transfer-integral coupling 
terms, which are te = −1,346 cm−1 and th = −153 cm−1 for the equilibrium packing 
geometry of crystalline TIPS-Pn43. The relative orientations and displacements 
of the transition dipoles are derived from polarization anisotropy10,11 and the 
crystal structure, respectively38,43. Having established these fixed parameters, only 
the solvatochromatic shift (D) and Coulombic coupling (J) remain as adjustable 
parameters. The broadband TA spectrum for the equilibrium molecular packing 
geometry was fit through iterative variation, yielding values of J = 560 cm−1 and 
D = −1,165 cm−1 to reproduce the centre frequencies and relative magnitudes of the 
GSB features of the S1,n vibronic progression associated with equilibrium molecular 
packing geometries (Fig. 1b).

We then turned to reproducing the spectral features in the data associated 
with non-equilibrium molecular packing. Notably, when using the charge-transfer 
coupling parameters (te,th) associated with equilibrium molecular geometry, 
there was no combination of electronic coupling/solvatochromatic shift that 
could simultaneously reproduce both the observed vibronic progression and the 
transitions at wavelengths λ > 710 nm. For π-stacked molecules such as TIPS-Pn, 
small changes in the slip-stacking between neighbouring molecules can result in 

large variations of the charge-transfer couplings29,59. Accordingly, we iteratively 
searched potential slip-stacking geometries to fit the observed S1,0 low-energy 
shoulder intensity, the ~5 nm redshift in the S1,0 transition (Fig. 2d), the change 
in relative ratios of the S1,0 and S1,1 transitions (Fig. 2f,g), and the absence of 
asymmetric sideband peaks in the S1,1 transition. Searching the potential charge-
transfer couplings associated with small shifts from equilibrium molecular 
packing, we found the small slip-stacked distortion noted in the main text resulted 
in an increase in magnitude of the hole transfer integral (th ’ �1; 500 cm

�1

I

) while 
the electronic coupling term J is nearly unchanged from the equilibrium geometry 
(Supplementary Section 7)43. These parameters were able to successfully reproduce 
the presence of the low-energy singlet state.
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