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Abstract

The photophysical processes of singlet fission and triplet fusion have numerous emerg-
ing applications. They respectively involve the separation of a photo-generated singlet ex-
citon into two dark triplet excitons and the fusion of two dark triplet excitons into an emis-
sive singlet exciton. The role of the excimer state, and the nature of the triplet-pair state
in these processes have been a matter of contention. Here we carefully analyse the room
temaperature time-resolved emission of a neat liquid singlet fission chromophore, 5,12-bis(n-

octyldiisopropylsilylethynyl)tetracene. It is demonstrated to exhibit three spectral components:
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Two that correspond to the bright singlet and excimer states, and a third component that be-
comes more prominent during triplet fusion. A spectrum consistent with this third compoment
is found to be enhanced with magnetic fields, confirming its origins in radiation from weakly-
coupled triplet pairs. This magnetically enhanced emission is attributed to the emission from
the strongly coupled triplet pair state. These observations serve to unite the view that there is
an emissive intermediate in singlet fission and triplet fusion, and that this species is distinct

from the broad, unstructured excimer emission.

Singlet fission (SF)! and triplet fusion (TF)? are related photophysical processes with promis-
ing applications spanning photovoltaics,* photocatalysis,® optical and magnetic resonance imag-
ing,”® multiexcitonic logic®!° and advanced manufacturing.!! In photovoltaics, these processes of-
fer the possibility of much higher limiting efficiencies compared to single-threshold solar cells.>!>14
In SE, a photo-prepared excited singlet state couples to a ground state chromophore and trans-
fers about half its energy, ultimately bringing about two uncoupled chromophores in their lowest-
energy triplet states.! The system conserves spin, and is widely accepted to traverse a region of
the potential energy landscape corresponding to a singlet-coupled triplet pair state, ' (TT), with
exchange coupling much greater than the zero-field splitting of the individual triplet states. '3
As the triplets move apart, the exchange coupling diminishes and the spin identity of the bichro-
mophoric state is lost.'® These weakly-coupled triplets may return to the singlet manifold by the
process of TF.218:19

In TF, the reverse process occurs whereby weakly-coupled triplets become more strongly cou-
pled before crossing to the highly emissive excited singlet state.? In concentrated solutions, ag-
gregates and films, the excited singlet state may form an excimer, corresponding to a deep well
on the potential energy surface brought about by strong excitonic coupling. The interplay be-
tween the excited singlet, S, the excimer, 'Ex, and the 1(TT) state has been the subject of de-

bate.!'®?” In concentrated solutions of 5,12-bis((triisopropylsilyl)ethynyl)tetracene (TIPS-Tc) and

6,13-bis((triisopropylsilyl)ethynyl)pentacene (TIPS-Pc) it has been asserted that the excimer con-
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stitutes an intermediate in SF.2%*! However, Dvoiédk et al. showed using total internal reflection
excitation that concentrated TIPS-Pc solutions do not exhibit an emissive excimer.?? Furthermore,
through careful analysis the time-resolved photoluminescence of concentrated TIPS-Tc solutions,
Dover et al. demonstrated that the excimer, evidenced by a featureless and red-shifted emission
spectrum, served as a trap, and that triplets could be generated from the S; state without necessar-
ily accessing the excimeric well.!® Recently, Bossanyi et al. countered to show that in pentacene
single crystals and anthradithiophene films at 100 K, a red-shifted spectrum, distinct from the ex-
cimer, evinced an emissive intermediate state in triplet fusion which they labeled as ' (TT). Such
a weakly emissive state was previously observed in low temperature tetracene thin films.?%?° The
L(TT) intermediate has been the subject of a number of other reports in aggregates and films of
acene derivatives.!>3%3% This begs the question, can such a third, emissive state be observed in
SF liquids or solutions? Such an observation would unite models of SF across different phases
at device-relevant temperatures. Furthermore, such a spectrum should be enhanced by magnetic
fields, which are know to attenuate SF to free triplets.3¢-’

To illuminate this question, we synthesised a room temperature liquid SF material 5,12-bis(n-
octyldiisopropylsilylethynyl)tetracene (NODIPS-Tc, Fig. 1a. By adding solvent to the liquid, we
bridge between a material composed of neat chromophore, and solutions of separated, randomly-
oriented chromophores. Careful analysis of the time-resolved photoluminescence of this material,
both neat and in concentrated solution, reveals three spectral components. The third component,
attributed to ' (TT), becomes more prominent during TF, as expected from a simple kinetic model
(details in Supplementary Materials). Furthermore, the spectrally-resolved magnetic field effect
on the luminescence of this system reveals that luminescence enhancement is stronger at the wave-
lengths where the '(TT) emission is peaked. Enhanced photoluminescence in the 0 — 0 band is
interpreted in terms of TF by a pair state with chromophores oriented end-to-end, with weak exci-
tonic coupling.*® These experiments unite the observations of Dover et al. and Bossanyi et al., >
showing that there is a spectrally observable emissive intermediate in SF both in concentrated

solutions and the solid state, but that this is distinct from the broad, red-shifted excimer emission.
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Figure 1: Steady-state and time-resolved photoluminescence (TRPL) of NODIPS-Tc. a Ab-
sorption and fluorescence spectrum of NODIPS-Tc in dilute solution and the chemical structure
of NODIPS-Tc. b Normalized-spectrum heat map of TRPL after 532 nm laser excitation. ¢ Area-
normalized spectral slices illustrating the spectral dynamics at early times (0 — 50ns). Note the

clear iso-emissive point (IEP). d Spectral slices illustrating the spectral dynamics at all times
(0 — 10880 ns).

Results

The room-temperature time-resolved photoluminescence (TRPL) of neat NODIPS-Tc liquid is
shown in Fig. 1b. Each spectrum is normalized by its integral, accentuating the changes that occur
as the spectrum evolves in time. At early times (0 - 30 ns, Epoch 1), the emission is dominated by
the photo-generated S; state, rapidly red-shifting into an ' Ex-dominated spectral shape in Epoch

2 (30 - 100ns). The S; emission appears H-aggregated,*® with the 0 — 0 band suppressed to a
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greater extent than in more dilute (yet optically thick) samples measured under identical condi-
tions (Supplementary Fig. 1). The expected effect of self-absorption on the spectra is shown in
Supplementary Fig. 2. The early-time spectral slices spanning Epochs 1 and 2 are plotted in Fig.
Ic, clearly exhibiting an iso-emissive point (IEP) near 625 nm. The presence of an IEP in the
area-normalized spectra suggests that there are two major components that dominate the spectra.
For comparison, the steady-state absorption and photoluminescence spectra of dilute NODIPS-Tc
solution are shown in Fig. 1a.

Like with TIPS-Tc, in NODIPS-Tc, both SF and TF pathways are thermally accessible. '*-
After 100 ns, in Epoch 3, the annihilation of SF-generated triplets dominates the spectrum. The
spectral shape stabilises and exhibits both S; and 'Ex features. The long-time spectral dynamics
are shown in Fig. 1d. It is clear that the emission spectrum deviates from the IEP, strongly sug-
gesting the presence of a third spectral component. To quantify the presence of a third component,

we implemented principal component analysis (PCA).

https://doi.org/10.26434/chemrxiv-2023-vn492 ORCID: https://orcid.org/0000-0001-6691-1438 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-vn492
https://orcid.org/0000-0001-6691-1438
https://creativecommons.org/licenses/by-nc-nd/4.0/

&
=y

0.20 . , , : 102

0 O 100

—PC1

0.15

10" L o8

[ Variance percent

s
O
= o
< 5
O @
0.10 H o =3 Cumulative variance percent ““_’
é 9% ©
0.05 8 1074 @
‘S 94 s
B [0
0.00 1= a
8 8
s 10 4 F92 ¢
0.05 a 8
[0] ®
< oo =
0.10 £ 102 2
> L8s =
0.15 - 4
g
-3 | L O
-0.20 T T T T 10 PC1 PC2 PC3 PC4 *
400 500 600 700 800 900
c Wavelength (nm) d Principal components
0.20 . . . . 10° T T T T
0.15 - —PC1 | 100

101_

[ variance percent
—— Cumulative variance percent |- 98

10° 4
- 96

L 94

Variance percent of each PC (%)

Cumulative variance percent of each PC (%)

90

T T T T T T T
400 500 600 700 800 900 PC1 PC2 PC3 PC4
Wavelength (nm) Principal components

Figure 2: Principal component analysis (PCA) on TRPL of neat NODIPS-Tc. a Eigenvectors
of the first three principal components of the early-time TRPL (0 - 50 ns). b Variance percent
and cumulative variance percent of each principal component of early-time TRPL (0 - 50 ns). ¢
Eigenvectors of the first four principal components of the long-time TRPL (0 - 10 is). d Variance
percent and cumulative variance percent of each principal component of long-time TRPL (0 -
10 us).

The most important principal components (PCs) spanning Epochs 1 and 2 (Fig. 1c) are plotted
in Fig. 2a. The percentage variance explained by each PC and the cumulative variance is plotted
in Fig. 2b. At these early times, the first two PCs account for 99.97% of the total variance.
It is important to note that PCA does not generate the spectra of species, and as the PCs are
necessarily orthogonal, they can exhibit differently signed spectral regions. PC1 represents the

average spectrum, and PC2 accounts for the changes, with the S; component diminishing and the
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'Ex component growing in time. The eigenvector of PC3 is noisy and its variance percent drops
by a factor of 750 compared to PC2. As such, at this point we do not claim that PC3 represents a
meaningful contribution to the spectra at early times.

The PCA of the entire data set is shown in Figs 2c¢ and 2d. Clearly, PC3 is smoother and
the variance ratio between the second and third PCs rises to about 35. Now the first three PCs
contribute to 99.97% of the total variance and the fourth PC is very noisy. It only contributes
0.01% variance in both analyses.

The PCs can be used as a basis to reconstruct the experimental TRPL data, as shown in Sup-
plementary Fig. 4 and Supplementary Fig. 5. At early times, the TRPL can be satisfactorily
reconstructed by the first two PCs. However, reconstruction of the entire data set using only two
PCs preserves the iso-emissive point, which is contrary to observations. Faithful reproduction of
the salient experimental observation (the deviation from the iso-emissive point) necessitates the in-
corporation of the third PC (see Supplementary Fig. 5a and b). The residuals after reconstruction
using only two PCs clearly show a distinct spectral feature, which is captured by the third PC. At
this point it is instructive to note the similarity of the shape of the third component in both data

sets, suggesting its smaller contribution at early times.
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Figure 3: Photoluminescence Kinetics. a The kinetic scheme shows the quasi-equilibrium formed
between the S; state, 'Ex and strongly exchange-coupled !(TT) state, and their connection to
separated triplets. The external magnetic field, B, modifies the Gibbs free energy of activation
for SF, giving rise to the magnetic-field effect on photoluminescence. b Spectra fit to kinetic
model, and extracted using the MCR-ALS algorithm.*’ ¢ Kinetic model and MCR-ALS derived
weightings of the spectra from b (details in the Supplementary Materials).

The number of PCs may be equated with the number of kinetically distinct emissive species.
As such, three PCs implies at least three emissive species. Given that the S; and 'Ex emission
in Epoch 1 are largely explained by combinations of the first two PCs, we propose that the third
component is due to emission by an excitonically coupled chromophore pair which is spectrally
distinct from the Excimer. This state emits most prominently in Epoch 3, where it is fed directly by
TF. As such, we assign this species to the exchange-coupled triplet pair state, ' (T'T), as reported
in the solid state.?33244142 Emission from this state has never before been identified in a liquid

system.
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The relative prominence of the '(TT) state during the TF phase is supported by a minimal
kinetic model, where the three emissive states, S;, 'Ex and '(TT) are connected through ' (TT)
to a pool of free triplets, T, via the SF and TF processes. The model is illustrated by Fig. 3a but
omits the intermediate (T ... T) state, which is absorbed into the rate constants for SF and TF.
Details are given in the Supplementary Materials. The parameters describing the kinetic model
and the spectra of the S;, 'Ex and ' (TT) states were globally fit to the data in Fig. 1d. The spectra
are plotted in Fig. 3b, with the time-dependent weightings shown in Fig. 3c.

Using the MCR-ALS algorithm*’ under the constraints of non-negativity and unimodality, the
dynamics are remarkably similar. However, the MCR-ALS extracted spectrum for the ! (TT) state
does not reproduce the sharp peak at 550 nm. Nevertheless, the salient features of the dynamics are
that the S; state decays and generates the ' Ex state. The spectral contribution of the latter peaks,

and as the system shifts into the TF phase (Epoch 3), the !(TT) state spectral contribution rises.
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be a bichromophoric state where the exchange coupling is weaker than the zero-field splitting,
Y(T...T). This weakly-coupled regime is included in the kinetic scheme illustrated in Fig. 3a.

For aligned chromophores, at zero-field there are three out of nine triplet pair sub-levels with

singlet character (|xx), |yy) and |zz), where the triplet basis is {|x), |y), |2)}). As a magnetic field
is applied, these states mix with other sub-levels and the number of levels with singlet character
increases, essentially increasing the entropy of the !(T...T) state. At higher fields where the
basis transforms into {|—), |0), |+)}, only two of the nine weakly-coupled sub-states have singlet
character, |00) and (| + —) + | — +))/v/2, and the entropy of the state is diminished.****> Low
entropy of an intermediate is accompanied by a higher free energy of activation, and thus rate
constants are effectively manipulated by the magnetic field (see Supplementary Materials). This
effect of the magnetic field on the free energy of the }(T ... T) state is illustrated schematically in
Fig. 3a.

The effect of increasing the free energy of the '(T...T) state is to attenuate SF, and thus
enhance photoluminescence. In Fig. 4a, we see that at fields as high as 300 mT, for the neat
sample, the photoluminescence is enhanced by about 0.5 % (APL/PL). Furthermore, we see that
at low fields, the photoluminescence is diminished, which is characteristic of chromophores that
are aligned on the time-scales of SF and TF. This alignment is itself less evident but persists in
the 75 % w/w sample. In the most dilute sample, both the alignment effect and the SF rate are
diminished, giving rise to a smaller positive magnetic field effect at all fields.

We expect each spectrum identified in TRPL to have a different magnetic field dependence.
Raising the free energy of the !(T...T) state with a magnetic field should enhance the emission
non-uniformly by returning population initially to the !(TT) state. This is indeed found to be the
case. The APL/PL()) is shown in Fig. 4b. The neat and concentrated samples both exhibit peaks
around 555 nm and 600 nm. It also clearly shows more enhancement at longer wavelengths which
is attributable to excimer emission. Population returned to an uncoupled S; state by the action of
the magnetic field can be expected to have an identical fate to photogenerated S; chromophores,

and thus the enhanced emission will be identical to the steady-state emission. This is what is

11
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seen at the most dilute concentration. In the most dilute solution, as opposed to the neat sample,
molecular collisions resulting in SF or TF may occur at geometries that are not predisposed to
excimer formation. However, in the neat sample, where the chromophores are aligned, there is
clearly excess excimer emission generated by the magnetic field. This is evidence for a direct
route from the !(TT) state to the *Ex state, as included in the simple kinetic model.

TF feeds the photophysical network from the *(T ... T) state, and as such, we would expect, as
a first approximation, that the magnetic enhancement would be identical to the spectrum observed
during Epoch 3, where TF dominates. The ratio of the TF spectrum in Epoch 3 to the steady-
state spectrum is plotted in Fig. 4b. While an imperfect match, it exhibits the same shape, with
excess 'Ex emission and a minimum at 570 nm. While the minimum at 620 nm is absent, there
is a clear shoulder in its place. The differences suggest that the generation and recombination
of geminate *(T...T) pairs does not produce the exact same spectrum as TF from uncorrelated
triplets. Nevertheless, we may use the magnetic enhancement to gain insight into the spectrum
generated by the emissive ' (TT) state.

The *(TT)-associated spectrum generated from the kinetic model (Fig. 3b) is also plotted in
Fig. 4b. The peaks around 555 nm and 600 nm align with the magnetic APL. The 600 nm feature
does not align with either the S; or 'Ex states, and is thus attributed to the ' (TT) state. The excess
'Ex can be attributed to fusion of a triplet pair that is predisposed to excimer formation. Since the
magnetic field response indicates chromophore alignment, we attribute this to a stacked triplet pair.
However, there are other conceivable triplet pairs from which fusion to S; would not generate more
excimer than the steady-state spectrum. Of these pairs, a side-to-side arrangement of chromophores
would appear frustrated by the bulky NODIPS groups. However, an end-to-end arrangement will
exhibit weak excitonic coupling and, like the free chromophore, is expected to generate 0 — 0
emission more prominently than the H-aggregated steady-state emission.>® This accounts for the
enhanced emission observed at 555 nm as compared to the steady-state emission. This is a feature
of TF and is thus kinetically indistinct from the ' (T'T) emission. Both the spectrum derived from

kinetic modelling and the MFE-derived spectrum contain features which can be ascribed to TF-

12
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induced 0-0 emission and the '(TT) state respectively.

Conclusion

In this work, we analysed the time-resolved emission of NODIPS-tetracene, a liquid-state SF and
TF material. As seen in other systems, the photogenerated bright state generates excimers which
emit with an unstructured, red-shifted spectrum. In the first 50 ns, the normalized spectra exhibit
an iso-emissive point, indicating the presence of two major spectral components. At longer times,
during the TF phase, a third spectral component is identified. This is confirmed by principal
component analysis.

Kinetic modelling and MCR-ALS analysis reveal that the third component is most prevalent
during the TF phase. Further insight into the spectral components generated by a triplet-pair is
gained from magnetic field experiments. Photoluminescence enhancement is observed at 555 nm
and 600 nm, as well as in the excimer spectrum, as compared to the steady-state spectrum. This is
attributed in part to TF from a stacked triplet pair which is then predisposed to excimer formation.
The 600 nm emission, which is distinct from the S; and 'Ex spectra, is assigned to the '(TT)
state itself. The 555 nm emission is interpreted in terms of triplet chromophores arranged such that
they preferentially emit in the 0 — 0 band compared to the steady-state spectrum, due to decreased
excitonic coupling.

The results in this work underscore the complexity of the excited states in the most studied SF
chromophore (tetracene). In addition to unifying the debate about the fundamental photophysics
of SF and TF, our results have many implications for technologies which exploit SF and TF. First,
multiexciton logic and magnetic resonance imaging are underpinned by an understanding of spin
evolution and is affected by the equilibrium in Fig 3a. Second, the development of TF-based
LEDs necessitate an understanding of all the emissive states in the system. Finally, magnetic field
dependent measurements are often used to characterise SF-based solar cells.>*%*’ These analyses

usually assume that the magnetic field perturbs the equilibrium between just two electronic states
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(SpS; and T + T'), however as shown in Fig. 4, this is an oversimplication.

These results highlight several features of SF and TF systems in general. They further show
that the excimer state is not a necessary intermediate in SF or TF, but serves as a trap. Furthermore,
it is shown that emission from the !(TT) state can be observed at room temperature in non-solid-
state systems, and that this emission is enhanced by a magnetic field more so than the steady-state

emission. In more dilute solutions of chromophore, these effects are less evidential.

Methods

Chemical Synthesis See Supplementary Materials for full details of the synthetic procedures.**-°

Sample preparation All samples used for TRPL spectroscopy were measured under an inert
atmosphere using a Teflon-stopcock sealed quartz cuvette with a 1 mm path length. Toluene was
added for diluted samples.

Optical spectroscopy Time-resolved photoluminescence spectroscopy (TRPL) was carried out
using a SpitLight Picolo, ND:YVO* laser system with pulse duration of 800 ps at a repetition
rate of 1 kHz and wavelength of 532 nm. Photoluminescence was detected using a spectrometer
(Princeton Instruments 23001) equipped with a 300 groove-per-millimetre grating blazed at 500
nm, and an intensified time-gated camera (Princeton Instruments Pi Max-4).

Steady-state optical absorption spectroscopy was performed with a Cary 60 UV-Visible-NIR
spectrometer covering a wavelength range of 190-1100 nm.

For steady-state photoluminescence measurements, samples were excited by a 532 nm continuous-
wave (CW) laser. The photoluminescence was collected an imaged onto a multi-mode optical fibre
by two off-axis parabolic mirrors. An Ocean Optics Flame spectrometer was used to collect the
photoluminescence spectrum.

Principal component analysis (PCA) Principal component analysis (PCA) was used to extract
the emissive species (principal components) contributing to the time-resolved photoluminescence

(TRPL). These principal components form a new basis set and can be used to reconstruct the exper-
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imental data. An introduction to PCA can be found in this paper>! (Shlens, Jonathon. "A tutorial
on principal component analysis." arXiv preprint arXiv:1404.1100 (2014).) All PCA calculations
were performed using custom-made Python code. Here we briefly outline the procedures for how
PCA was performed.

Firstly, the experimental TRPL data set was organised as an m X n matrix X, where m is the
number of measurement types, i.e. dimensions (in this case the number of wavelengths) and n is the
number of observations (in this case the number of time series). Secondly, the covariance matrix
C = XXT was computed, where C is a square symmetric m X m matrix. The diagonal terms
of C' are the variance of each measurement type and the off-diagonal terms are the covariance
between measurement types. C' matrix contains the correlations between all possible pairs of
measurements. Thirdly, eigendecomposition of the covariance matrix C' was performed, which
yields the eigenvectors of principal components (PCs) and eigenvalues, i.e. the variance of each
PC. These PCs constitute a new basis set of the original data.

We can thus reconstruct the experimental data using this new basis set. We firstly construct a
matrix V' from the eigenvectors of k£ number of PCs, where V' is the m x k matrix. Then we define
the projection matrix V' V7 and the reconstructed data is given by X,cconstructea = (X2 VVTT,
The residual data is given by X,csiquat = X — Xreconstructed fOr €ach observation. We can also
compute the reconstruction loss using the mean squared error between the experimental data and
the reconstructed data: reconstruction loss = 1/N 25:1 |z, — &, |, where z,, is the experimental

data and z,, is the reconstructed data.

Data Availability

The data that support the findings of this study are available from the corresponding author upon

reasonable request.
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