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The functional properties of organic semiconductors are defined by the

interplay between optically bright and dark states. Organic devices require
rapid conversion between these bright and dark manifolds for maximum
efficiency, and one way to achieve this is through multiexciton generation
(S,>'TT). The dark state 'TT is typically generated from bright S, after optical
excitation; however, the mechanistic details are hotly debated. Here we
reporta'TT generation pathway in which it can be coherently photoexcited,
without any involvement of bright S,. Using <10-fs transient absorption
spectroscopy and pumping sub-resonantly,'TTis directly generated from
the ground state. Applying this method to arange of pentacene dimers and
thin films of various aggregation types, we determine the critical material
properties that enable this forbidden pathway. Through a strikingly simple
technique, this result opens the door for new mechanistic insights into

'TT and other dark states in organic materials.

The canonical picture of organic semiconductor photophysics is
built on the dichotomy between bright and dark electronic states,
defined by their optical accessibility/inaccessibility from the ground
state. Whether the aim is to produce dark states like charge carri-
ers in organic photovoltaics or to suppress or harvest dark states
like triplets in organic light-emitting diodes, efforts to understand
and control the interplay between bright and dark manifolds are at
the heart of molecular optoelectronics'™. Numerous factors can
cause a state to be dark, such as molecular orbital overlap, sym-
metry, spin multiplicity and the coupling strength to vibrations or
between electronic states, but, regardless, optical access requires
the mediation of a bright (typically singlet) state’. An increasingly
important pathway between these manifolds is singlet fission (SF)
anditsreverse, triplet-triplet annihilation, which convert between
asinglet and a pair of dark triplets®’. The essential gateway state
in this process is itself dark, the spin-entangled triplet pair state
ITTB ITT has garnered a great deal of attention for its applications
in photovoltaic exciton multiplication schemes or—through spin

evolution into *TT—its potential as a high-temperature qudit for
quantum information science s,

The formation of 'TT through SF can be extremely rapid (<100 fs),
despite the state being optically dark and generally unable to couple
strongly to the bright singlet S,;, and the detailed mechanism of this
process is actively debated?°. Two-photon photoelectron spectros-
copy has established a model of coherent SF in which 'TT could be
directly photoexcited ina coherent superposition with S, due to strong
electronic coupling (>50 meV), despiteits optically dark nature®. Later
optical spectroscopy suggested that the rapid SF could be explained
by strong vibronic coupling, although this model could not explain the
instantaneous appearance of apparent 'TT signaturesin the photoelec-
tron spectroscopy results® >, Recently, challenging orbital-resolved
photoelectron spectroscopy has provided a new interpretation for
these signatures as the hallmark of substantial charge-transfer (CT)
character within the initial S, state'. This picture, in which coupling
via CT states provides the bridge to enable rapid transfer from bright
S, to dark 'TT, stands as the current consensus and is in line with
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Fig.1|Structures and absorption spectra of pentacene derivatives.

a, Structures of pentacene dimers D1-D5 and monomers M1-M5. b, Steady-
state absorbance spectra of the pentacene derivatives. Left: D1-D5 absorbance
spectrain THF (blacklines), with an absorbance spectrum of Tips-Pn solution
overlaid in grey for comparison. The broadband-excitation pulse spectra used
for ultrafast experiments are in blue (resonant) and red (sub-resonant). Insets:
absorbance spectraof D1and D2 in CHX:Tol 3:1(purple), Tol (green) and THF
(orange), zoomed on the sub-gap absorption features. Equivalent insets for

700 800 900
Wavelength (nm)

D3-D5are shownin Supplementary Fig. 7. CHX, cyclohexane; Tol, toluene; THF,
tetrahydrofuran. Right: absorbance spectra for M1-M5 prepared as thin films
(blacklines) are overlaid with the corresponding solution absorbance spectrum
ingrey. Wavelengths used for narrowband excitation are indicated by the blue
(resonant) and red (sub-resonant) arrows. ¢, Orbital scheme for conventional
SF compared to the coherent pathway presented in this Article. Hand L denote
highest occupied and lowest unoccupied molecular orbitals of interacting
chromophores A and Binvolved in the SF process.

theoretical results® . This model has been invoked to explain reports
of faint emission detected from 'TT, which is typically likened to that
of other dark states such as triplets, excimers and the 2A, statein poly-
enes”*?, Despite this weak radiative pathway, direct S,-to-'TT excita-
tion has never been observed. In this Article we revive the concept ofa
coherent SF pathway with a strikingly simple experimental approach
of tuning the excitation energy. We demonstrate direct photoexcita-
tionof dark'TT as ageneral phenomenonacross arange of pentacene
derivatives, indicating that photoexcitation of bright S, is no longer
required to access the entangled pair.

Results

Alibrary of pentacenes from strong to negligible coupling

The canonical system pentaceneis known for its ability to rapidly and
efficiently generate 'TT after photoexcitation of S, so we utilized rep-
resentative derivatives in the forms of covalent dimers (D1-D5) and
monomeric thin films (M1-MS), as shown in Fig. 1a (Supplementary
Section1provides synthesis and sample preparation details)®'®. Dimers
D1-D5 exhibitintramolecular SF and span the primary motifs studied

so far: 6,6’-connected (D1-D3) versus 2,2’-connected (D4-D5), and
joined with no linker (D3, D4), a small 7-bridge (D2, D5) or a distinct
chromophore (D1). SF in the 6,6 structures is typically mediated by
coupling of both S; and 'TT to CT states, whereas the dynamics in
2,2’ structures depend on the weak, direct two-electron coupling
between the S, and 'TT states (Fig. 1c)**"*. Substantial shifts and
splittings of the primary S, > S, absorption bands in D1 and D2 com-
pared to the monomer point to strong inter-pentacene couplings
that resultin a highly delocalized singlet state (Fig. 1b). By contrast,
the negligible shift in D4 and D5 implies weak interactions leading
to localized electronic character. Collectively, these characteristics
resultinintramolecular SF dynamics ranging from 0.7 psto 200 psin
D1-DS5 (refs. 29-33). Previous studies have shown but overlooked a
distinctive sub-gap absorptionband (720-780 nm) in 6,6’ dimers (Sup-
plementary Figs. 7 and 8)**% This feature is unrelated to aggregation
(Supplementary Figs.7and 9), depends on the dielectricenvironment
(Fig. 1binsets and Supplementary Figs. 7 and 10), and coincides with
the expected energy of 'TT, yet it is absent in the 2,2’ counterparts
(Supplementary Figs.7 and 8).
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Fig. 2| Ultrafast TA on D1-D5. a, Ultrafast TA contour maps of D1under resonant
(left) and sub-resonant (right) excitation. White dashed boxes highlight the
regions where S, decay (705 nm) and 'TT rise (-505 nm) are evident under
resonant excitation, but absent under sub-resonant excitation. b, Normalized,
integrated kinetic profiles of the S, (700-720 nm) and 'TT (500-520 nm)
signatures. The coherent artefact region is shaded grey. ¢, Spectra from

TA contour maps of 6,6’ dimers integrated over the indicated time delays.

Early and late spectra are presented for resonant (blue) and sub-resonant

(red) photoexcitation, with the spectral positions of the signatures of S,>'TT

Wavelength (nm)

conversionindicated by arrows, whether they are present or absent. The early-
time spectra are extracted at the earliest resolvable time points beyond the
coherentartefact, leading to slightly different accessible ranges in each
molecule.d, Spectra from TA contour maps of 2,2’ dimers at the indicated
time delays. Early and late spectra are presented for both resonant (blue) and
sub-resonant (red) photoexcitation. All dimers were prepared as polystyrene
matrices, which show nearly identical dynamics to solution measurementsin
CHXbut exhibit minimal solvent and instrument artefacts. Extended Data
Figs. 6-10 provide the full TA data.

Monomeric thin films M1-MS5 exhibit varying degrees of
inter-pentacene coupling strengths—from strong to weak—as defined
by the degree of spectral shift and distortion to the vibronic pro-
gression compared to isolated moleculesin solution (Fig. 1b)**. The
substantial spectral changes in thin films of M2-M4 point to strong
intermolecular coupling, whereas the more subtle spectral changes
in M1 are characteristic of moderate coupling®. The absorption of
film M5 isidentical to the dilute solution, indicative of nearly negli-
gibleinteractions. These coupling strengths generally align with the
obtained single-crystal structures (Supplementary Section 4). Tran-
sient absorption (TA) measurements show that M1-MS5 all exhibit
SF in the solid state (Extended Data Figs. 1-5 and Supplementary
Fig.12). The strong coupling between pentacene units in M2 leads
to sub-100-fs SF, attributed to a CT-mediated vibronic mechanism
(Extended Data Fig. 2)>%°. The remaining strongly coupled films
(M3 and M4) exhibit comparably rapid SF (Extended Data Figs. 3
and 4),and, together with M2, these materials span H- toJ-type cou-
pling (Supplementary Fig. 11)*. Despite the weaker intermolecular
coupling in M1, the SF rate is only slightly slower than in M2-M4
(Extended Data Fig. 1). M5 shows SF on a picosecond timescale due
to the almost negligible inter-pentacene coupling in the ground
state (Extended Data Fig. 5). In thin films, large linewidths and scat-
tering tails prevent clear detection of equivalent sub-gap absorption
bands to D1-D2.

Direct sub-resonant excitation of 'TTin dimers

We probed the nature of the sub-gap absorption bands in D1-D3 by
monitoring the dynamics following photoexcitation with TA. In these
experiments, positive signals stem from either bleaching of the ground
state S, or stimulated emission fromS,, whereas negative signals origi-
nate from the absorption of excited states (S,,'TT and so on). Together,
these signals overlap to produce spectral and kinetic fingerprints of
excited electronic states with time resolution limited by the duration
of the excitation pulse. In our ultrafast TA measurements, we tailored
two excitation pulsesto be either resonant (520-680 nm, <10 fs) with
the primary S,~>S, bands or sub-resonant (710-950 nm, <10 fs) to them
(Supplementary Section 2 presents experimental details and Supple-
mentary Fig. 6 the pulse characterization).

Ultrafast TA data for D1under resonant and sub-resonant excita-
tion are presented in Fig. 2. Upon resonant excitation, we observed
characteristic SF behaviour: aclear decay of the S, signature at 705 nm
andacorresponding growth of the'TT signature at 505 nm (Fig. 2a, left,
white dashed boxes). The Sy and S, signatures overlap at the positive
signal around 700 nm. Supplementary Fig. 13 shows a gradual shift
in their relative contribution as the probe wavelength is scanned.
Crucially, these dynamics are completely absent under sub-resonant
excitation (Fig. 2a, right, white dashed boxes). Instead, the same 'TT
spectrum appears instantaneously upon sub-resonant excitation,
and we observe no conversion dynamics in the sub-resonant kinetic
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Fig.3|Narrowband TA on M1-MS5. a, Narrowband TA contour maps of M1 under
resonant (left) and sub-resonant (right) excitation. White dashed boxes highlight
the regions where S, decay (-550 nm) and 'TT rise (-500 nm) are present under
resonant excitation, but absent under sub-resonant excitation. b, Normalized,
integrated kinetic profiles of the S, (530-580 nm) and 'TT (480-505 nm)
signatures. The coherent artefact regionisindicated by agrey shaded region
near time zero. ¢, Spectra from TA contour maps of strongly and moderately
coupled films integrated over the indicated time delays. Early and late spectra
are presented for resonant (blue) and sub-resonant (red) excitation, with the
spectral position of the signatures of S,»'TT conversion indicated by arrows

Wavelength (nm)

whether they are present or absent. The early-time spectra are extracted at the
earliest resolvable time point beyond the instrument response. To maximize
our sensitivity to short-lived S, signatures, we compare to the spectra collected
during the instrument response (IRF; black dashed line). d, Spectra from TA
contour maps of the weakly coupled M5 at the indicated time delays. Early and
late spectra are presented for both resonant (blue) and sub-resonant (red)
photoexcitation. Extended Data Figs. 1-5 provide full TA data. Resonant and
sub-resonant excitation wavelengths for each sample correspond to the red and
blue arrowsin Fig.1(M1,650/700 nm; M2, 695/780 nm; M3, 690/775 nm; M4,
695/765 nm; M5, 625/660 nm).

profiles, despite our high temporal resolution (Fig. 2b). This result
indicates that'TT is directly populated from the ground state, which
is the central observation of this Article.

Extending the analysis to D2-D5, we observe the same general
behaviour in 6,6’ dimers D2 and D3 (Fig. 2c). Under resonant exci-
tation (top), there is a smooth transition from S, to 'TT signatures,
whereas sub-resonant excitation (bottom) leads to instantaneous'TT
population. By contrast, the dynamics observedinthe 2,2’ dimers are
independent of excitation wavelength (Fig. 2d). We thus assign the
weak, sub-gap absorption features in 6,6’ dimers D1-D3 (Fig. 1b and
Supplementary Figs. 7-10) to direct 'TT absorption from the ground
state. The 2,2” dimers D4 and D5 lack this feature, and in those we do
notobserve direct'TT excitation. Comparing between D2 and D5 and
between D3 and D4, we infer that the defining characteristic for direct
ITT generation is dimer connectivity rather than linker type. We return
to this matter in the ‘Discussion’.

Direct sub-resonant excitation of 'TT in thin films

We observe the same direct 'TT phenomenonin the intermolecular SF
systems M1-M4, but it is absent in M5. In contrast to the dimers, we
turn to narrowband TA to better distinguish between resonant and
sub-resonant excitation conditions among the wider range of S, absorp-
tion energiesin M1-MS5 (Extended Data Figs.1-5 present measurements

with ultrafast broadband pulses). Similarly to the measurements on
dimers, we tuned our excitation pulses to be either resonant with the
bright S-S, transition or sub-resonant, where the S, intensity has
vanished (Fig. 1b, red and blue arrows; a more exhaustive excitation
wavelength dependence is presented in Supplementary Figs. 14-19).
Figure 3 shows the resonant and sub-resonant TA data for M1. Under
resonant excitation, we resolve a clear conversion fromS, to'TT signa-
tures, similar to thoseinthe 6,6’ dimers (Fig. 3a, left, white dashed box;
Extended Data Fig. 1 provides an analysis of other spectral features).
However, under sub-resonant excitation, there are no resolvable S,
signatures—only instantaneously formed 'TT signatures (Fig. 3a, right,
white dashed box). Similarly, the sub-resonant kinetics in Fig. 3b show
nosign of any state conversion. Asinthe 6,6’ dimers, this demonstrates
direct'TT excitation from the ground state. We observe precisely the
same phenomenon in all strongly coupled films, M2-M4 (Fig. 3c and
Extended DataFigs.2-4), whereas the effectis absentin weakly coupled
MS5 (Fig. 3d and Extended Data Fig. 5).

Absence of two-photon absorption and aggregate states

Although the multiexcitonic 'TT state is formally dark, its direct
absorption from the ground state could, in principle, occur through
two-photonabsorption. However, our observed linear excitation power
dependence can rule out this mechanism, even under sub-resonant
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Fig. 4| Charge resonance characterin'TT. a, Solvent-dependent narrowband
TA of D1and D4 under resonant excitation (680 nm and 640 nm for D1and D4,
respectively) in the visible range. Spectral slices were normalized to the ground-
state bleach peak. Spectra were extracted by averaging for1.5-2 ps, 2.5-3 ps

and 3.5-4 ps for D1in CHX:Tol (3:1), Tol and THF, respectively. Spectra for D4
were extracted by averaging from 10 to 20 ps. b, Narrowband TA for D1in the

NIR range under resonant excitation in CHX:Tol (3:1) and THF. The blue dashed
spectrum corresponds to the spectrum taken just after SF (1.5-2 ps for CHX:Tol
and 3.5-4 ps for THF), and the red dashed spectrum corresponds to the spectrum
after'TT decorrelation (300-500 ps). Spectrawere normalized at 1,500 nm, and

by ‘early spectrum’ So
- ‘late spectrum’

subtraction of the two produces the green spectra with extracted CR character.
¢, Narrowband TA spectralslices for M1, M2 and M5 in the NIR region. Solid and
dotted spectraindicate sub-resonant and resonant excitation conditions. Blue
spectra are the earliest resolvable spectral slices (200-250 fs), and red spectra
are taken later after SF has occurred (20-100 ps for M1and M2,200-1,000 ps
for M5). The green spectra presented for M1 and M2 are obtained by subtracting
the early/late spectra after normalization to extract the CR contribution to the
ITT state. Asterisks indicate the expected CT band energy from the literature™.
d, Scheme depicting CR character mixed into 'TT, which enablesiits direct
excitation from S,

excitation (Supplementary Figs. 20-22). Because dimers and mono-
meric films can be structurally disordered, it is also possible that a
subset of aggregates or defect sites can undergo exceptionally rapid
SF under sub-resonant excitation. These distinct populations would
be evidentin the S, ground-state bleach during a TA measurement,
which is a fingerprint of what subset of molecules from the ensem-
ble are excited. Moreover, a dynamic redshift of the bleach would be
expected during migration to lower-energy sites. We see no systematic
change to the ground-state bleach distribution to support the exist-
ence of such sites, in line with our absorption measurements (Fig. 1
and Supplementary Figs. 7-10). Additionally, acomparison of the TA
lineshapes across our films or dimers indicates that the 'TT spectral
fingerprint varies strongly with the inter-pentacene coupling. We
would thus expect unique aggregate or defect sites to similarly exhibit
distinguishable'TT spectral signatures, but we detect, identically, the
same'TT fingerprint, regardless of excitation wavelength. Finally, the
resultsinFig. 3 are further corroborated by systematically tuning the
excitation wavelength (Supplementary Figs. 14-19). In D4, D5 and
M5, which do not undergo direct 'TT, we find identical SF dynamics,
regardless of photoexcitation condition, ruling out distinct sub-gab
S, states with different SF rates.

Based on our steady-state and TA measurements, it is evident
that 'TT can be directly photoexcited by pumping below the optical
bandgap inawide range of pentacene materials. Importantly, however,
the effect varies from system to system, pointing to underlying design
principles, whichwe addressin the ‘Discussion’. Regardless of how'TT
is generated, either directly or through S,, its subsequent evolution,
decoherence and decay are all the same in monomeric films (Sup-
plementary Figs. 23 and 24); that is, the same spin-entangled 'TT state
is generated under direct photoexcitation without the need to start

inS,. Thisdirect'TT excitationinboth dimers and thin filmsis alsoarare
instance where the same mechanistic phenomenon can be observed
inintra- and intermolecular SF systems, despite the very different
interactions that drive them.

Discussion

The direct excitation of 'TT from the ground state is contrary to the
conventional understanding of this state, where it is exclusively formed
viaSF from brightS; or the annihilation of independent triplets®'$*"*,
Instead, our observations recall the widely debated proposals of ‘coher-
ent’ SF, whereby 'TT is directly photoexcited via quantum superposi-
tionwithS,. Here we propose that the origin of direct 'TT excitation is
coherent mixing between 'TT and a charge resonance (CR) state. As
described inFig. 1c,'TT is developed from the ground state through the
exchange of two electrons between pentacene units, by one-electron
transfer integrals (/) from highest occupied molecular orbital A (H,) to
lowest unoccupied molecular orbital B (Lg) and vice versa. This state
thus shares symmetry with the CR state, asymmetric superposition of
one-electron CT states, and accordingly they mix through afirst-order
perturbation via/ (Fig. 1c). The resulting mixed state should likewise
be dark, as CRis not typically abright state, but it carries finite transi-
tion probability borrowed from the main excitonic transition (S,>S,),
which enables the coherent photoexcitation of 'TT*, This mechanism
providesarationale for the observed link between the ability to directly
excite'TT and the spectral signatures of inter-pentacene coupling iden-
tifiedin Fig. 1b. The delocalized frontier molecular orbitals associated
with such coupling oftenincorporate intermolecular CT character in
asymmetric systems or CR character in symmetric systems®*. Elec-
tronic delocalization is potentially a crucial factor in increasing / and
thereby the optical accessibility of 'TT.
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We can directly evaluate the impact of CR mixing in dimers by
controlling the solvent dielectric constant (Fig. 4a and Supplemen-
tary Figs. 25-39). Following SF in 6,6’ dimers in polar media like tet-
rahydrofuran (THF), we detect the prototypical sharp fingerprint of
ITT excited-state absorption. As we shift towards nonpolar media
like cyclohexane (CHX), the 'TT peak broadens and weakens in
molar extinction (Fig. 4a, top). These changes are accompanied by
the increased prominence of a narrow excited-state absorption at
1,350 nm (Supplementary Fig. 25). These effects are hallmarks of
increased mixing with CR*°. The counterintuitive increase in CR mix-
ing with a decrease in polarity is a consequence of symmetry; only in
nonpolar mediadoes the CRremaina fully symmetric superposition,
able to mix effectively with'TT. Symmetry-breaking through solvent-
solute interactions suppresses this mixing and leads to excitations
with a more localized character. In the 2,2’ structures, we observe
none of these effects (Fig. 4a, bottom). The 'TT lineshape remains
consistent over the full solvent range, and we find no evidence for CR
mixing. We can rationalize the manifestations of CR character in our
experiments with existing theoretical and experimental understand-
ing of pentacene dimers. In the 2,2’ structures, S; and 'TT are nearly
pure electronic states***, and their interaction arises through weak
direct S,-'TT coupling or a super-exchange mechanism mediated by
a high-energy CT state (400-500 nm)®*, In some cases, this state
becomesbright enough to appearin steady-state absorption through
mixing with a higher-lying Frenkel excitonic state*****. Nevertheless,
theseinteractions are too weak to substantially modify the character
of S;and'TT, and 'TT remains dark. In 6,6’ structures, the symmetric
superposition of CTs, CR, directly interacts with S; and 'TT to form
mixed states. This CR mixing regime is highly sensitive to the dielectric
environment, as CR separates into a higher- and lower-energy pair of
asymmetric CT states in polar medium®-*. Only in nonpolar media,
where CR character is strongly mixed into S;and'TT, do the 6,6’ struc-
tures permit direct 'TT excitation. For amore detailed discussion on
the role of chromophore connectivity (2,2’ versus 6,6’) in CR mixing,
we direct readers torefs.31,42-47.

Understanding these signatures, we can directly resolve the con-
tribution of CR character through analysis of the TA spectra in the
near-infrared (Fig. 4b-c and Supplementary Fig. 40). Immediately
after SF has occurred indimers, the resulting'TT spectrum possesses
asharp peak superimposed near 1,350 nm, which diminishes during
TT decorrelation (Fig. 4b). On long timescales after SF in thin films,
the spectrafollowing resonant and sub-resonant excitation precisely
match for all samples, highlighting that we achieve the same triplet
states regardless of excitation pathway (Fig. 4c, red, and Supplemen-
tary Fig. 24). The early-time spectra following resonant excitation
naturally contain the unique hallmarks of S, as the primary photoex-
citation (Fig. 4c, blue dashed line). Intriguingly, the spectrum of the
initial state after sub-resonant excitation is 'TT-like but carries a clear
additional band (Fig. 4c, blue solid line). Our analysis in Figs. 2and 3
rules out that this speciesisrelatedtoS,, and simple spectral subtrac-
tion (‘early’ - ‘late’) reveals a distinct peak at ~1,350 nm that is instead
characteristic of CR*°. As seen earlier, this feature is present whenever
TTis directly excited, but absent in D4, D5 and M5 where the primary
photoexcitation remains S,. We thus find that direct excitation of 'TT is
correlated with 'TT-CR mixing across our materials library, although
the subsequent fate of this mixed state depends on the accessibility of
atriplet separation pathway (Fig. 4d). For example, in the solid state,
triplet hopping from’TT canresultin theless-coupled pair state'T...T.
The key signature of this phenomenonis a delayed growth in the appar-
enttripletsignaturein TA, well after S, is fully depleted or, as reported
here,evenwhenS; is never populatedin the first place (Figs. 3¢c,dand 4b
and Supplementary Fig. 41)**~°°, Our model provides essential insight
into this behaviour. Within the coherently mixed 'TT-CR state, the
extinction is spread across both localized triplet-based (visible) and
delocalized CR-based near-infrared (NIR) transitions. As hopping leads

tolocalized triplet states, the optical spectraare reweighted away from
the delocalized CR transitions. The resulting photoinduced absorption
growth dynamics thus reports on a change in the nature of the excita-
tion, rather than a change in populations.

Conclusion

Our method of direct excitation of 'TT provides essential insights into
the mechanism of SF following the coherent'TT-CR pathway and even
in the conventional pathway beginning in bright S,. The fingerprints
of CR-mediated couplingin the solid state have been elusive since the
inception of the field, and only very challenging orbital-resolved pho-
toelectron spectroscopy has been able to capture these signatures, in
just one material system'®. Our simple approach comparing coherent
ITT-CRwithsubsequent'TT yields the most direct optical signatures of
the CR contribution, and we find that these features are present across
many materials, regardless of the initial photoexcited state. Indeed,
we expect the same approach will shed light on other photophysical
pathways where mixed dark states are implicated, such as thermally
activated delayed fluorescence. Extension of our method with more
detailed wavelength scanning should afford a powerful tool to deter-
mine the vertical energy of 'TT and its binding energy relative to free
triplets—important design parameters that are generally unknown.
More broadly, our observation demonstrates that multiple distinct
SF pathways can be active in the same material—incoherentviaS,;, and
direct excitation—and the balance between them can be tuned by the
excitation wavelength. Factoringin the vibronic structure of 'TT (Fig. 1b,
insets), even in the resonant excitation condition we expect a small
contribution from the coherent pathway, but this contribution has
previously been overlooked"*>*, In principle, this pathway permits
direct generation of entangled triplet pairs for solar cell applications or
quantuminformation science, but the effect is limited by the low extinc-
tion of 'TT in the pentacenes studied here ., Crucially, our results
show that this phenomenon is not universal but material-dependent
and thus optimizable. In some cases, the CR mixing is strong enough
for the transition to appear even in the steady state. Tuning the state
mixing between'TT and CR, whichis closely linked to electronic delo-
calization, holds promise as a new design principle to maximize the
benefits of coherent photoexcitation of 'TT.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Synthesis

Preparation of the pentacene systems (D1-D5 and M1-M5) is described
indetail in Supplementary Section 1.

Steady-state spectroscopy

Steady-state absorption spectra were collected using a Cary 5000
UV-vis-NIR spectrometer or a simple home-built set-up using a
white-light source (LDLS EQ-99X, Energetiq) and a spectrometer
(AvaSpec-Mini4096CL, Avantes).

Time-resolved spectroscopy

Narrowband and broadband TA measurements were carried out using a
Yb:KGW regenerative amplifier system (Pharos, Light Conversion). Nar-
rowband TA measurements were performed using acommercial Helios
TA spectrometer (Ultrafast Systems) with a collinear optical parametric
amplifier (Orpheus, Light Conversion). Broadband sub-10-fs TA meas-
urements were performed using two separate home-built noncollinear
optical parametricamplifiers (NOPAs) in the visible (520-680 nm) and
NIR (700-900 nm) energy regions. Detailed descriptions are provided
inSupplementary Section 2.

Data availability

Theonline version of this paper includes Supplementary Information,
including synthetic and experimental details, figures and text. All data
areavailable fromthe corresponding authors uponreasonablerequest.
Crystallographic data for the structures reported in this article have
been deposited at the Cambridge Crystallographic Data Centre, under
depositionnos. CCDC 2353076 (M1), 722606 (M3) and 2353077 (M4).
Copies of the data can be obtained free of charge via https:/www.
ccdc.cam.ac.uk/structures/. Source data are provided with this paper.
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to the ultrafast resonant and sub-resonant excitation pulses. The absorbance
spectrum of M4 has too much overlap with the sub-resonant excitation pulse

toselectively excite just 'TT. Broadband ultrafast TA data for M4 using resonant
(b) and sub-resonant (c) excitation pulses along with comparison of respective

kinetics (d). Full narrowband TA data under resonant (e) and sub-resonant (f)
excitation for M4 for which spectral slices are presented in Fig. 3 along with
comparison of respective kinetics (g). Kinetics in D and G were extracted by
integrating from 520-540 nm for 'TT and 620-640 nm for S,.
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Extended Data Fig. 6 | TA of dimer D1. (a) Broadband ultrafast TA measurements on D1in polystyrene matrix. 2D contour maps (left) and temporal profiles (right) are
plotted. (b) Narrowband TA measurements on D1in polystyrene matrix. Representative TA spectrain visible region (left) & near-infrared region (middle) and decay

profiles (right) are plotted.
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Extended Data Fig. 7 | TA of dimer D2. (a) Broadband ultrafast TA measurements on D2 in polystyrene matrix. 2D contour maps (left) and temporal profiles (right) are
plotted. (b) Narrowband TA measurements on D2 in polystyrene matrix. Representative TA spectra in visible region (left) & near-infrared region (middle) and decay
profiles (right) are plotted.
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Extended Data Fig. 8| TA of dimer D3. (a) Broadband ultrafast TA measurements on D3 in polystyrene matrix. 2D contour maps (left) and temporal profiles (right) are
plotted. (b) Narrowband TA measurements on D3 in polystyrene matrix. Representative TA spectrain visible region (left) and decay profiles (right) are plotted.
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(@) D4 in PS Matrix / Broadband TA
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Extended Data Fig. 9| TA of dimer D4. (a) Broadband ultrafast TA measurements on D4 in polystyrene matrix. 2D contour maps (left) and temporal profiles (right) are
plotted. (b) Narrowband TA measurements on D4 in polystyrene matrix. Representative TA spectrain visible region (left) & near-infrared region (middle) and decay
profiles (right) are plotted.

Nature Chemistry


http://www.nature.com/naturechemistry

Article https://doi.org/10.1038/s41557-024-01556-3

(a) D5 in PS Matrix / Broadband TA
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Extended Data Fig.10 | TA of dimer D5. (a) Broadband ultrafast TA measurements on D5 in polystyrene matrix. Representative TA spectra (left) and temporal profiles

(right) are plotted. (b) Narrowband TA measurements on D5 in polystyrene matrix. Representative TA spectra in visible region (left) & near-infrared region (middle)
and decay profiles (right) are plotted.
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