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1.  Further Computational Methods 

 

Supplementary Figure 1| DP-Mes structure. The orthogonal ground-state geometry (left), illustrating the sym-
metry operations of the D2d point group, and (right) the monomer-localised frontier molecular orbitals. Figure 
reproduced from Schröder et al1 with permission of the authors. 
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Supplementary Figure 2|Spin-two ground state, used to approximate the energy of the TT state. 

 

Supplementary Table  1| Symmetries and electronic energies of states entering the linear vibronic Hamilto-
nian. 

State E (eV) Irreducible Representation 

TT 1.83 A1 

LE+ 2.07 B2 

LE− 2.20 A1 

CT+ 2.75 A2 

CT− 2.76 B1 

 

1.1 Transformation of vibrational environments 

In the linear vibronic Hamiltonian of equation (1), each oscillator has been taken into account as a 

separate quantum object coupled to the electronic system. When this Hamiltonian is used to perform 

a time evolution, the computational cost is minimised once the number of quantum objects entangled 

with each other is as small as possible, i.e. the number of nearest neighbours of each quantum object 

is minimal. This is particularly important when the electronic system is coupled to a large number of 

oscillators (here 252). By applying a series of transformations, a so-called star Hamiltonian may be 

obtained, where the number of nearest neighbours of each oscillator does not exceed two. We outline 

the procedure for constructing this Hamiltonian here. 

The first step is to group different vibrations together according to their function. The coupling matri-

ces are written in the form: 

(𝑊𝑚𝑛)𝑘 = (𝑊̂𝑚𝑛)𝑘𝜆𝑘,                                                            (15) 
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where (𝑊̂𝑚𝑛)𝑘 is normalised and 𝜆𝑘 gives the coupling strength. Therefore, (𝑊̂𝑚𝑛)𝑘 contains the cou-

pling pattern of mode k. Due to symmetry, these matrices contain 15 unique elements, and can thus 

be represented as vectors on a 15-dimensional unit sphere. This distribution is mapped on two dimen-

sions using t-Distributed Stochastic Neighbour Embedding (t-SNE)2, shown in Supplementary Figure 3. 

The resulting two-dimensional map clearly reveals that vibrations fall into different groups according 

to their symmetries. Clusters of modes are identified using k-means++3, which assigns a ‘centroid’ 

matrix 𝑊̅𝑖 to each cluster 𝑖. We find that a minimum of seven clusters is required in order to produce 

converged results, therefore the four clusters corresponding to the different symmetries are sepa-

rated into sub-clusters as shown in Supplementary Figure 3.  

 

Supplementary Figure 3| 2D-Projection of the normalised vectorised coupling matrices 𝑾𝒏. Using t-SNE al-
ready reveals environments of different symmetry. The crosses represent the cluster centroids 𝑾̅̅̅𝒊 and the col-
ours the assigned modes. Reproduced from Schröder et al.1 with permission of the authors. 

 

The coupling constants 𝜆𝑘 for the different molecular vibrations are given in Supplementary Table 3 

in the Supplementary Discussion, section 6. The centroid matrices assigned to the different clusters 

are, in units of eV: 

𝑊̅A1,1 = −

(

 
 

0 0 0 0 0
0 0.45 0 0 0
0 0 0.38 0 0
0 0 0 0.57 0
0 0 0 0 0.57)

 
 
, 𝑊̅A1,2 = −

(

 
 

0.75 0 0 0 0
0 0.3 0 0 0
0 0 0.29 0 0
0 0 0 0.37 0
0 0 0 0 0.37)

 
 
,  
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𝑊̅A2 = −

(

 
 

0 0 0 1 0
0 0 0 0 0
0 0 0 0 0
1 0 0 0 0
0 0 0 0 0)

 
 

  𝑊̅B1,1 = −

(

 
 

0 0 0 0 0.63
0 0 0 −0.73 0
0 0 0 0 0.26
0 −0.73 0 0 0
0.63 0 0.26 0 0 )

 
 
,  

𝑊̅B1,2 =

(

 
 

0 0 0 0 0.28
0 0 0 −0.33 0
0 0 0 0 −0.9
0 −0.33 0 0 0
0.28 0 −0.9 0 0 )

 
 
,                                                                         (16) 

𝑊̅B2,1 = −

(

 
 

0 0 0 0 0
0 0 0.86 0 0
0 0.86 0 0 0
0 0 0 0 0.52
0 0 0 0.52 0 )

 
 
, 𝑊̅B2,2 =

(

 
 

0 0 0 0 0
0 0 −0.86 0 0
0 −0.86 0 0 0
0 0 0 0 0.52
0 0 0 0.52 0 )

 
 

.                                                                     

 

These coupling matrices reveal clear partitioning into two kinds of modes. The A1 modes only change 

the energies of the electronic states once displaced. The other modes, all of different symmetries, 

only couple the states together but do not result in energetic displacements. We therefore label the 

former as ‘tuning’ and the latter as ‘coupling’ modes.  

By then applying an orthogonal polynomial transformation4 to each cluster 𝑖, we end up with the so-

called Star Hamiltonian, where each of the modes only interacts with its nearest neighbours:  

𝐻Star = 𝐻el + ∑ [𝑊̅𝑖||𝝀𝑖||
𝑎𝑖,0
†
+𝑎𝑖,0

√2
+𝐻𝑐,𝑖]

7
𝑖=1 ,                                      (17) 

𝐻𝑐,𝑖 = ∑ 𝜀𝑖,𝑘𝑎𝑖,𝑘
† 𝑎𝑖,𝑘

𝑁𝑖−1
𝑘=0 +∑ 𝑡𝑖,𝑘(𝑎𝑖,𝑘

† 𝑎𝑖,𝑘+1 + ℎ. 𝑐. )
𝑁𝑖−2
𝑘=0 ,                                      (18) 

Each of the assigned clusters corresponds to a chain 𝑖 of oscillators, described by the chain Hamilto-

nian 𝐻𝑐,𝑖. Within each chain, vibrations only interact with their nearest neighbours. Only the oscillator 

with index 0 interacts directly with the electronic system. The vector 𝝀𝑖 = (𝜆𝜄1, … , 𝜆𝑖𝑛) contains all 

the coupling strengths of modes assigned to cluster 𝑖. 

Note that the creation and annihilation operators appearing in the Star Hamiltonian do not correspond 

to the original molecular vibrations, but are rather linear combinations of those. Therefore, in order 

to obtain the observables related to the vibrational wavefunction of the original system, one needs to 

apply the inverse of the orthogonal polynomial mapping. The procedure outlined in this section is 

summarised in Supplementary Figure 4. 
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Supplementary Figure 4| Summary of the transformation of vibrational environment. Initially (left), all modes 
are connected to the central tensor (blue) representing the electronic system. The clustering algorithm and or-
thogonal polynomial mapping allow us to group them together and bring them into a chain architecture. 

 

1.2 Tree Tensor Network States 

We start by introducing the concept of a Matrix Product State (MPS), which forms the basis of this 

section. A many-body wavefunction may be written in the general form: 

|𝛹 > =  ∑ 𝛹𝑛1,…,𝑛𝐿|𝑛1, … , 𝑛𝐿 >
𝑑𝑘
{𝑛𝑘}=1

,                                    (19) 

where 𝑛𝑘 indexes the local Hilbert space of site k, which has a local dimension of 𝑑𝑘. Bringing this into 

the language of a 1D chain of oscillators, 𝑛𝑘 gives the number of quanta present on oscillator k, and 

𝑑𝑘 the maximum number of quanta that oscillator k may host.  

The tensor 𝛹𝑛1,…,𝑛𝐿  of rank 𝐿 contains all probability amplitudes of finding the system in the various 

configurations. Via iterative application of singular value decomposition, this tensor may be written 

as an MPS, i.e. a product of 𝐿 rank-3 tensors: 

|𝛹 > =  ∑ 𝐴𝑛1𝐴𝑛2 …𝐴𝑛𝐿|𝑛1, … , 𝑛𝐿 >
𝑑𝑘
{𝑛𝑘}=1

.                                    (20) 

By 𝐴𝑛𝑘  we denote the rank-3 tensor 𝐴𝑙𝑘𝑟𝑘𝑛𝑘  of size 𝐷𝑘−1 ×𝐷𝑘 × 𝑑𝑘. The size of the bond dimension 

𝐷𝑘 is directly related to the amount of entanglement between site k and its neighbours which might 

be encoded by the MPS. By expanding the many-body wavefunction in the generalised form of an 

MPS, that is a Tree Tensor Network State (TTNS), we achieve convergence with the smallest possible 

bond dimensions. The TTNS employed here is shown in Supplementary Figure 5.  

Initially, we shape the TTNS such that it resembles the Star Hamiltonian of Supplementary Figure 3 

(right), with each tensor representing one of the chain modes, and the central tensor representing the 
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electronic system. However, the time evolution of such a TTNS scales exponentially with the number 

of environment chains, so we further decompose it by using sisx entanglement-renormalisation (ER) 

nodes, resulting in the structure of Supplementary Figure 5. The optimal tree structure is determined 

by running a preceding, expensive calculation on the original tensor structure, and analysing its en-

tanglement. By calculating the von Neumann entropy of all possible decompositions of this tensor, we 

find those combinations which lead to the least possible entanglement. We thus achieve linear scaling 

with the number of environment chains, when time-evolving this TTNS using the time-dependent var-

iational principle1,5. 

At this point, we would like to draw the reader’s attention to the fact that the TTNS formalism is not 

unique in successfully describing vibronic interactions and the corresponding dynamics in a non-per-

turbative way, non-Markovian fashion. Some alternatives which have been used within the context of 

ultrafast dynamics and/or singlet fission in particular, include, but are not limited to the Multilayer 

configuration of the Multiconfigurational Time-Dependent Hartree approach (ML-MCTDH)6,7, Hierar-

chical equation of motion8,9 and non-Markovian quantum Master equations10,11. 

 

Supplementary Figure 5| Tree Tensor Network State used for the simulation of the time-dependent dynamics 
of DP-Mes. The red node represents the electronic system, while the vibrational environments (green) are con-
nected to it through a network of ER tensors (blue). The long-time von Neumann entropies of the various bonds 
are given, along with two example compression rates. Reproduced from Schröder et al.1 with permission from 
the authors. 

 



7 
 

1.3 Real-time displacement of molecular vibrations 

Once the time-evolution of the TTNS is complete, we calculate the displacement of the molecular 

vibrations, in order to compare with experimental resonant Raman results. At each time step during 

the time evolution, the displacement of all chain modes 𝑛 is calculated: 

< 𝑥 >𝑛,chain= 
<𝑎𝑛

†+𝑎𝑛>

√2
,                                                    (21) 

in atomic units and mass-weighted coordinates. The orthogonal polynomial transformation 𝑈 of the 

molecular vibrations into the chain modes may be inversed to produce the operators corresponding 

to the physical normal modes of the system: 

𝑏𝑘 = ∑ 𝑈𝑘𝑙
−1𝑎𝑙𝑙 .                                                                        (22) 

Since 𝑈 is a unitary matrix for each chain, we deduce: 

< 𝑥 >𝑘,mode= ∑ 𝑈𝑘𝑙
−1 < 𝑥 >𝑙,chain𝑙 .                                                 (23) 

It is therefore straightforward to extract these physical observables from the time evolution of the 

TTNS using the chain-transformed modes.  

1.4 Conversion of displacements into resonance Raman spectra  

TTNS provides time-dependent displacements of all vibrational modes grouped by their respective 

symmetry groups. After projection onto the DFT-calculated normal modes of DP-Mes, we constructed 

the total time-dependent displacements for each symmetry group ( Figure 4b). We subsequently se-

lected only the A1 mode displacements due to their drastically enhanced activity and applied the same 

data analysis as for the experimental traces, i.e. apodization (Kaiser-Bessel window, β=1), zero-pad-

ding (3x) and Fourier transformation, with the result shown in Supplementary Figure 6. The simulated 

time-vector was marginally shorter (1.12 ps), leading to a frequency resolution of ~29 cm-1 with a 

lowest resolvable frequency of ~59 cm-1. After Fourier transformation, the displacement spectrum 

was scaled in frequency by 0.97 before computing  Equation 1. This scaling factor was determined by 

a matching the DFT-calculated Raman active modes to the ground-state Raman spectrum of DP-Mes. 

The same approach was carried out for the simulations that were initiated in 1TT. 
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Supplementary Figure 6| Mode displacements extracted from TTNS simulation. Displacement amplitude Δ is 
obtained from the Fourier transform of the calculated A1 displacements of transferred vibrational coherence 
over a 1.12 ps window (kinetic traces in Figure 4b). 

1.5 Importance of a large vibrational bath  

From the table of vibrational mode coupling constants in Supplementary Discussion, section 6, one 

can immediately observe that several of the 252 vibrational modes included in our model only have 

small coupling constants compared to the others. As a result, one could be tempted to truncate a large 

number of these weakly-coupled modes, in order to reduce the computational cost of the simulations. 

However, we demonstrate below that even weakly coupled modes can be highly displaced, thus trun-

cating them could lead to significant changes in the resulting dynamics. For simplicity, we consider the 

example of the smallest cluster of modes B1,1. Their frequencies, coupling constants and oscillation 

amplitudes are summarised in Supplementary Table 2. The oscillation amplitudes are further visual-

ised in Supplementary Figure 7. What is immediately evident is that normal modes with larger coupling 

constants do not necessarily have larger amplitudes of oscillation over the course of the dynamics. In 

addition, it is perhaps even more striking that the two highest frequency modes, despite having cou-

pling constants which are more than two orders of magnitude smaller compared to the vibrations at 

122.62 cm-1 and 301.72 cm-1, still have comparable amplitudes of oscillation. It therefore becomes 

clear that apart from the irreversibility that results from a large vibrational bath and is necessary for a 

realistic description of the system dynamics, there is another reason for including a large number of 

vibrations in our model: it is impossible to know a priori which modes are important for the dynamics, 

based solely on their coupling strength to the electronic system. 
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Supplementary Table 2| The coupling constants and oscillation amplitudes of the 𝐁𝟏,𝟏 modes. 

ω (cm-1) λ (cm-1) Amplitude ∙ 𝟏𝟎𝟒 

109.44 14.024 6 

122.62 409.96 80 

147.26 -1.4222 2.5 

282.69 2.871 4.1 

301.72 -475.81 42 

968.55 0.51685 5.5 

1100.3 3.9601 32 

1530.6 -2.4649 22 
 

 

Supplementary Figure 7| Mode oscillation amplitudes (displacements) extracted from TTNS simulation for the 
B1,1 cluster. Stick spectra (black) indicate the calculated maximum displacement amplitude. For visual purposes, 
we subsequently convolved our results with a 10 cm-1 Gaussian function (blue). 

 

 

1.6 Coupling mode assignment 

Our theoretical approach predicts the real-time displacement of all the vibrational modes of the sys-

tem. However, it is only the tuning modes which can directly be compared to the experimental reso-

nant Raman spectra, as the displacement of coupling modes is orders of magnitude smaller and cannot 

be detected. Despite the fact that for the tuning modes we find an excellent agreement with experi-

ment, it is necessary to examine whether the results for the coupling modes are equally valid. To this 

end, we alter the coupling mode constants universally, by introducing an additional scaling parameter 

𝛾𝑖  in the linear vibronic Hamiltonian: 

𝐻Star = 𝐻𝑒𝑙 + ∑ [𝛾𝑖 ∙ 𝑊̅𝑖||𝝀𝑖||
𝑎𝑖,0
†
+𝑎𝑖,0

√2
+𝐻𝑐,𝑖]

7
𝑖=1 ,   (24) 
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and we vary its value from 0.75 to 1.15 in steps of 0.05 for all clusters of coupling modes 𝑖 =

{A2, B1,1, B1,2, B2,1, B2,2}. For the tuning modes we keep its value at one. We find that even reducing 

the coupling mode constants to 95% of their ab initio values slows singlet fission down by 37%. The 

full results are summarized in Supplementary Figure 8. Therefore, it becomes clear that coupling 

modes have a large impact on the overall singlet fission dynamics. The population dynamics which are 

obtained using the ab initio values of the coupling mode constants are found to be in good agreement 

with the experimental singlet fission kinetics, indicating that the properties of coupling modes which 

are used in our model must be at least semi-quantitative.  

 

 

Supplementary Figure 8| Simulated singlet fission dynamics as a function of coupling mode strength. a, S1 
decay dynamics resulting from modifying the coupling mode strengths in the range from 0.75 – 1.15. b, retrieved 
ratio of single-exponential time constants relative to the native (1.00) coupling strength of the singlet decay 
dynamics. Inset shows a close-up in the region around 1.00 for clarity. 

 

 

2.  S1 vs. S0 structure 

The isolation of S1 vibrational coherence in the SE regions of our transient absorption data (Figure 2) 

allows, in principle, detailed insight into the structure of DP-Mes as it undergoes singlet fission. In 

practice, accurate translation of this excited-state vibrational data into a molecular structure is com-

putationally demanding for a molecule of this size and complexity. However, we can draw some con-

clusions about the S1 structure by comparison of its Raman activity with ground-state (S0) spectra ob-

tained through non-resonant impulsive excitation (see Methods). We recall that in the ground state 

DP-Mes adopts an orthogonal geometry1,12,13.  

The close similarity of the S1 and S0 vibrational coherence signatures in Figure 2b suggests similar ge-

ometries in each state. Changes in the C=C stretching vibrations (~1530-1590 cm-1) indicate a different 

electron distribution in the π-system, as would be expected from a π-π* excitation in such a system. 
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Furthermore, we can discern new modes at 159 and 787 cm-1 which likely arise from distortion of the 

constituent pentacene units from their orthogonal ground-state arrangement about the central bond. 

This observation is in line with the requirement of establishing vibronic coupling between S1 and 1TT 

to facilitate singlet fission and agrees with the well-characterized behavior of the equivalent anthra-

cene dimer 9,9’-bianthryl14–16.  

While we are able to use the TTNS approach to accurately describe the excited-state structure of DP-

Mes in the 1TT state, the same approach does not suit determination of the S1 structure. Firstly, the 

short S1 lifetime in the simulations (124 fs) leads to insufficient time points within the trajectory for 

the Fourier transform to yield meaningful frequencies. Secondly, our method relies on projecting the 

excited-state displacement onto S0 vibrational modes. This procedure carries the assumption that the 

structure of the molecule is largely similar in the excited and ground states; experimentally that ap-

pears reasonable for the 1TT state, based on the behavior of DP-Mes in rigid matrices12,13. However, it 

is well known that the S1 geometry in such orthogonal acene dimers is significantly distorted from the 

orthogonal geometry in its equilibrium conformation12–16, and a more sophisticated (and computation-

ally demanding) procedure would be needed. 

 

3. Comparison of 1TT vibrational coherence signatures 

In Figure 3 of the main text we directly compare the vibrational coherence transferred into 1TT via 

singlet fission with that directly generated in ‘relaxed’ 1TT using a pump-Raman-probe experiment. In 

both instances we detect the 1TT coherence through the strong T1→T3 excited-state absorption band 

in the transient absorption (515-525 nm), but in the pump-Raman-probe reference experiment the 

coherence is generated via the T1→T2 excited-state absorption band in the near-IR at a longer delay 

time. In this section we present additional analysis to justify this comparison, on the grounds that (a) 

the relevant Raman cross-sections for the two transitions are sufficiently similar and (b) the electronic 

state (1TT) is the same on pump-probe (~1 ps) and pump-Raman-probe (~10 ps) timescales. 

3.1 Raman activity in T1→T3 vs T1→T2 transitions 

In Supplementary Figure 9a we show the pump-probe spectrum of DP-Mes neat film, labelling the 

primary spectral features. The broad, relatively featureless 1TT excited-state absorption band T1→T2 

is strongly overlapped with SE and excited-state absorption bands from S1
12,13, complicating assign-

ment of vibrational coherence features in this region. The markedly lower excited-state absorption 

cross-section also results in weaker Raman scattering overall. We present equivalent pump-probe 

spectral data for a thin film of TIPS-pentacene (Supplementary Figure 9c), which at 400-500 fs shows 
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similar spectral features with significantly enhanced relative absorption cross-section in the T1→T2 

excited-state absorption band17. Moreover, because singlet fission is substantially faster in TIPS-pen-

tacene (~80 fs)17 there are no overlapping S1 spectral features in the post-coherent-artefact time range 

we use to extract our vibrational coherence spectra.  

The effects of these differences are evident in the vibrational coherence spectra in panels b and d. In 

the case of DP-Mes (Supplementary Figure 9b), we detect most of the same tuning modes (arrows) in 

both the T1→T3 and T1→T2 bands. This validates the comparison in  Figure 3, since the ‘missing’ fre-

quencies show comparable activity in the T1→T2 region where we generate vibrational coherence in 

the reference measurement. Nonetheless, we also detect many differences between the two spectra 

in Supplementary Figure 9b. Most of these can be tentatively attributed to overlapping S1 spectral 

features (*), but the complexity of this spectral region means these species cannot be fully separated. 

In TIPS-pentacene, on the other hand (Supplementary Figure 9d), we do not have this problem. Vibra-

tional coherence is transferred through singlet fission in this material as well17, and we detect many 

of the same high-frequency vibrational modes as in DP-Mes (arrows). This suggests these bands are 

characteristic of triplets in pentacene systems. Again the same vibrational modes appear to be Raman 

active on both the T1→T3 (515-525 nm) and T1→T2 (775-845 nm) transitions, which can be seen more 

clearly in the absence of S1 overlap. We additionally note that the TIPS-pentacene data are acquired 

with an additional population-control ‘dump’ pulse which removes contributions from any species 

other than 1TT. 

In Supplementary Figure 9e we directly compare the vibrational coherence transferred from S1 to 1TT 

in TIPS-pentacene and DP-Mes films, as observed in the stronger T1→T3 excited-state absorption tran-

sition. Modes in common are highlighted with green arrows. We summarize these comparisons as 

follows: The 1TT states in DP-Mes and TIPS-pentacene exhibit similar vibrational activity. In TIPS-pen-

tacene, where there are no overlapping S1 contributions, the T1→T3 and T1→T2 bands show Raman 

activity for the same modes of interest. The same can be tentatively suggested already from the DP-

Mes spectra as well, taking into consideration the constraints of the overlapping S1 activity. We thus 

consider that the tuning modes we discuss in the main text are Raman-active in both transitions. Con-

sequently, in Supplementary Figure 9e the difference between singlet-fission-transferred (middle) and 

directly generated (bottom) vibrational coherence in 1TT in DP-Mes is not due to differences in the 

Raman activity of the transitions T1→T3 (where it is monitored) and T1→T2 (where it is directly gener-

ated). 
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Supplementary Figure 9| Comparison of triplet coherence signatures. a, Pump-probe spectrum of DP-Mes film 
at 400-500 fs labelling primary spectral features. Spectrum is taken from the map in  Figure 1, extended over the 
full detection spectral range. b, Vibrational coherence spectra across T1→T3 (515-525 nm) and T1→T2 (775-845 
nm) excited-state absorption bands. Tuning modes identified in the main text are highlighted with arrows. Vi-
brational bands due to the overlapping S1 signatures are tentatively identified with *. c, Equivalent pump-probe 
spectrum of TIPS-pentacene thin film at 400-500 fs delay. d, Vibrational coherence transferred to the triplets 
through singlet fission in TIPS-pentacene films17, detected in both T1→T3 and T1→T2 excited-state absorption 
transitions. High-frequency vibrational modes also observed in DP-Mes are denoted with green arrows. e, Direct 
comparison of the vibrational coherence transferred from S1 to triplet state in TIPS-pentacene (top) and DP-Mes 
films (middle), observed in the same T1→T3 excited-state absorption transition. Bands in common are high-
lighted with green arrows. Black arrows denote modes that decrease in intensity or vanish when coherence is 
directly generated in 1TT (bottom). DP-Mes spectra showing coherence transfer are integrated from Fourier ac-
tivity map in  Figure 2. Direct coherence spectrum is reproduced from  Figure 3. All spectra are normalised to 
the strongest peak, which is truncated for clarity.  
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Instead, we explain this difference in similar terms to the comparison of the TTNS spectrum and the 

‘coherence transfer’ spectrum in Figure 4. Namely, in the coherence transfer experiment excitation is 

through the S0→S1 transition, which has different resonance enhancement factors as compared to the 

T1→T2 transition used for direct coherence generation. While the probed transition is the same for 

both experiments, it is the vibrational coherence generation step that differentiates the spectra. The 

additional modes in the coherence transfer spectrum thus carry information on the evolution of the 

excited state population out of the Franck-Condon region towards 1TT and in this case report on the 

most displaced tuning modes. 

3.2 Absence of 1TT separation into T+T 

A possible alternative explanation for the difference reported in  Figure 3 is that the transferred coher-

ence spectrum reflects the signature of the bound 1TT state, while the pump-Raman-probe experiment 

on longer timescales probes uncoupled (but still spatially confined) T+T. In the common interpretation 

that 1TT exhibits a mixture of singlet and triplet spectroscopic signatures18–24, such uncoupling could 

result in the loss of the S1-like modes 793, 1124 and 1207 cm-1. It may also lead to the disappearance 

of the low frequency mode (127 cm-1) which appears to be generated through singlet fission. A distinct 

progression S1→
1TT→T+T has been proposed in several other materials, based on detecting separate 

species in transient absorption or distinct kinetic regimes18–24. However, there is no evidence from 

studies using this model that the 1TT state would show vibrational activity significantly different from 

the triplet25. Nor is there any evidence for such a two-step process in DP-Mes12,13, and indeed most 

covalent dimer systems do not exhibit distinct 1TT and T+T states26–30. Finally, we remark that in order 

for the results of Figure 3 to be explained through the 1TT→T+T process, it must occur with a few-ps 

timescale. Such rapid triplet migration would require strong intermolecular coupling18–20,24 and is in-

consistent with the very bulky structure of DP-Mes. We are therefore confident that these modes are 

related to the crossing event itself. 

4.  Population- and geometrical-parameter-evolution beyond 200 fs 

Based on the population dynamics retrieved from our TTNS simulation, we find that the 1TT state ac-

cumulates 65% of its final population within the first 200 fs (Supplementary Figure 10a). This time 

domain is, as mentioned in the main text, dominated by tuning mode activity, which is rapidly damped 

to initiate a coupling-mode driven reaction regime ( Figure 5b). The key geometrical parameters that 

report on the singlet fission process in that time window are the pentacene-pentacene bond length 
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and the corresponding dihedral angle between the two pentacene units which we highlighted in  Fig-

ure 5c.  

Here, we present the full temporal evolution of the bond length and the dihedral angle up to 1 ps after 

photoexcitation (Supplementary Figure 10b,c). For the bond length, we find that the peak-to-peak 

amplitude significantly increases only in the first 200 fs, while it stays approximately constant, i.e. 

similarly active, for the following 800 fs. The dihedral angle evolution on the other hand shows well-

defined bursts not only at early times but all the way up to 1 ps. We note, however, that the contrast 

of the bursts relative to the ‘baseline’ deteriorates at later time, indicating a less correlated well-de-

fined motion. While the individual localised geometric parameters are clearly not faithfully represent-

ing the reaction coordinate, as might be expected, the trajectories demonstrate that the early-time 

population transfer to 1TT is accompanied by activity build-up in the central bond length as well as a 

low ‘baseline noise’ in the dihedral trace, indicative of a well-synchronised motion. 

 

 

Supplementary Figure 10| TTNS dynamics of key parameters during the first ps. a, Population dynamics re-
trieved from the simulation. b, pentacene-pentacene bond length and c, pentacene-pentacene dihedral angle 
evolution. The grey shaded area highlights the initial relaxation regime identified in the main text. 
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5.  Temperature dependence of dynamics  

Our TTNS simulations are performed at absolute zero, while our impulsive vibrational spectroscopy is 

performed at room temperature. In order to validate the direct comparison between experiment and 

the rates and structural properties extracted from TTNS simulation, we have characterised the tem-

perature dependence of singlet fission in DP-Mes. The high-sensitivity ultrafast (<15 fs) experiment 

we use for vibrational measurements was not possible within our helium cryostat, due to the combi-

nation of thick glass windows and significant vibrations from the pump. We instead performed pump-

probe measurements with narrow-band excitation near the band edge, with a temporal resolution of 

<200 fs (as in previous reports on DP-Mes12,13). For this purpose we prepared thin films of DP-Mes 

dispersed in polystyrene matrix. This has the effect of slightly slowing the initial S1→
1TT conversion 

relative to neat film, presumed due to conformational constraint, but otherwise does not meaningfully 

affect the photophysics. As shown in Supplementary Figure 11, we find that the initial prompt decay 

of S1 is very little changed over the temperature range ~5-295 K, and its decay can be well described 

at both extremes with the same time constant ~750 fs. The primary temperature effect appears to be 

a slight sharpening of spectral features, especially those of 1TT, and a slight enhancement of the final 

1TT lifetime consistent with other dimer and thin-film singlet fission studies20,31. We can thus be con-

fident in comparing 0K simulations with room-temperature experiments. The ground-state modes 

which are thermally populated at room temperature do not meaningfully alter the dynamics of inter-

est here. 

 

Supplementary Figure 11| Temperature dependence of DP-Mes singlet fission dynamics. a, Differential trans-
mission spectra of DP-Mes at room temperature, showing conversion from the characteristic S1 excited-state 
absorption peak ~950 nm to a pair of 1TT peaks at ~910 nm and ~1050 nm. Spectral assignments follow previous 
work on DP-Mes12,13. b, At cryogenic temperatures the same spectral signatures are detected, with comparable 
relative amplitudes, peak ratios and conversion dynamics. c, Integrated decay kinetics over the range 940-950 
nm reveal little change in the prompt decay at any temperature.  d, Similarly, integration over the band 910-915 
nm registers only slight temperature effect, primarily related to a slight suppression of 1TT decay (note enhance-
ment at long timescales) at low temperature. 
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6.  Coupling constants 

Supplementary Table 3| Normal mode coupling constants for tuning (A1,x, left) and coupling (right) modes. 

Boldface entries denote the start of a new series of modes, belonging to the cluster named. 

cluster ω (cm-1) λ (cm-1) cluster ω (cm-1) λ (cm-1) 

A1,1 127.46 -19.259 B1,1 109.44 14.024 
 127.47 9.7224  122.62 409.96 
 129.8 398.49  147.26 -1.4222 
 193.13 -7.0397  282.69 2.871 
 259.52 198.09  301.72 -475.81 
 269.23 479.25  968.55 0.51685 
 277.15 1.4861  1100.3 3.9601 
 324.67 108.44  1530.6 -2.4649 
 380.88 1.1154 B1,2 193.11 0.43851 
 471.27 -116.95  234.95 -148.36 
 520.8 -12.923  238.9 1.0145 
 546.14 -12.881  250.61 1137.4 
 557.24 5.6581  271.59 -1.1442 
 579.57 -712.32  415.95 -0.88709 
 604.54 -21.852  415.95 0.26925 
 613.69 112.64  448.85 -2.2645 
 618.72 55.37  448.85 -0.69236 
 657.54 -0.66456  479.19 -1157.9 
 657.54 -0.6573  483.25 1.7582 
 701.2 -0.94492  483.25 3.8358 
 705.97 495.29  484.87 438.99 
 747.41 6.6902  510.97 -9.4029 
 778.78 0.56356  510.98 5.3321 
 778.78 -0.55606  531.56 -11.554 
 781.42 -1.0163  531.56 1.7058 
 781.42 -2.0759  536.89 64.043 
 824.09 2.1317  539.33 -67.268 
 893.04 -14.846  720.81 493.02 
 901.75 -72.695  768.29 -0.42866 
 972.65 -0.18313  768.29 0.18812 
 987.29 -1.2547  773.22 -52.662 
 991.74 167.89  782.66 214.66 
 1061.4 92.981  874.31 -80.013 
 1062.2 -6.9587  876.02 -0.7408 
 1190 -175.39  876.02 -0.96915 
 1339.6 150.79  919.21 -9.1647 
 1342.3 -17.856  920.46 17.54 
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 1342.6 69.55  920.46 -7.6756 
 1459.4 -0.2371  921.52 389.9 
 1464.6 -270.95  939.6 305.91 
 1469.2 597.95  941.57 6.7145 
 1490.3 0.14339  941.57 -6.3613 
 1505.6 -326.32  996.15 142.7 
 1530.2 0.31961  996.37 4.7548 
 1530.2 -0.34862  996.37 -17.485 
 1534.9 11.843  1025.5 68.003 
 1534.9 -11.13  1025.6 -11.207 
 1541.8 0.25495 A2 122.41 -206.82 
 1593 0.19389  147.26 -0.6775 
 1593 0.28234  234.89 33.974 
 1595.6 242.74  248.01 262.97 
 1654.6 -282.42  282.69 0.94488 
 1665.6 -24.938  302.32 323.39 
 1687.6 -0.11578  481.3 -1.7241 
 1687.6 0.13091  493.27 92.242 
 1692.1 -338.95  537.21 4.6639 

A1,2 595.87 33.751  539.4 41.405 
 639.27 -417.4  726.32 136.17 
 804.79 -30.482  772.62 -4.2269 
 804.79 -14.768  783.14 -111.77 
 805.17 1094.8  873.74 -53.66 
 945.62 34.713  918.22 -16.557 
 1034.2 -0.46164  919.19 3.0719 
 1036 -552.11  937.95 222.41 
 1045.6 -232.67  968.55 -0.49115 
 1084.4 -0.2  995.77 31.337 
 1084.4 0.33433  1025.4 -39.228 
 1098 5.9513  1025.6 -6.2565 
 1099.4 13.112  1100.3 2.4572 
 1164.9 536.71  1255.8 -0.2537 
 1183.9 -0.14577  1530.5 1.8004 
 1183.9 0.088507 B2,1 268.22 -373.62 
 1203.1 0.25554  271.59 -0.40398 
 1219.4 537.68  277.15 -1.1753 
 1227.6 -0.47179  380.87 -1.6619 
 1227.6 0.939  409.19 10.36 
 1232.4 -850.01  520.75 3.4567 
 1255.8 0.20386  546.12 -3.7665 
 1265.1 974.31  557.24 -1.5818 
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 1271.4 1010.4  587.82 -242.63 
 1272.4 -2.8598  596.68 123.06 
 1272.4 -8.1198  605.31 -40.041 
 1301.3 0.15162  618.41 -17.216 
 1301.3 -0.17993  696.85 230.58 
 1328.5 0.2796  701.2 0.59399 
 1372.5 985.19  824.08 -2.118 
 1395 108.29  828.55 -131.1 
 1415.2 -1.0547  893.07 12.317 
 1415.2 -1.0381  901.83 -42.144 
 1426 1217.4  972.65 -0.26011 
 1445.3 -1804.3  987.29 -0.90761 
 1445.8 -2.7375  1034.2 0.11585 
 1445.8 1.4906  1036 235.15 
 1455.8 2.0133  1140.8 126.29 
 1461.1 28.804  1188.2 144.1 
 1472 -0.30795  1231.1 141.8 
 1495.1 -144.39  1249.5 -440.57 
 1524.6 325.47  1328.5 0.33057 
 1536.9 0.34334  1346.6 0.81515 
 1536.9 -0.90721  1346.6 0.83737 
 1541.8 0.26694  1347.7 -187.16 
 1542.3 -0.079801  1398.9 70.508 
 1551.6 149.49  1455.8 0.51734 
 1561.2 -0.75618  1459.4 -0.22866 
 1561.2 -1.1257  1461 -44.165 
 1579 -2285.9  1466.9 213.19 
 1619.4 -0.15801  1472 0.27223 
 1619.4 -0.22324  1490.3 -0.11755 
 1632.1 -0.074477  1494.1 38.985 
 1632.1 0.11708  1503.2 155.78 
    1551.5 -47.365 
    1576.6 675.96 
    1595 -86.683 
    1665.6 -29.601 
   B2,2 108.51 -131.4 
    109.45 5.2824 
    217.32 -98.856 
    238.9 1.7329 
    324.56 94.447 
    572.21 298.55 
    638.62 174.76 
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    747.41 3.1617 
    797.57 545.74 
    946.85 35.866 
    992.28 -75.47 
    1061.3 55.021 
    1062.2 2.9035 
    1098 -10.513 
    1099.4 -12.323 
    1203.1 -0.14491 
    1218.6 -146.69 
    1270.6 -162.46 
    1339.5 -36.384 
    1342.2 -65.991 
    1342.3 37.344 
    1384.4 202.72 
    1435.2 -600.81 
    1464.7 -162.99 
    1522.9 78.907 
    1542.3 0.12581 
    1654.1 100.52 
    1692.1 95.68 
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