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Many optoelectronic devices based on organic materials require rapid and long-range singlet exciton transport. Key factors that control the transport of singlet excitons includes the electronic structure of the material, disorder and exciton-phonon coupling. An important parameter whose influence on exciton transport has not been explored is the symmetry of the singlet electronic state (S1). Here, we employ femtosecond transient absorption spectroscopy and microscopy to reveal the relationship between the symmetry of S1 and exciton transport in highly aligned, near-disorder free, one-dimensional conjugated polymers based on polydiacetylene. By altering the torsional angle of the polymer backbone we control the symmetry of the S1 exciton and find that excitons with 2 1 Ag -symmetry exhibit a significantly higher diffusion coefficient (34 ± 10 cm 2 s -1 ) compared to excitons with 1 1 Bu + symmetry (7 ± 6 cm 2 s -1 ). We also find that while exciton transport in the 2 1 A g -state occurs without exciton-exciton annihilation effects, 1 1 Bu + excitons undergo exciton-exciton annihilation. Both states are found to exhibit sub-diffusive behaviour, despite the large diffusion coefficient. Ab initio GW-BSE calculations reveal that this is due to the comparable strengths of the exciton-phonon interactionwhich tends to localise excitons, and the exciton couplingwhich tends to delocalise excitons. Our results demonstrate an intricate link between electronic state symmetry and exciton transport in π-conjugated polymer systems and also highlight the role of exciton-phonon coupling.

Organic optoelectronic devices ranging from light-emitting diodes to photovoltaic cells and transistors 1- 3 are frequently based on linear polymers with a C2h point group symmetry. Here, the electronic ground state (S0) exhibits 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag + symmetry. Depending on the polymer conjugation length and backbone geometry the first (S1) and second (S2) excited electronic states are either of 2 1 Ag -or 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + symmetry [START_REF] Barford | Excitons in Conjugated Polymers: Wavefunctions, Symmetries, and Quantum Numbers[END_REF][START_REF] Barford | Electronic and Optical Properties of Conjugated Polymers[END_REF] .

Irrespective of the exact state ordering, photoexcitations in conjugated polymers rapidly forms excitons in the lowest energy excited S1 state. When the S1 state is of 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -symmetry the materials are typically non-fluorescent, the S1 state supports some triplet-pair character [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] (TT) [START_REF] Race | Density Matrix Renormalization Calculations of the Relaxed Energies and Solitonic Structures of Polydiacetylene[END_REF][START_REF] Ren | Role of the Dark 2Ag State in Donor-Acceptor Copolymers as a Pathway for Singlet Fission: A DMRG Study[END_REF][START_REF] Aryanpour | Theory of Primary Photoexcitations in Donor-Acceptor Copolymers[END_REF] and frequently shows a short electronic lifetime. On-the-other hand polymers with an S1 state of 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + character are often luminescent with long electronic lifetimes [START_REF] Hu | New Insights into the Design of Conjugated Polymers for Intramolecular Singlet Fission[END_REF][START_REF] Busby | A Design Strategy for Intramolecular Singlet Fission Mediated by Charge-Transfer States in Donor-Acceptor Organic Materials[END_REF] .

Despite our considerable understanding of the electronic structure of conjugated polymers [START_REF] Ho | Molecular-Scale Interface Engineering for Polymer Light-Emitting Diodes[END_REF][START_REF] Barford | Excitons in Conjugated Polymers: Wavefunctions, Symmetries, and Quantum Numbers[END_REF][START_REF] Laquai | Excitation Energy Transfer in Organic Materials: From Fundamentals to Optoelectronic Devices[END_REF][START_REF] Markov | Accurate Measurement of the Exciton Diffusion Length in a Conjugated Polymer Using a Heterostructure with a Side-Chain Cross-Linked Fullerene Layer[END_REF][START_REF] Gaab | Anomalous Exciton Diffusion in the Conjugated Polymer MEH-PPV Measured Using a Three-Pulse Pump-Dump-Probe Anisotropy Experiment[END_REF][START_REF] Cirera | Tailoring Topological Order and π-Conjugation to Engineer Quasi-Metallic Polymers[END_REF][START_REF] Toussaint | Linear Polyenes: The Interplay between Electronic Structure, Geometric Structure, and Nonlinear Optical Properties[END_REF] , the impact of the electronic symmetry of the S 1 state on exciton diffusion behaviour remains largely unexplored. In other words, is it not known whether a 2 1 Ag -or 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + symmetry state would provide better exciton transport properties? At first glance it might appear that the longer lifetimes of 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + states would enable longer exciton diffusion lengths. But the significantly altered electronic structure and many-body character of 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -states may provide access to unique diffusion properties. The experimental study of exciton diffusion in molecular systems is challenging due to the difficulties associated with measuring ultrafast, nanoscale exciton diffusion properties in systems that exhibit sub-100 ps electronic lifetimes coupled with sub-100 nm exciton diffusion lengths [START_REF] Markov | Accurate Measurement of the Exciton Diffusion Length in a Conjugated Polymer Using a Heterostructure with a Side-Chain Cross-Linked Fullerene Layer[END_REF][START_REF] Gaab | Anomalous Exciton Diffusion in the Conjugated Polymer MEH-PPV Measured Using a Three-Pulse Pump-Dump-Probe Anisotropy Experiment[END_REF] . Critically challenges associated with systematically tuning polymer electronic structure without introducing detrimental effects such as intrachain disorder, cross-linking, etc. have until now prevented a systematic investigation of electronic symmetry on exciton diffusion.

Here, we overcome these problems by using femtosecond transient absorption spectroscopy and microscopy [START_REF] Zhu | Exciton Transport in Singlet Fission Materials: A New Hare and Tortoise Story[END_REF][START_REF] Schnedermann | Ultrafast Tracking of Exciton and Charge Carrier Transport in Optoelectronic Materials on the Nanometer Scale[END_REF][START_REF] Pandya | Ultrafast Long-Range Energy Transport via Light-Matter Coupling in Organic Semiconductor Films[END_REF][START_REF] Sung | Long-Range Ballistic Propagation of Carriers in Methylammonium Lead Iodide Perovskite Thin Films[END_REF] to measure exciton transport in different topochemically (i.e. near defect-free as compared to solution processed materials) polymerised polydiacetylene (PDA) chains. PDAs offer an ideal platform to study the effect of electronic properties on exciton transport for several key reasons.

Structurally, PDAs consist of extended (2 to 5 µm) one-dimensional polymer chains that are distinguished by the degree of back-bone torsion. Perfectly planar polymer chains are typically referred to as 'blue' PDA, while polymer chains with a defined back-bone torsional angle (14°) are known as 'red' PDA. Other than the backbone torsion both PDAs show near-identical structural and chemical material properties, i.e. degrees of polymer content, polymer alignment, structural disorder, etc. (SI, Figure S1). Electronically, both PDA phases display strong coupling between the monomer units and exhibit large exciton coherence lengths [START_REF] Dubin | Macroscopic Coherence of a Single Exciton State in an Organic Quantum Wire[END_REF][START_REF] Al Choueiry | Twisted Polydiacetylene Quantum Wire: Influence of Conformation on Excitons in Polymeric Quasi-One-Dimensional Systems[END_REF][START_REF] Holcman | Coherent Control of the Optical Emission in a Single Organic Quantum Wire[END_REF][START_REF] Schott | The Colors of Polydiacetylenes: A Commentary[END_REF] . Owing to the planar backbone geometry, 'blue' PDA exhibits an optically accessible 1 1 Bu + (S2) which lies above a 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -(S1) state. This ordering gives rise to a broad visible absorption spectrum dominated by vibrational progressions at 1400-1500 and 2100 cm - 1 (C=C and C≡C stretching mode, blue spectrum; Figure 1b). By contrast, the energetic ordering in 'red' PDA is reversed due to backbone torsions, resulting in a dark 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -(S2) state lying above the optically-accessible 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + (S1) state. As a consequence, 'red' PDA exhibits a significantly blue-shifted absorption spectrum compared to 'blue' PDA (Figure 1b).

The ensemble excited state properties of 'blue' and 'red' PDA films following photo-excitation with a 10 fs pump pulse centred at 560 nm [START_REF] Liebel | Broad-Band Impulsive Vibrational Spectroscopy of Excited Electronic States in the Time Domain[END_REF] are shown Figure 1c,d. In 'blue' PDA, the pump-probe spectrum is characterised by a sharp stimulated emission (SE) band at 650 nm, a broad photoinduced absorption (PIA) at 750 -900 nm and a second narrower PIA at 680 -700 nm (Figure 1c). By fitting the electronic decays (exponential decay convoluted with instrument response) we find that the SE decays monoexponentially with a lifetime of 630 ± 10 fs, while the PIA at 750 -900 nm decays with a lifetime 1300 ± 40 fs and the PIA at 680 -700 nm with 2300 ± 130 fs. The observed excited-state features and dynamics agree excellently with previous reports [START_REF] Schott | The Colors of Polydiacetylenes: A Commentary[END_REF][START_REF] Pandya | Optical Projection and Spatial Separation of Spin Entangled Triplet-Pairs from the S1 (21Ag-) State of Pi-Conjugated Systems[END_REF][START_REF] Kraabel | Singlet Exciton Relaxation in Isolated Polydiacetylene Chains Studied by Sub-Picosecond Pump-Probe Experiments[END_REF] . Following this agreement, we can assign the SE band to 1 1 B u + (S 2 ), the broad PIA is attributed to the 2 1 A g -(S 1 ) state and the narrow PIA at 680 -700 nm to a hot, vibrationally excited, ground state [START_REF] Kraabel | Singlet Exciton Relaxation in Isolated Polydiacetylene Chains Studied by Sub-Picosecond Pump-Probe Experiments[END_REF][START_REF] Kraabel | Triplet Exciton Generation, Transport and Relaxation in Isolated Polydiacetylene Chains: Subpicosecond Pump-Probe Experiments[END_REF][START_REF] Buckup | Pump-Probe and Pump-Deplete-Probe Spectroscopies on Carotenoids with N = 9-15 Conjugated Bonds[END_REF] . Photoexcitation of 'blue' PDA to 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + (S2) is thus followed by rapid internal conversion within 90 fs to 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -(S1), as determined by spectral decomposition methods [START_REF] Pandya | Optical Projection and Spatial Separation of Spin Entangled Triplet-Pairs from the S1 (21Ag-) State of Pi-Conjugated Systems[END_REF] , which decays back to the ground state. In 'red' PDA the transient absorption spectrum shows a single broad PIA in the 650 -900 nm range. The decay of this is PIA is 13.8 ± 0.2 ps and has been suggested to correspond to the transition between 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + (which is S1 state in this system) and a state lying at ~3-3.5 eV, of n Ag or charge transfer (CT) character [START_REF] Al Choueiry | Twisted Polydiacetylene Quantum Wire: Influence of Conformation on Excitons in Polymeric Quasi-One-Dimensional Systems[END_REF] . We emphasise that we carried out both fs-TA (and fs-TAM measurements, see below) as a function of carrier density (initial carrier concentration (n0) in a range from n0 = 7.1 × 10 16 -1.3 × 10 18 cm -3 ; SI, S4). In both cases these results showed that for 'blue' PDA the kinetics do not vary with carrier concentration whereas annihilation was observed for 'red' PDA. In order to extract the exciton diffusion characteristics of 'blue' and 'red' PDA we performed widefield femtosecond transient absorption microscopy (fs-TAM) with a similar 10 fs pump pulse centred at 560 nm [START_REF] Schnedermann | Ultrafast Tracking of Exciton and Charge Carrier Transport in Optoelectronic Materials on the Nanometer Scale[END_REF][START_REF] Sung | Long-Range Ballistic Propagation of Carriers in Methylammonium Lead Iodide Perovskite Thin Films[END_REF][START_REF] Pandya | Femtosecond Transient Absorption Microscopy of Singlet Exciton Motion in Side-Chain Engineered Perylene-Diimide Thin Films[END_REF] . In fs-TAM a pump pulse is focussed via a high-numerical aperture (NA=1.1) objective to near the diffraction limit Gaussian spot (σ = 143 nm), which locally creates excitons within the sample.

After a variable time delay, a broadband, 7 fs probe pulse centered at 780 nm is loosely focussed on the sample to image the pump-induced signal changes in the material. The transmitted probe is subsequently imaged onto a two-dimensional detector. By recording the transmission image with and without the pump pulse incident on the sample, we calculated the spatially-resolved transient absorption image of the locally excited exciton distribution as a function of pump-probe time delay. Tracking its temporal evolution then allows to extract information about exciton diffusion properties. For 'blue' PDA we probed in the centre of the 2 1 Ag -PIA band at 800 nm (blue stripes in Figure 1c), while the probe wavelength in 'red' PDA was set to 790 nm to be centred with the 1 1 Bu + PIA (orange stripes in Figure 1d). These wavelengths ensure that we exclusively monitor the S1 exciton population, free of other spectral features.

To quantify the spatial extent of the signal, we extracted the spatial standard deviation for all transient absorption images using a 2D Gaussian fit (see SI, S3). We subsequently computed the mean-squaredisplacement (MSD) for the underlying spatial exciton profile, which is a measure of the change in the spatial extent of the exciton population as a function of time. As shown in Figure 2a,b, both samples exhibit a pronounced increase in their MSD over the first 5 ps with 'blue' PDA displaying MSD values exceeding 'red' PDA. In both PDA phases, the exciton propagation is highly anisotropic and proceeds exclusively along a single axis (see SI, S3). This behaviour is expected based on the one-dimensional structure of PDA and the low polymer content (10 -4 -10 -3 w/w) of the samples remains, preventing intrachain transport. Our results therefore suggest that exciton propagation proceeds along the long-axis of the PDA chains (monoclinic b axis of crystals) [START_REF] Al Choueiry | Twisted Polydiacetylene Quantum Wire: Influence of Conformation on Excitons in Polymeric Quasi-One-Dimensional Systems[END_REF][START_REF] Schott | The Colors of Polydiacetylenes: A Commentary[END_REF] . We remark that varying the probe wavelength within the broad PIA did not alter the observed transport behaviour (SI, Figure S2).

Although the PDA chains are highly ordered, their thin films are known to contain some underlying nanoscale inhomogeneity. We therefore repeated fs-TAM measurements on 30 sample locations in 'blue' PDA and 21 in 'red' PDA, to build up a statistical picture of singlet exciton transport. Furthermore, to accurately compare the spatial dynamics of both samples, we restricted our analysis to time-delays >250 fs in order to avoid effects due to S2-S1 internal conversion processes in 'blue' PDA. (

Here 𝑛(𝑥, 𝑡) is the electronic population at a time t and position x, D is the diffusion coefficient, τ is the electronic lifetime and 𝛾 is a coefficient which accounts for exciton-exciton annihilation. In the absence of exciton annihilation this equation can be solved to show that in one dimension,

MSD(𝑡) = 𝐴 (𝑡 -𝑡 0 ) 𝛼 , ( 2 
)
where A is proportionality factor and α accounts for non-linearity in time. In the case of α = 1 we retrieve normal diffusion, while α > 1 is known as super-diffusive behavior and α < 1 is referred to as subdiffusive behavior. In this latter case a time-dependent diffusivity D(t) can be defined as,

D(t) = 1 2 𝐴 𝑡 𝛼-1 . (3) 
In the presence of annihilation no analytical solution exists and equation ( 1) must be fit to extract D and 𝛾 [START_REF] Crank | The Mathematics of Diffusion[END_REF] (see SI, S3 for further details). To identify, which model should be applied, we carried out a fluence dependence on the same sample spot for both PDAs, as shown in Figure 3. Here, we find that the transient spatio-temporal dynamics of 'blue' PDA do not vary with power (Figure 3a), while 'red' PDA displays a pronounced power dependence (Figure 3b), indicative of a higher annihilation rate. This increased annihilation rate of 1 1 Bu + compared to 2 1 Ag -excitons is an important observation that is not well understood. While beyond the scope of this article, we note that the 2 1 Ag -state exhibits a lower transition dipole moment than 1 1 Bu + [START_REF] Ren | Role of the Dark 2Ag State in Donor-Acceptor Copolymers as a Pathway for Singlet Fission: A DMRG Study[END_REF][START_REF] Zhai | Singlet Fission of Hot Excitons in $π$-Conjugated Polymers[END_REF] . Given that the annihilation cross-section of a state is proportional to its transition dipole moment 35- 37 this may explain why the 2 1 Ag -symmetry excitons do not exhibit significant annihilation effects [START_REF] Tempelaar | Exciton-Exciton Annihilation Is Coherently Suppressed in H-Aggregates, but Not in J-Aggregates[END_REF] .

The 2 1 Ag -excitons can still scatter in such a way that would lead to annihilation (impact ionisation, Auger effects, etc), but this would require the excitons to be very close, or at high densities. We note that it is possible that local geometry/structure around the excitons prevents them from approaching each other, and that the excitation density does not reach the magnitudes required for short-range annihilation mechanisms to be operative (on the timescales of internal conversion).

Based on the observed power dependence, we applied equation 1 to directly extract diffusion consistent, D, and annihilation parameter, 𝛾 for 'red' PDA. In contrast, for 'blue' PDA we fit equation 2 to the MSD trace to extract A and α and then extract the diffusion coefficient from the time-dependent diffusivity D(t) according to equation 3. Following this analysis, we derive a mean diffusion coefficient of 34 ± 10 cm 2 s -1 for 'blue' PDA (value at 2500 fs, see SI, S3 for full D(t)), which is significantly larger and more varying across different sample locations as compared to 'red' PDA with 7 ± 6 cm 2 s -1 . We remark that the spread in diffusion coefficients for 'blue' PDA is larger than for 'red'. This tentatively suggests that diffusion in 'red' PDA is less susceptible to effects of sample morphology but requires further studies. The exponent value, α, for 'blue' PDA lies between 0.7 -0.9 and indicates sub-diffusive exciton transport. For 'red' PDA the annihilation coefficient, 𝛾, ranged between 0.3 -1 cm 2 s -1 (SI, S5).

Critically, while this annihilation factor is substantial, the ratio of the mean diffusion coefficient to mean annihilation coefficient is 17.5. This suggests that the annihilation is still only a minor contributor to the sub-diffusive transport [START_REF] Deng | Long-Range Exciton Transport and Slow Annihilation in Two-Dimensional Hybrid Perovskites[END_REF] .

Having discussed the origin of the observed exciton dynamics we can determine the overall diffusion length from

𝐿 𝐷 = √2𝐷𝜏 𝑒𝑙𝑒𝑐 , ( 5 
)
where τelec is the intrinsic lifetime of the underlying process. Previously we have determined for 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -, τelec is ~600 fs, whereas for 1 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Bu + , τ ~9000 fs [START_REF] Pandya | Optical Projection and Spatial Separation of Spin Entangled Triplet-Pairs from the S1 (21Ag-) State of Pi-Conjugated Systems[END_REF] . Based on these values we can extract diffusion lengths of 26 ± 6 nm and 33 ± 5 nm, for 'blue' and 'red' PDA, respectively. It is noteworthy to mention that the diffusion length is similar for both systems, despite their stark difference in diffusion coefficient and annihilation characteristics. Long-range exciton transport thus requires not only highly mobile excitons with minimized annihilation, but also long state lifetimes.

Despite the high diffusion coefficients obtained at room temperature in these systems (Figure 2), which would be suggestive of a strong tendency of excitons to delocalize, we observe sub-diffusive exciton transport in both 2 1 Ag -and 1 1 Bu + states, which is typical of strong exciton-phonon interactions [START_REF] Vlaming | Subdiffusive Exciton Motion in Systems with Heavy-Tailed Disorder[END_REF] that lead to localized excitons. In order to understand these seemingly inconsistent observations, we employ ab initio GW-BSE calculations to quantify the two competing effects. The electronic coupling between excitons residing on neighbouring monomers of the polymer chain (J-coupling) drives the system to a more delocalized state. From a calculation of the exciton bandwidth (the range of the energy-momentum dispersion along the chain, SI, S6) we could determine J = 0.33 eV for 'red' PDA (1 1 Bu + state).

Unfortunately, the multi-excitonic character in 'blue' PDA (2 1 Ag -state) prevents us from obtaining the corresponding J value within theories that capture single excitations. However, we can estimate the Jcoupling of 'blue' PDA to be larger than 0.33 eV (SI, S6 for further details), since the more planar backbone of 'blue' PDA as compared to 'red' PDA increases the p-orbital overlap, and thus the πconjugation along the polymer chains in the system. Moreover, we quantify the strength of excitonphonon coupling by calculating the reorganization energy of the 1 1 Bu + state of PDA to be λ = 0.43 eV (SI, S7), which denotes the driving force of the system to localize after photoexcitation.

Based on the reorganization energy and J-coupling strength, we can now classify the transport regime in which PDAs operate. If J-coupling is small compared to the reorganization energy, we anticipate the system to localize on a single monomer and transport will only occur via incoherent hopping.

Conversely, in our PDA films, we calculated, J ~ λ. This suggests that exciton transport may operate in the coherent regime where exciton delocalization is dominant [START_REF] Aragó | Regimes of Exciton Transport in Molecular Crystals in the Presence of Dynamic Disorder[END_REF][START_REF] Aragó | Dynamics of the Excitonic Coupling in Organic Crystals[END_REF] . However, the similarity between J and λ also suggests that exciton localization via exciton-phonon couplings can still occur. The subtle interplay between exciton-phonon coupling (localization) and J-coupling (delocalization) demonstrates that exciton transport occurs through the motion of partially delocalized excitons that reside on several monomers, as visualised in Figure 4. This leads to sub-diffusive exciton transport with high diffusion coefficients.

The larger J-coupling strength of 'blue' PDA (2 1 Ag -) compared to 'red' PDA (1 1 Bu + ) suggests an enhanced delocalization and thus an increased diffusion coefficient, as observed experimentally (Figure 2). We also highlight that an additional factor that may play a role in the greater diffusion coefficient of 'blue' PDA (2 1 Ag -) is that in contrast to 'red' PDA (1 1 Bu + ), 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -is a superposition state with manybody (CT, triplet-pair, etc) character [START_REF] Ren | Role of the Dark 2Ag State in Donor-Acceptor Copolymers as a Pathway for Singlet Fission: A DMRG Study[END_REF][START_REF] Pandya | Optical Projection and Spatial Separation of Spin Entangled Triplet-Pairs from the S1 (21Ag-) State of Pi-Conjugated Systems[END_REF] . Following photoexcitation, the initial 2 1 Ag -state may rapidly decay into one of these states with a greater spatial extent e.g. triplet-pairs. This state may be more spatially delocalized and less susceptible to annihilation. We note that in the more delocalized, spatially separated 2 1 Ag -state, dipolar interaction between excitons, required for annihilation, will be weaker further reducing this effect. Furthermore, an additional factor that may play a role in the greater diffusion coefficient of 'blue' PDA

(2 1 Ag -) is that in contrast to 'red' PDA (1 1 Bu + ), 2 1 Ag -is a superposition state with many-body (CT, triplet-pair, etc) character [START_REF] Ren | Role of the Dark 2Ag State in Donor-Acceptor Copolymers as a Pathway for Singlet Fission: A DMRG Study[END_REF][START_REF] Pandya | Optical Projection and Spatial Separation of Spin Entangled Triplet-Pairs from the S1 (21Ag-) State of Pi-Conjugated Systems[END_REF] . Following photoexcitation, the initial 2 1 Ag -state may rapidly decay into one of these states with a greater spatial extent e.g. triplet-pairs. This state may be more spatially delocalized and less susceptible to annihilation. We note that in the more delocalized, spatially separated 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -state, dipolar interaction between excitons, required for annihilation, will be weaker further reducing this effect.

Conclusion

In summary we have investigated the influence of electronic state symmetry on exciton diffusion in conjugated polymers. We have shown 2 [START_REF] Tamai | Exciton Diffusion in Conjugated Polymers: From Fundamental Understanding to Improvement in Photovoltaic Conversion Efficiency[END_REF] Ag -excitons have on average ~3 times higher diffusion coefficients than 1 1 Bu + excitons in PDA polymer chains. Where the exciton transport of 1 1 Bu + excitons exhibits annihilation effects, for 2 1 Ag -excitons, the small transition dipole moment and many-body character results in no measurable annihilation. The motion of both 2 1 Ag -and 1 1 Bu + excitons however appears to remain sub-diffusive likely due to exciton-phonon mediated trapping effects. Despite its smaller diffusion coefficient, the longer electronic lifetime of 1 1 Bu + means that 2 1 Ag -and 1 1 Bu + excitons have a similar diffusion length (~30 nm). Our results suggest that 2 1 Ag -excitons are able to move across space as effectively as excitations that live orders of magnitude longer. This is in part due to the absence of annihilation losses.

Sample preparation

'Blue' Polydiacetylene 3BCMU (3-methyl-n-butoxy-carbonylmethyl-urethane) diacetylene molecules were synthetized inhouse using the method previously outlined by Se et al. and references therein [START_REF] Kazunori | Urethane Substituted Polydiacetylene: Synthesis and Characterization of Poly[4,6-Decadiyn-1,10-Diol-Bis(n-Butoxy-Carbonyl-Methyl-Urethane)[END_REF] . The synthesis classically consisted of two steps: (i) oxidative coupling of 4-pentyn-1-ol (Hay's method) to produce the 4,6-decadiyn-1,10-diol and then, (ii) reaction of the diol with n-butylisocyanate acetate. Note that the source 4-pentyn-1-ol was not synthetized at the laboratory but purchased from Sigma-Aldrich (Merck). Ultrathin single crystals were grown between two coverslips using a melt-processing method.

The whole process was systematically carried out under a polarized optical microscope so as to be able to follow and control the sample elaboration: a very small amount of diacetylene powder is placed at one edge of the double-slides assembly; when heating above the melting temperature (~65°C) the liquid diacetylene fills the empty space by capillary action to form a thin liquid film between the two substrates. Rapid cooling leads to the formation of a highly polycrystalline film. The sample is then heated again to around the melting temperature until the melting of all the crystallites took place. When only a few crystal germs remain the sample is cooled again at a very slow cooling rate (typically < 0.1°C/mn) to induce the growth of large single monocrystalline domains from the germs. Typical polymer contents by weight are then in the 10 -4 -10 -3 range. The intrachain separation (~100 nm; homogeneous distribution) is obtained from the absorption optical density (𝑂𝐷) and Beer Law, where

𝑂𝐷 = ∝ ×𝑙 ×𝑐 2.3
where ∝ is taken as ~1 × 10 6 cm -1 for light polarized parallel to the long axis of the chains and 𝑙 is ~150 μm. The spatial separation between chains is assumed to be significantly large enough that there are negligible inter-chain interactions.

'Red' Polydiacetylene

To make multi-pulses microscopy possible by limiting scattering of the pump pulse ultra-thin crystalline monodomains of the ('red' PDA: 3N2) diacetylene were grown before being slightly polymerized.

Large size crystalline regions (~ mm 2 ) with sub-micronic thicknesses (~ 100 -200 nm) are obtained using a melt processing method [START_REF] Ribierre | A Solvent-Free and Vacuum-Free Melt-Processing Method to Fabricate Organic Semiconducting Layers with Large Crystal Size for Organic Electronic Applications[END_REF] . A few mg of the purified diacetylene powder are melt (T ≥ 80 °C) and the liquid is injected, using capillarity action, in the space between two superimposed microscope coverslips. After rapid cooling the thin liquid film crystallization leads to the formation of a highly polycrystalline structure, being the assembly of microdomains. The sample is then heated again under a polarized optical microscope until almost all the melting takes place but preserving a few single crystal germs. At that point the sample is cooled again at a very slow cooling rate to induce the growth of hundreds of mmm scale domains from the germs until room temperature is reached. The (3N2) is a highly stable monomer that is characterized by both weak thermal-and weak UV photo-reactivity [START_REF] Al Choueiry | Twisted Polydiacetylene Quantum Wire: Influence of Conformation on Excitons in Polymeric Quasi-One-Dimensional Systems[END_REF] .

Polymer chains are thus generated by exposure to X-ray light in a diffractometer (Rigaku, Smartlab).

The polymer content is adjusted by trial and error and kept low enough (typically below 0.1 % in weight) to form a solid solution of isolated polydiacetylene chains inside their diacetylene host crystal.

Absorption spectroscopy

Polarised absorption spectroscopy of PDA crystals was performed using a home built setup with a white light source generated by focussing the fundamental of a Yb-based amplified system (PHAROS, Light Conversion) into a 4 mm YAG crystal. The resulting absorption (corrected for the sample substrate)

was then collected by imaging with a Silicon photodiode array camera (Entwicklunsbüro Stresing;

visible monochromator 550 nm blazed grating).

Femtosecond pump-probe spectroscopy

The fs-TA experiments were performed using a Yb-based amplified system (PHAROS, Light Conversion) providing 14.5 W at 1030 nm and 38 kHz repetition rate. The probe beam was generated by focusing a portion of the fundamental in a 4 mm YAG substrate and spanned from 520 nm to 1400 nm. The pump pulses were generated in home-built noncollinear optical parametric amplifiers (NOPAs), as previously outlined by Liebel et al.. The NOPAs output (∼4 to 5 mW) was centred typically between 520 and 560 nm (FWHM ~65-80 nm), and pulses were compressed using a chirped mirror and wedge prism (Layerterc) combination to a temporal duration of ~9 fs. Compression was determined by second-harmonic generation frequency-resolved optical gating (SHG-FROG; upper limit) and further confirmed by reference measurements on acetonitrile where the 2200 cm -1 mode could be resolved. The probe white light was delayed using a computer-controlled piezoelectric translation stage (Physik Instrumente), and a sequence of probe pulses with and without pump was generated using a chopper wheel (Thorlabs) on the pump beam. The pump irradiance was set to a maximum of 38 μJ/cm 2 . After the sample, the probe pulse was split with a 950 nm dichroic mirror (Thorlabs). The visible part (520-950 nm) was then imaged with a Silicon photodiode array camera (Entwicklunsbüro Stresing; visible monochromator 550 nm blazed grating). The near infrared part was imaged using an InGaAs photodiode array camera (Sensors Unlimited; 1200 nm blazed grating). Measurements were carried out with a time step size of 4 fs out to 2 ps to minimize the exposure time of the sample to the beam. Unless otherwise stated, all measurements were carried out with the probe polarisation set parallel with respect to that of the pump (using a half-waveplate; Eksma) and along the PDA chains.

The absorption spectrum of samples was measured after each pump-probe sweep to account for any sample degradation.

Femtosecond pump-probe microscopy

The femtosecond wide-field detected transient absorption microscope has been described in detail previously. Briefly, a Yb:KGW amplifier system (LightConversion, Pharos, 5 W, 180 fs, 1030 nm, 200 kHz) was used to seed two white-light stages for pump and probe generation. The pump white-light (3 mm Sapphire) was spectrally adjusted with a 650 nm short-pass filter (FESH650, Thorlabs), and compressed to 10 fs for all optical elements with two pairs of third-order compensated chirped mirrors and a wedge-prism pair (Layertec). Subsequently, the mode of the pump pulse is cleaned by a pinhole before being focused through the objective lens (NA = 1.1, oil immersion) to a spot size of ~260 nm (full-width-half-maximum). The probe white-light (3 mm YAG) was spectrally adjusted to 650 -900 nm in a home-build fused silica prism filter and compressed to 7 fs with a pair of third-order compensated chirped mirrors and a wedge-prism pair (Venteon) before being free-space focused onto the sample (20 micron Gaussian spot size full-width-half-maximum). The transmitted probe was imaged onto an emCCD (Rolera Thunder, Photometrics) at 55.5 nm/pixel as verified by a resolution target. The frame rate of the camera was set to 30 Hz with an integration time of 11 ms and pump off/on images were generated by a mechanical chopper at a frequency of 15 Hz. For the measurements, we adjusted the pump fluence to achieve initial carrier concentrations (n0) in the range: n0 = 7.1 × 10 16 -1.3 × 10 18 cm -3 for all samples.
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Figure 1 :

 1 Figure 1: Structural and optical characterisation of 'blue' and 'red' PDA. a. Chemical structure and packing side-chains of 'blue' (left) and 'red' (right) PDA. In 'blue' PDA the backbone is planar,

Figure 2 :

 2 Figure 2: Femtosecond transient absorption microscopy results for 'blue' and 'red' PDA. a-b. MSD curves for 'blue' (a) and 'red' PDA (b), respectively. Solid line shows average curves whereas faint lines are from individual sample locations. Due to the faster decay in 'blue' PDA, the MSD was only recorded to 2.3 ps. c. Scatter-box plot of diffusion coefficients for 'blue' and 'red' PDA. Boxed area is 25-75% range, with horizontal line representing median and whiskers for interquartile range. Filled black square represent the mean.

Figure 3 :

 3 Figure 3: Femtosecond transient absorption microscopy as a function of carrier density for 'blue' and 'red' PDA. a-b.In the case of 'blue' PDA (a) there is no dependence of the MSD on the carrier density, whereas in 'red' PDA (b) the diffusion coefficient increases at higher pump fluences. In this latter case exciton-exciton annihilation effects can be considered to be playing a role.

Figure 4 :

 4 Figure 4: Cartoon schematic demonstrating the interplay of localizing and delocalizing interactions. a. The large J-couplings result in delocalization of the excitons, but strong-exciton phonon coupling causes localization. b. This interplay between J-coupling and exciton-phonon interactions results in sub-diffusive transport (hopping), but with a high diffusion coefficient. The motion of monomer units is only for illustrative purposes.
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