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Controlling Triplet-Pair Formation in Acene-Bridged Trimers 
through Locally Excited–Charge-Transfer State Mixing
Ebin Sebastiana, Daniel G.Congraveb,c†, Jeroen Royakkersb†, Stephanie Montanarob, Huaxi Huangd, 
Ashish Sharmaa, Julia Osmólskaa, He Zhub, Chanakarn Phansaa, Jurjen Winkela, Oliver Millingtonb, 
Murad J. Y. Tayebjeee, Luis M. Camposd, Hugo Bronstein*a,b, Akshay Rao*a   

Singlet fission (SF) offers a pathway to surpass conventional efficiency limits in photovoltaics, yet how bridge–chromophore 
coupling governs locally excited/charge-transfer state (LE-CT) mixing and thereby the multiexciton yield remains elusive. We 
design three systems, TIPS-BT0, TIPS-TAT, and Encap-TAT, that progressively increase bridge–chromophore coupling. 
Steady-state spectroscopy and transient absorption reveal that TIPS-BT0 and TIPS-TAT undergo efficient SF, forming 
correlated triplet pairs (1TT) and, in TIPS-TAT, long-lived triplets. By contrast, Encap-TAT loses vibronic structure and relaxes 
ultrafast into a broad, red-shifted intramolecular exciplex-like (Ex) state. Quantum chemical analysis shows that Ex state 
originates from strong hybridization between local excitations (LE) and bridge-chromophore CT configurations, driven by 
large electron and hole transfer integrals and a small LE-CT energy gap. Such strong LE-CT hybridisation suppresses well-
defined 1TT formation, favouring intramolecular Ex emission and enhancing photoluminescence quantum yield (≃80.5% vs. 
≃38.5% for TIPS-TAT). These findings establish a unifying framework in which the balance between multiexciton generation 
and exciplex emission in acene-bridged trimers is governed by the degree of LE-CT mixing. Tuning bridge energetics and LE-
CT offsets enable deliberate routing of excited-state pathways toward efficient triplet production or bright exciplex emission, 
providing actionable design rules for next-generation singlet-fission and optoelectronic architectures.

Introduction
Singlet fission (SF) is a spin-conserving multiexciton generation 
process in which one singlet exciton (S1) splits into two triplet 
excitons (T1), potentially doubling the exciton yield per 
absorbed photon and enabling photovoltaics to transcend the 
Shockley-Queisser limit.1–5 Although crystalline acenes and 
their derivatives first show-cased intermolecular SF, their 
limited exciton diffusion, aggregation, and heterogeneous 
packing hinder practical device integration.6–8 In contrast, 
covalent intramolecular SF (iSF) molecules and polymers have 
emerged as a powerful alternative, offering precise control over 
geometry, solution processability, and electronic coupling 
between chromophores (Figure 1a).9–18

A central challenge in iSF design lies in balancing electronic 
interactions. The chromophores must couple strongly enough 

to form a correlated triplet pair (¹TT), yet remain sufficiently 
decoupled to allow triplet separation and avoid losses to 
excimer or charge-transfer (CT) traps.19–23 π-Conjugated bridges 
are therefore widely employed, not only to enforce distance 
and connectivity12,20,24–28but also to actively tune the electronic 
landscape through resonance with chromophore frontier 
orbitals.29–31 Strategies spanning phenylene spacers, extended 
acenes, and macrocyclic frameworks have been explored to 
tailor molecular geometry, connectivity, and coupling (Figure 
1a).13,32–39 In particular, rigid macrocyclic/cyclophane platforms 
enable precise cofacial arrangements that tune electronic 
coupling, giving singlet fission with strongly geometry-
dependent rates and, in some cases, long-lived multiexciton 
signatures.40–43

From a singlet-fission perspective, however, the role of CT-
mediated interactions is nuanced. Moderate exciton–CT 
hybridisation can be advantageous, lowering the barrier to 
accessing CT-mediated ¹TT configurations and facilitating spin–
space decoherence required for triplet separation (Figure 
1b).26,34–36,44–46 Yet excessive CT admixture can destabilize the 
¹TT channel, funneling population into excimer-like manifolds 
that suppress free-triplet yield.47–50 Particularly intriguing are 
cases where CT states localized on the bridge–chromophore 
axis hybridize with the local excitation of the fission-active unit. 
Such mixing may open superexchange pathways into ¹TT, or, if 
too strong, collapse the exciton into a delocalized LE-CT hybrid 
that bypasses multiexciton formation. Despite extensive  

a.Cavendish Laboratory, University of Cambridge, Cambridge, CB3 0HE, United 
Kingdom.

b.Yusuf Hamied Department of  Chemistry,  University  of  Cambridge,  Cambridge,  
CB2  1EW,  United Kingdom

c. Chemistry Research Labloratory, University of Oxford, Oxford, OX1 3TA, United 
Kingdom.

d.Department of Chemistry, Columbia University, New York, New York 10027, 
United States.                                    

e. School of Photovoltaic and Renewable Energy Engineering UNSW Sydney, Sydney, 
2052, NSW, Australia

† These authors con-tributed equally. 
Supplementary Information available: [details of any supplementary information 
available should be included here]. See DOI: 10.1039/x0xx00000x

Page 1 of 13 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 2

:3
2:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC00278A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00278a


ARTICLE

Please do not adjust margins

Please do not adjust margins

Figure 1. a) Molecular design strategies employed to achieve both intermolecular and intramolecular singlet fission, highlighting 
the transition from crystalline packing motifs to covalently bound multichromophoric scaffolds. b) Schematic illustration showing 
intramolecular singlet fission with a charge-transfer (CT) state. The bright local exciton LE (blue) is coupled to a ladder of CT states 
(violet tones) whose relative energy shifts with solvent polarity, and to the correlated triplet pair (¹TT) (red). When the CT level is 
strongly stabilized, it behaves as a population trap (rate 𝑘𝐶𝑇); when it remains off-resonant it serves as a virtual superexchange 
mediator, enhancing LE→¹TT conversion (rate 𝑘𝑆𝐹). The same channel can also assist triplet–triplet annihilation back toward singlet 
character (rate 𝑘𝑇𝑇𝐴). c) Energy level diagram depicting exciton coupling between two distinct chromophores (A and B), where 
mixing leads to the formation of new hybrid excitonic states (𝐸+  and 𝐸―), separated by an energy splitting proportional to 𝐸𝐴+ 𝐸𝐵

2 ±
∆𝐸2

2 + 𝐽2 ; here, ΔE is the energy mismatch, and J is the electronic coupling. (d, e, f) Chemical structures of the SF chromophores 
and bridges used in this study, along with their estimated singlet and triplet energies (S₁ and T₁, respectively), establish the 
energetic prerequisites for efficient intramolecular singlet fission. 

efforts to tune electronic coupling through bridge design, the 
impact of bridge–chromophore resonance on LE-CT mixing and 
its consequences for singlet fission is not fully understood.

To address this gap, we employ a trimeric chromophore-
bridge-chromophore scaffold as a minimal platform to tune LE-
CT mixing while preserving a well-defined intramolecular SF 
motif on the terminal tetracenes. Relative to directly linked 
dimers, the bridge provides an independent handle over CT 
energetics and transfer integrals.35,51 It can also modulate the 
triplet–triplet exchange interaction that governs whether ¹TT 
remains bound or separates into long-lived triplets. TIPS-
anthracene (TIPS-A) was chosen as the bridge because its higher 
triplet energy avoids acting as a triplet sink or heterofission 
channel, while its conjugated framework enables systematic 
control of electronic communication and CT-mediated 
superexchange. We further introduce Encap-tetracene (Encap-

T) to reduce LE-CT detuning and increase bridge-chromophore 
resonance while preventing aggregation and improving 
solubility.52 Accordingly, TIPS-TAT features a large CT–LE offset 
(𝐸𝐶𝑇≈3.05 eV; 𝐸𝐿𝐸≈2.30 eV; ∆𝐸𝐶𝑇―𝐿𝐸  = 0.75) and weak LE-CT 
mixing, whereas Encap-TAT has a smaller gap (𝐸𝐶𝑇≈2.85 eV; 𝐸𝐿𝐸
≈2.50 eV; ∆𝐸𝐶𝑇―𝐿𝐸=0.35 eV) and stronger hybridisation. By 
mapping their optical signatures and fission dynamics, we show 
how increasing bridge resonance can either support long-lived 
triplets via CT-assisted superexchange or suppress iSF through 
exciplex-like trapping.
Results and Discussion
Molecular Synthesis and Structures. 
To investigate how bridge–chromophore CT state alignment 
modulates the intramolecular singlet fission (iSF) landscape, we 
compared two trimeric scaffolds, TIPS-TAT and Encap-TAT 
(Figure 2). Both architectures incorporate a TIPS-anthracene 

S1~2.78 eV
T1~1.4-1.55 eV

S1~2.3 eV
T1~1.2 eV

S1~2.5 eV
T1~1.3 eV

b)

d) e) f)

TIPS-A Encap-T TIPS-T

a)

Bridge or linker
Dendrimers

Bridge-linked Dimer 

Macrocycles 

Crystal/films/nanoparticles

c)

Page 2 of 13Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 2

:3
2:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC00278A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00278a


ARTICLE

Please do not adjust margins

Please do not adjust margins

Figure 2. Chemical structures (left) of the dimer TIPS-BT0 (a), the trimer TIPS-TAT (b), and the encapsulated trimer Encap-TAT (c). 
Panels (d–f) show normalized absorption and photoluminescence (PL) spectra (right) of chromophoric architecture in comparisons 
with its corresponding monomeric subunits. All absorption (solid lines) and PL (filled curves) spectra are recorded in dilute toluene 
solution (∼ 20 μM) at room temperature. The vibronic structure of TIPS-T is retained in TIPS-BT0 and TIPS-TAT, while the 
pronounced spectral reshaping in Encap-TAT reflects strong electronic communication mediated through/with the central TIPS-A 
bridge. TIPS: triisopropylsilyl group

(TIPS-A) bridge, however, in Encap-TAT the local excited-state 
energy of the bridge is more closely aligned with that of the 
Encap-Tetracene (Encap-T) chromophores. In addition, the 
charge-transfer (CT) state in Encap-TAT lies energetically closer 
to the local exciton (LE) state compared to TIPS-TAT, thereby 
enhancing the possibility of LE-CT hybridization. The synthesis 
of the dimer TIPS-BT0 (Figure 2a) and the trimer TIPS-TAT 
(Figure 2b) have been reported previously.51,53 Unlike the 
trimeric systems, TIPS-BT0 is a directly linked TIPS-tetracene 
dimer without a bridging unit and thus serves as a baseline 
reference for iSF. Building on these precedents, Encap-TAT 
(Figure 2c) was prepared via a convergent route culminating in 
a Suzuki cross-coupling onto a rigid macrocyclic scaffold 
(Scheme S1-S3). The macrocycle was deliberately chosen to 
suppress aggregation and finely tune the energetic alignment 
between bridge and chromophore units.52 2-(Ethyl)hexyl alkyl 
chains ensure sufficient solubility.

Across all three molecular architectures, from the dimer 

TIPS-BT0 to the trimers TIPS-TAT and Encap-TAT, DFT 
calculations suggest that the dihedral angle (θ) between each 
tetracene unit and adjacent arene units is consistently ~32–33° 
(Figure S1). This intrinsic twist and bulky solubilizing 
substituents suppress face-to-face π–π stacking while retaining 
orbital overlap sufficient for electronic communication (Figure 
S2-S4). By combining structural rigidity with controlled 
connectivity, these scaffolds establish a well-defined platform 
for probing how bridge-mediated electronic alignment governs 
intramolecular singlet fission efficiency.

Steady-State Optical Characteristics and Bridge–Chromophore 
Excitonic Interaction

Figure 2 shows the normalized absorption (solid lines) and 
photoluminescence (PL, filled areas) spectra of the TIPS-BT0, 
TIPS-TAT and Encap-TAT trimer in dilute toluene (c ≈20 µM). In 
the weak-to-intermediate coupling regime, where the 
electronic coupling J is small compared to the principal acene 
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vibrational quantum (ℏω≈1400 cm⁻¹), vibronic intensity ratios 
provide a more sensitive measure of excitonic delocalization 
than simple band shifts. In particular, the 0–0/0–1 ratio directly 
reflects exciton delocalization within a perturbative Franck–
Condon excitation framework.54–56

The TIPS-BT0 dimer (Fig. 2a, 2d, Table S1) exhibits the 
canonical TIPS-tetracene vibronic progression, with a sharp 0–0 
band near 550 nm (18,182 cm⁻¹) and a 0–1 shoulder at ~510 nm 
(19,608 cm⁻¹). Compared to the monomer, enhanced 0–1 
intensity signals weak H-type excitonic coupling between the 
tetracene units. In addition, a modest red shift of the excitonic 
band (~500 cm⁻¹) and the emergence of a CT-derived absorption 
feature near 429 nm (23,310 cm⁻¹), which borrows oscillator 
strength through LE-CT mixing is observed.57 This reveals the 
presence of LE–CT interactions mediated by frontier orbital 
overlap between the chromophores.58–60 The PL spectrum 
retains a well-resolved vibronic progression with a small Stokes 
shift (~196 cm⁻¹), confirming localized S1→S0 emission.

Building on this reference case, incorporation of a TIPS-A 
bridge in the TIPS-TAT trimer introduces new spectral features 
(Fig. 2e). The asymmetric architecture relaxes symmetry 
restrictions present in homodimers, allowing both the lower-
energy (S₀→S₁) and higher-energy (S₀→S₂) transitions (Table S2-
S3, Figure 1C).57 The S₀→S₁ transition (~547 nm, 18,282 cm-¹), 
retains the tetracene vibronic progression but shows enhanced 
0–1 intensity, consistent with weak H-type excitonic coupling 
mediated through/with the bridge and exhibits a modest red 
shift (~400 cm⁻¹) relative to the TIPS-T monomer. A distinct 
(S₀→S₂) band at 471 nm (21,230 cm⁻¹) is red-shifted by ~471cm-

1 relative to isolated TIPS-A, while a CT-derived band emerges 
near 408 nm with enhanced oscillator strength from LE–CT 
coupling.57 Together, these signatures confirm appreciable 
orbital overlap across the trimer backbone and modest LE-CT 
mixing. The PL spectrum preserves the tetracene-like vibronic 
structure, indicating that despite through/ with bridge 
interactions, emission remains dominated by localized TIPS-T 
excitons. 

By contrast, Encap-TAT (Fig 2c, 2f and S5) displays 
qualitatively different optical behavior. Fusing Encap-T units 
that are more closely aligned in energy with the TIPS-A bridge 
erases monomeric vibronic progression, yielding a broad, 
vibronically unresolved absorption envelope (27,000-21,000 
cm⁻¹).  The PL spectum is likewise broad, red-shifted, featureless 
with a large Stokes shift (∼1932 cm⁻¹). These trends are 
consistent with a substantially reduced LE–CT separation in 
Encap-TAT ( ∆𝐸𝐶𝑇―𝐿𝐸  ≈ 0.35) relative to TIPS-TAT (≈ 0.75 eV), 
which enhances LE-CT hybridisation and favors relaxation into 
an intramolecular exciplex-like minimum.56,61 Overall, the 
progression from TIPS-TAT to Encap-TAT shows that decreasing 
LE–CT separation drives increasingly strong hybridization, with 
Encap-TAT’s PL consistent with intramolecular 
excimer/exciplex-like emission.

Single-Arm Encap-TA: Isolating Bridge-Mediated Interactions.

To probe the origin of Encap-TAT’s distinctive optical response, 
we synthesized the single-arm Encap-TA dimer (Scheme S3) and 

performed steady-state optical measurements to quantify 
bridge-chromophore interactions (Figure 3). As shown in Figure 
3c, the normalized absorption (solid) and PL (dashed) spectra of 
Encap-T (monomer, black), Encap-TA (dimer, red), and Encap-
TAT (trimer, blue) reveal a clear progression from a localized 
chromophore to an intermediate, single-arm dimer, and finally 
to a strongly LE-CT coupled trimer.

In contrast to the broadened, featureless absorption of 
Encap-TAT, Encap-TA displays a structured spectrum with well-
resolved vibronic features. Two lower-energy peaks at ~512 nm 
(19,531 cm⁻¹) and ~479 nm (20,878 cm⁻¹), assigned to the S₀→S₁ 
progression (Table S4) are weaker than a higher-energy band at 
~453 nm (22,076 cm⁻¹). This inversion of intensity reflects 
contributions from both S₁ and S₂ transitions and is consistent 
with an intermediate-coupling regime, moderate H-type 
excitonic coupling, together with differences in transition-
dipole strengths for the Encap-T chromophore and the TIPS-A 
bridge (Figure S6 and Table S2). A modest red shift in both LE 
derived (Frenkel-type) bands, peak broadening, and the 
appearance of a CT feature near ~385 nm (25,974 cm⁻¹) further 
indicate LE–CT coupling (in the diabatic basis) that yields LE–CT 
mixing and appreciable bridge–chromophore electronic 
communication.61,62 Notably, relative to Encap-TA, the Encap-
TAT trimer exhibits additional red shifts of the S0→S₁/S₂ 
envelope and the CT band, signalling much stronger LE–CT 
hybridisation in the trimer.

While the Encap-TA absorption remains vibronically 
resolved, its PL collapses into a broad, featureless envelope that 
is markedly broader and more red-shifted than the monomer 
(Fig. 3c). The monomer’s 0–0 fluorescence at ~500 nm (20,012 
cm⁻¹) is only ~7 nm (~270 cm⁻¹) red-shifted from its 0–0 
absorption, whereas the Encap-TA PL peaks at ~555 nm 
(~18,018 cm⁻¹), exhibiting a ~43 nm (~1,513 cm⁻¹) Stokes shift 
and loss of vibronic structure. These pronounced red shifts and 
broadened, structureless PL in both Encap-TA and Encap-TAT 
are consistent with emission from a relaxed excited-state 
minimum that lies below the initially prepared Franck–Condon 
bright state. This behaviour is characteristic of an 
intramolecular exciplex-like (CT-stabilised) emissive state, i.e., 
emission from an adiabatic surface with enhanced CT character 
upon structural/solvent relaxation.47,63–66 

The experimental absorption spectrum of heterodimer 
Encap-TA was quantitatively reproduced by a full vibronic 
Frenkel–exciton model (Figure 3f and see section 1.12 in ESI), 
which decomposes the response into lower (𝐸―) and upper (𝐸+ ) 
excitonic branches. The best fit was obtained using a transition-
dipole ratio of µ2/µ1=0.75 and J=334 cm-1. In a heterodimer, the 
loss of inversion symmetry “lights up” both excitons, so 𝐸―  and 
𝐸+  each carry oscillator strength (Figure 1c). By contrast, a 
symmetric homodimer supports one bright and one dark 
exciton (Figure S7).61,67–69 In our fit, 𝐸―  captures the red-shifted 
S₁ manifold (Table S2), while 𝐸+  accounts for the enhanced 
exciton-like (LE-derived) higherenergy feature near ~480 nm. 
The charge-transfer (CT) contribution is modelled as a single 
Lorentzian centered at ~26,000 cm⁻¹ (~385 nm), shown as the 
purple dotted trace in Fig. 3d (Section 1.12, ESI). 
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Figure 3. Molecular structure of the Encap-TA dimer (a), composed of an Encap-T chromophore covalently linked to a TIPS-A bridge 
and TIPS-TA dimer (b), featuring a direct connection between TIPS-T and TIPS-A units. (c) Normalized absorption (solid lines) and 
photoluminescence (PL) spectra (dotted lines) of the monomeric unit (Encap-T), dimer (Encap-TA), and trimer Encap-TAT, recorded 
in dilute toluene (c ≈ 20 μM). (d) Experimental absorption spectrum of Encap-TA (gray) fitted using an exciton–vibrational coupling 
model, resolving contributions from the upper (𝐸+) and lower (𝐸−) excitonic branches, a CT-like state, and vibronically structured 
LE components. Schematic energy-level diagrams showing diabatic electronic states (LE and CT, before mixing) and the resulting 
adiabatic excitonic states (after mixing) for Encap-TA (e) and TIPS-TA (f). The adiabatic eigenstates (ψ1-ψ4) are significant mixture 
of the underlying diabatic LE and CT states.

Quantifying LE–CT Mixing in Encap-TA and TIPS-TA.

To validate our spectroscopic assignments, we quantified 
LE-CT mixing in the  Encap-TA and TIPS-TA dimers by 
constructing and diagonalising a four-state diabatic Hamiltonian 
in the localized configuration basis {|𝐿𝐸𝐴⟩, 
|𝐿𝐸𝐵⟩, |𝐶𝑇𝐶𝐴⟩, |𝐶𝑇𝐴𝐶⟩}, where |CA⟩} ≡ A.+–B.- and |AC⟩ ≡ A.-–B.+ 
(section 1.8-1.11, ESI).  Diagonalization results in four adiabatic 
states (ψ₁–ψ₄) whose LE-subspace (excitonic) vs CT-subspace 
weights, obtained from the eigenvector coefficients, are 
reported in Table 1 and correlated with the spectra in Fig. 3e 
and 3f. In this Hamiltonian, LE–CT coupling is mediated by the 
electron-and hole-transfer integrals (𝑡𝑒, 𝑡ℎ). In both dimers, 𝑡𝑒 
and 𝑡ℎ exceed the LE-LE Coulombic coupling (𝐽𝐶𝑜𝑢𝑙), indicating 
that charge-mediated superexchange coupling rather than 
direct Coulomb coupling governs interunit communication 
(Table S5-S8). LE–CT mixing refers exclusively to the LE vs CT 
composition of these adiabatic eigenstates (ψ₁–ψ₄).  

For Encap-TA dimer, the two lowest adiabatic states are LE-
dominant but carry substantial CT content (ψ₁, ψ₂ ≈ 83-81% LE 
/ 17-19% CT; Tables 1 and S9). Both are stabilized relative to 
their diabatic LE site energies (−804.0 cm⁻¹ for ψ1) and (−663.9 
cm⁻¹ for ψ2), consistent with strong CT-mediated mixing and 
the red-shifted LE envelope (Figure 3e). Concomitantly, a 
nominal CT state (ψ₃) is mixed down and acquires appreciable 
LE character (~31%), evidencing pronounced LE-CT 
hybridization. In parallel, level repulsion destabilizes the 
diabatic CT mani-fold by several hundred cm⁻¹ leaving the CT 
states high in energy yet optically active via LE-CT mixing. 
Despite the CT adiabats lying several thousand cm⁻¹ above the 
LE manifold, this superexchange is sufficient to (i) stabilize the 
bright LE pair (spectral red shift), (ii) activate CT-derived 
absorption via oscillator-strength borrowing, and (iii) 
broaden/soften vibronic structure mirroring the observed 
absorption and PL trends of Encap-TA (and, amplified further, 
in Encap-TAT).
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Table 1. Energies and local-excitation (LE) vs charge-transfer (CT) composition of the adiabatic excited states formed upon 
diagonalization of a 4-state diabatic Hamiltonian. ψ1-ψ4 denote eigenstates in ascending energy

In contrast, TIPS–TA displayed weaker LE and CT mixing. ψ₁ 
remains highly localized (~95% LE) and ψ₂ shows only modest 
CT admixture (~17% CT), while the upper pair is largely CT-like 
(ψ₃–ψ₄ ≳ 81–97% CT; Tables 1 and S10). Spectroscopically, 
optical features of the TIPS–TAT dimer are consistent with the 
electronic structure derived from the TIPS–TA model, 
comprising two stabilized LE-derived (exciton-like) absorption 
bands with only modest CT admixture, a weak intensity-
borrowed CT band, and comparatively narrower vibronic 
signatures (Fig. 3f). The difference relative to Encap-TA arises 
from smaller effective LE-CT coupling and a larger LE-CT energy 
separation, which together suppress hybridization into the 
lowest bright states. Taken together, these results highlight 
starkly different mixing regimes. Encap–TA exhibits strong CT-
mediated superexchange that injects appreciable CT character 
into the lowest LE-derived (exciton-like) adiabatic state, while 
TIPS–TA supports a more localized lowest state with only minor 
CT admixture. 

Impact of LE–CT hybridisation on Intramolecular Singlet 
Fission

In this section, we investigate how strong excitonic 
hybridization between local exciton (LE) states and bridge– 
chromophore charge-transfer (CT) states reshape the excited-
state manifold and perturb the kinetic landscape of 
intramolecular singlet fission. To probe these effects, we 
performed both femtosecond and nanosecond transient 
absorption (fs/nsTA) measurements on TIPS-BT0, TIPS-TAT, and 
Encap-TAT in toluene (c ≈ 100 µM) at room temperature. Figure 
4a, d, g shows the fsTA contour maps (ΔT/T as a function of 
probe wavelength and pump–probe delay) for the three 
systems following photoexcitation at 530 nm. Target/global 
analysis of the fsTA datasets using the kinetic schemes 
described in Section 1.7 in ESI yields the evolution- and species-
associated spectra summarized in Figure 4.70,71

Upon photoexcitation, TIPS-BT0 (Fig. 4a-4c) exhibits the 
characteristic S₁→Sₙ photoinduced absorption (PIA) bands of 
TIPS-T or tetracene dimer chromophores centered at ≃657 nm 
and ≃446 nm, accompanied by ground-state bleach (GSB) 

features near ≃541 nm and ≃430 nm.48,72–74 Target analysis 
reveals that the initially populated S₁ state decays with a lifetime 
of 1.39± 0.03 ps, concomitant with the rise of a correlated 
triplet pair (1TT) PIA, centred at 520 nm, spanning the 570-615 
nm region as well as 657 nm. The 1TT population persists 
beyond the temporal window of the fsTA measurement. In the 
nanosecond transient absorption (nsTA) data (Figure 5a, 
instrument response ≃1–2 ns), the same 1TT-associated PIA 
features are observed in the early time. These then decay 
monoexponentially with a lifetime of 𝜏𝑇𝑇 ≃ 8.7± 0.4 ns, 
ultimately leaving only a weak residual signal assigned to long-
lived triplet (T₁) state PIA (Figures S8-S10). The absence of 
correlated triplet pair dissociation into free triplets (1TT→2T₁) is 
attributed to strong electronic communication between the 
chromophores and a high triplet–triplet exchange interaction. 
This elevated exchange coupling stabilizes the bound ¹TT state 
and suppresses spin decoherence, thereby preventing its 
evolution into two non-interacting triplet excitons.75,76

The fsTA response of the TIPS-TAT trimer shows 
qualitatively similar characteristic 𝑆1 state features, S₁→Sn PIA 
spanning from ~590 nm to 850 nm, a GSB centred around ~544 
nm and prominent PIA bands below ~475 nm region (Figures 4d-
4f and S11). While the singlet-state features resemble those of 
the monomer, the increased spectral broadening may arise 
from modest CT admixture / exciton–CT hybridisation in the 
initially accessed adiabatic manifold. Additionally, introducing a 
TIPS-A bridge that is closely aligned in energy substantially 
alters the ensuing excited-state kinetics. The rise of the 1TT 
precursor in TIPS-TAT, tracked by PIA bands at 517 nm and 572–
702 nm, occurs with 𝜏𝑆𝐹  ≃ 11.2± 0.06 ps, in line with the 
previous reports,28,51 but significantly slower than the 1.39 ps 
observed for TIPS-BT0. This deceleration reflects the longer 
centre-to-centre separation and added torsional flexibility 
introduced by the anthracene linker. Once formed, the 1TT state 
in TIPS-TAT is remarkably long-lived (𝜏𝑇𝑇 ≃ 127.56± 1 ns), ∼15× 
longer than in the directly linked dimer and it undergoes partial 
separation of the correlated pair (¹TT → 2T1) to yield free triplets 
(Figures 5b, 5d and S12). 

Quantitatively, from the fitted reversible S1 ⇌ ¹TT kinetics, 
we estimate correlated triplet-pair yields of ϕTT = 96.97% (TIPS-

TIPS-TA Encap-TA
State Energy (cm⁻¹) LE (%) CT (%) Energy (cm⁻¹) LE (%) CT (%)

𝜓1 18,226.95 95.3 4.7 19,359.78 83.3 16.7
𝜓2 21,742.32 82.8 17.2 21,745.28 81.4 18.6
𝜓3 24,848.05 2.9 97.1 24,056.15 31.1 68.9
𝜓4 25,609.39 19.0 81.0 29,849.95 4.3 95.7
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Figure 4. Femtosecond transient absorption (fsTA) spectra of TIPS-BT0 (a), TIPS-TAT (d), and Encap-TAT (g) in toluene following 
530 nm excitation, showing the evolution of the excited-state features as a function of delay time. Species-associated spectra (SAS) 
obtained from target analysis are for TIPS-BT0 (b) and TIPS-TAT (e) while Evolution-associated difference spectra (EADS) obtained 
from global analysis are shown for Encap-TAT (h). The corresponding time-dependent species populations from the target/global 
analysis are shown in (c), (f), and (i) for TIPS-BT0, TIPS-TAT, and Encap-TAT, respectively. 

BT0) and 98.02% (TIPS-TAT). Using the triplet-plateau analysis 
(SI Section 1.13), the yields of persistent isolated triplets are 
~15.5% (TIPS-BT0) and ~58.8% (TIPS-TAT). Thus, while ¹TT 
formation is near-quantitative in both TIPS-BT0 and TIPS-TAT, 
triplet separation is markedly more efficient in TIPS-TAT, 
underscoring the sensitivity of free-triplet generation to bridge-
controlled exciton-CT mixing. This pronounced stabilization of 
the 1TT manifold highlights how bridge-resonant coupling can 
both extend multiexciton lifetimes and boost free-triplet yields, 
even while moderating the initial fission rate. In the case of 
TIPS-TAT, the presence of the bridge reduces the triplet–triplet 
exchange interaction between the terminal TIPS-T units, 
thereby facilitating spin decoherence and promoting the 
formation of spatially separated, long-lived free triplets.

In stark contrast, Encap-TAT exhibits a fundamentally 
different early-time TA signature. Upon 530 nm excitation, its 
S₁→Sₙ photoinduced absorption (PIA) no longer display well-
resolved peaks characteristic of the monomer Encap-T (Figures 
4g-4i and S13-S15). Instead, it emerges as abroad, red-shifted, 
structureless band spanning ≃550-850 nm, with the ground-

state bleach confined to ≲525 nm. This simultaneously red-
shifted, unstructured PIA is consistent with substantial CT 
admixture in the lowest adiabatic manifold, as quantified for 
Encap-TA (≈17–19% CT) and expected to be enhanced in Encap-
TAT given the smaller LE–CT detuning and stronger bridge-
chromophore coupling. We therefore assign this feature to a 
singlet exciton with significant CT admixture, hereafter denoted 
as S1 (CT). The initially populated S1 (CT) feature decays with 𝜏𝐸𝑥 
≃ 2.95± 0.04 ps into a second state whose PIA is broader and 
completely unstructured across the probe window. The decay 
of the initially populated state is markedly faster than in TIPS-
TAT, and the resulting spectral profile closely resembles the 
intramolecular excimer-like states reported in related 
chromophoric systems.48,63–66,77,78 This markedly different from 
the well-defined 1TT signature seen TIPS-BT0 or TIPS-TAT and 
similar tetracene derivatives.7,73

We therefore refer to this broad, unstructured transient 
state as an intramolecular exciplex-like state (Ex) under dilute 
conditions. Here, Ex denotes a relaxed minimum on an exciton-
CT-hybrid adiabatic surface with substantial bridge-
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chromophore CT character. We attribute Ex formation to 
structural and solvent relaxation on this hybrid surface, which 
progressively stabilises a more CT-rich minimum along the 
nuclear coordinate. Such relaxation can access a distribution of 
closely spaced relaxed minima (exciplex-like conformers) on the 
excited-state landscape, consistent with the progressive 
broadening and loss of vibronic structure observed in the 

transient absorption.47,64 The Ex-state decays with lifetime of ≃ 
16.9± 0.2 ns back to the ground state, leaving only a very weak 
residual PIA attributable to long-lived T₁ excitons (Figure S16 
and Table S11).  The assignment of this exciplex-like state, as a 
CT-stabilised relaxed minimum on an exciton–CT hybrid surface, 
is further supported by solvent-dependent steady-state photo-
physics. In Encap-TAT, the PL maximum exhibits a pronounced 

Figure 5. Nanosecond transient absorption (nsTA) data of TIPS-BT0 (a), TIPS-TAT (b), and Encap-TAT (c) in toluene following 532 
nm photoexcitation, highlighting the spectral signatures of free triplets (T), correlated triplet pair (1TT), and intramolecular exciplex 
state (Ex). (d) Corresponding kinetic traces monitored at the respective triplet PIA maxima: TIPS-BT0 (480-510 nm), TIPS-TAT (500-
520 nm), and Encap-TAT (470-500 nm), illustrating differences in triplet decay dynamics across the series

Figure 6. LE-CT mixing governs whether singlet fission proceeds by superexchange or is quenched by an exciplex trap. The 
schematic summarizes two limiting regimes controlled by the LE-CT detuning and coupling. Top (weak LE-CT mixing; 
superexchange-mediated singlet fission): when the LE state of the terminal SF chromophore is energetically well separated from 
the CT configuration (A∙-–T∙+) CT remains largely virtual and mediates population transfer from 𝑆1 to the correlated triplet pair 1𝑇𝑇, 
followed by formation of separated triplets (𝑇1+𝑇1). Bottom (strong LE-CT mixing; exciplex trap): when the LE and CT states are 
closer in energy and strongly coupled, substantial LE-CT hybridization yields a CT-enriched singlet S1(CT) that relaxes to an 
intramolecular exciplex-like minimum (Ex). This trap diverts population away from S1(CT) to 1TT (red cross) and increases the non-
productive loss. Thus, by tuning the LE-CT energy gap and state mixing, triplet-pair formation can be controlled.

Page 8 of 13Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 2

:3
2:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SC00278A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00278a


ARTICLE

Please do not adjust margins

Please do not adjust margins

red shift with increasing solvent polarity, whereas TIPS-TAT 
shows no such solvatochromic response (Figure S17). Polarity 
stabilises CT states and enhances LE-CT mixing, whereas higher 
concentrations can introduce intermolecular 
excimer/aggregation pathways. Accordingly, measurements 
were performed under dilute conditions (c ≈ 100 µM) to 
minimise intermolecular contributions, and solvent-dependent 
TA data are provided in the SI (Section 4, Figures S18-S25) to 
support the CT-rich character of the Ex state. These solvent-
dependent fsTA and nsTA measurements (SI Section 4, Figures 
S18-S25) show that increasing polarity accelerates Ex formation 
and shortens its lifetime for Encap-TAT. In contrast, for the SF-
active TIPS-TAT, increasing polarity primarily accelerates ¹TT 
formation without inducing comparable long-time quenching.

To further clarify the nature of this second component, we 
directly compared Encap-TAT with its single-arm analogue, 
Encap-TA (Figure S26-30). In Encap-TA, the initially populated 
S1 (CT) state decays in ≃2.25± 0.06 ps into an equally broad, 
featureless PIA band spanning the entire probe window, 
virtually identical in spectral shape and kinetics to the second 
component seen in Encap-TAT. This broad PIA then relaxes to 
the ground state with a long-lived residual (𝜏2 ≃ 16–18 ns),  
consistent with a small population of free T₁ formed by 
intersystem crossing. Crucially, the close correspondence 
between Encap-TA and Encap-TAT excludes a conventional 
multiexciton (1TT) assignment, since the triplet of TIPS-A lies far 
too high in energy to sustain a bound triplet pair with Encap-T.

Instead, we ascribe both decay components to a strongly 
mixed LE-CT hybrid state, hereafter denoted as the 
intramolecular exciplex-like (Ex) state. This state arises from 
nuclear and structural relaxation in the excited state, aided by 
stabilization of the CT energy and significant electron- and hole-
transfer integrals coupling the bridge and chromophores. These 
factors hybridise the local excitons with CT configurations into 
a continuous, unstructured excited-state manifold.56,79–82 
Importantly, such strong LE-CT hybridization suppresses the 
formation of well-defined triplet pairs localized on the terminal 
Encap-T units. The Ex-state instead forms on ultrafast 
timescales, outcompeting correlated triplet-pair formation, 
while simultaneously enhancing radiative decay pathways. This 
is consistent with the higher photo-luminescence quantum 
yield observed for Encap-TAT (80.5%) compared to TIPS-TAT 
(~38.5 %).

To rationalize the contrasting excited-state pathways, we 
summarize the role of LE-CT hybridization using the mechanistic 
schematic in Figure 6. Under weak LE-CT mixing (top), 
exemplified by TIPS-TAT, the CT configuration associated with 
the bridge–chromophore pair remains largely virtual and 
mediates population transfer from 𝑆1 to the correlated triplet 

pair 1𝑇𝑇 via a CT-assisted superexchange pathway, followed by 
formation of separated triplets (𝑇1+𝑇1). In contrast, under 
strong LE-CT mixing (bottom), exemplified by Encap-TAT, 
reduced LE-CT detuning and enhanced coupling yield a CT-
enriched singlet 𝑆1(CT) that relaxes into an intramolecular 
exciplex-like minimum (Ex). This trap diverts population away 
from 1𝑇𝑇 formation and increases non-productive loss, 
consistent with the broadened, red-shifted spectral signatures 
and pronounced solvatochromic PL red shift observed for 
Encap-TAT.

Conclusions
By constructing the TIPS-BT0→TIPS-TAT→Encap-TAT series and 
combining steady-state/ultrafast spectroscopy with a four-state 
LE/CT diabatic Hamiltonian analysis, we show that bridge–
chromophore energetic alignment governs exciton-CT 
hybridisation in the adiabatic excited states and thereby 
dictates the photophysical outcome in intramolecular singlet 
fission (iSF). In TIPS-TAT, a larger LE-CT energy offset limits CT 
admixture while retaining sufficient LE↔CT coupling to enable 
CT-assisted superexchange into 1TT, yielding long-lived, 
separable triplets. Although both TIPS-BT0 and TIPS-TAT exhibit 
near-quantitative correlated triplet-pair formation (𝜙𝑇𝑇 > 95%), 
the isolated triplet yield differs substantially (~16% for TIPS-BT0 
vs ~59% for TIPS-TAT), demonstrating that triplet separation is 
highly sensitive to bridge-controlled exciton-CT mixing. In 
contrast, in Encap-TAT a smaller LE-CT gap increases CT 
character and stabilises a CT-rich exciplex-like relaxed 
minimum, which competes with and suppresses iSF. For device 
applications, iSF scaffolds should therefore be engineered to 
maintain a sufficient LE-CT offset (avoiding excessive CT 
stabilisation) while keeping LE↔CT coupling in the moderate 
regime that supports CT-mediated superexchange, alongside 
efficient pathways for triplet separation/harvesting. Overall, 
tuning the LE-CT energy gap and bridge–chromophore coupling 
strength provides a practical design lever to direct molecular 
assemblies toward either correlated triplet formation or 
exciplex-like relaxation and emission.
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