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S1. Materials and Synthesis

All solvents were purchased from Sigma Aldrich, Acros or TCI Europe in the common purities purum, 

puriss or reagent grade. The materials were used as received without additional purification and 

handled in air unless otherwise noted.  N,N,N’,N’-tetra(4-aminophenyl)benzene-1,4-diamine W was 

purchased from Carbosynth/BLDpharm. Benzo[1,2-b:4,5-b’]dithiophene-2,6-dicarboxaldehyde BDT 

was synthesized according to the literature.1 

COF bulk material was synthesized according to our prior report in an Argon filled glove box.2 In a 

culture tube, a solid mixture of W (0.013mmol, 6 mg) and BDT (0.025 mmol, 6.26 mg) was suspended 

in 1 mL mesitylene and benzyl alcohol (500 µL each). Subsequently, 50 µL of acetic acid (aqueous, 6 

M) was added. The culture tube was tightly sealed and heated at 100 °C for 72 h. The resulting dark red 

suspension was filtrated hot and the isolated powder thoroughly washed with THF (~10 mL). The 

obtained red powder was dried under vacuum, followed by extraction in supercritical CO2 at 110 bar 

and 40 °C for 1 hour.

COF thin films were synthesized according to our prior report in autoclaves equipped with a teflon 

liner holding the substrate in a horizontal position.2 Glass and quartz substrates were cleaned in 

detergent solution (Hellmanex III, 1% v/v, water, acetone and isopropanol). The substrate was immersed 

into a suspension of W (2.5 μmol, 1.2 mg) and BDT (5 µmol, 1.25 mg) in 2 mL mesitylene and benzyl 

alcohol (v:v 1:1) and 100 μL of acetic acid (aqueous, 6 M). The autoclave was sealed under Argon and 

heated at 100 °C for 1 day. After cooling to room temperature, the COF film was rinsed with dry THF 

and dried under reduced pressure. Unoriented COF thin films were grown on an SiO2 inverse opal 

structure. The inverse opal structure was grown on a glass substrate following a published procedure.3 

In order to grow an unoriented film with comparable thickness on top of the substrate and account for 

the COF material growing within the inverse opal structure, the amount of precursor for the film 

synthesis was increased to 6 mg (12.5 μmol) and 6.25 mg (25 μmol) for W and BDT, respectively. The 

synthetic procedure remained unchanged. 
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S2. Methods

2D grazing-incidence wide angle X-ray scattering (GIWAXS) data were recorded with an Anton 

Paar SAXSpoint 2.0 system equipped with a Primux 100 micro Cu Kα source and a Dectris EIGER R 

1M detector. The oriented (unoriented) COF films were positioned at a sample-detector distance of 140 

mm (156 mm) and were measured with an incidence angle of 0.2° (0.3°). 

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 Discover with 

Ni-filtered Cu Kα radiation and a LynxEye position-sensitive detector. 

Scanning electron microscopy (SEM) micrographs were obtained with an FEI Helios NanoLab G3 

UC microscope equipped with a Schottky field-emission electron source operated at 1 – 30 kV. 

Transmission electron microscopy (TEM) was performed on a FEI Titan Themis instrument equipped 

with a field emission gun operated at 300 kV.

Nitrogen Sorption isotherms were recorded with Quantachrome Autosorb 1 and Autosorb iQ 

instruments at 77 K. The sample was outgassed for 24 h at 120 °C under high vacuum prior to the 

measurements. Pore size distributions were calculated using the QSDFT model with a carbon kernel for 

cylindrical pores. 

UV-Vis-NIR spectra were recorded on a Perkin-Elmer Lambda 1050 spectrometer equipped with a 

150 mm integrating sphere, photomultiplier tube (PMT) and InGaAs detectors. Diffuse reflectance 

spectra were collected with a Praying Mantis (Harrick) accessory and were referenced to barium sulfate 

powder serving as 100 %R standard. The specular reflection of the sample surface was removed from 

the signal using apertures that allow only light scatter at angles > 20° to pass. 

The structure model of the WBDT COF was constructed using the Accelrys Materials Studio software 

package, applying a P1 symmetry. The structure model was optimized using the Forcite module with 

the Universal force-field. Structure refinements using the Pawley method were carried out using the 

Reflex Powder Refinement module of the Materials Studio software.    

Atomic force microscopy was measured using a NANOINK AFM setup. A standard tapping mode 

silicon AFM tip from NANO WORLD was used. The tip diameter was 20 to 40 nm and the force 

constant of the cantilever was ~42 N/m (length = 125 µm, resonance frequency ~330 kHz). All 

measurements were performed in tapping mode.  

Confocal photoluminescence measurements. For photoluminescence (PL) measurements, 

hyperspectral images and time-resolved PL images, a home-built confocal laser scanning microscope 

was used. It is based on a microscope body (NIKON) which is combined with a xyz-piezo-scanning 

stage (PHYSIK INSTRUMENTE) for the room temperature (RT) measurements. Herein, the samples 

are measured upside down in epi-direction using an oil immersion objective with 1.4 NA (NIKON). All 
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low temperature (LT) measurements were performed on a self-built microscope with a commercial 

cryostat system from ATTOCUBE including scanner, positioner, vacuum chamber and pumps and the 

cooling apparatus. The microscope around this system is self-built and uses a long-working-distance 

objective with 0.75 NA (ZEISS). Both microscopes are connected to the same detection path. A 

beamsplitter (MELLES GRIOT 03BTL005 for RT-setup, THORLABS BSW29R for the LT-setup) and 

a spectral 490 or 550 nm long pass filter is used to separate the laser from the PL-light. A sub picosecond 

laser (ichrome TOPTICA) tunable from 476 nm to 645 nm is used for excitation. Here, the excitation 

wavelengths of 476 nm and 510 nm laser light are additionally filtered by a 473/10 nm (CHROMA) or 

510/10 nm (THORLABS) band pass respectively, which is positioned in the excitation arm. The 

detection side consists of two parts, which are separated by a rotatable mirror. Additionally, a tiltable 

mirror in the back focal plane is installed for the diffusion measurements scanning around the confocal 

spot. One arm in the detection has an avalanche photo diode (APD, type: MPD PDM, detector size 50 

x 50 µm), which can be combined with Time Correlated Single Photon Counting (TCSPC) electronics 

(BECKER UND HICKEL) measuring time-resolved PL transients. The second part consists of a 

spectrometer (ANDOR SHAMROCK SRi303) combined with an open electrode CCD camera 

(ANDOR NEWTON DU920) recording spectra. The data are recorded using a customized LABVIEW 

(NATIONAL INSTRUMENTS) program that combines the manufacturers’ software with our desired 

measurements. Further processing and analysis are carried out using MATLAB (MATHWORKS) to 

obtain the PL spectra, TCSPC transients and the images.
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S3. WBDT bulk powder characterization 

Characterization of the bulk powder of WBDT COF was conducted including PXRD, FTIR, nitrogen 

sorption, steady-state PL and UV-Vis spectra as well as SEM measurements. PXRD of the WBDT COF 

shows distinct reflections at 2θ = 2.00°, 3.50°, 4.04°, 5.38°, 6.11°, 7.36°, 8.14°, 8.96°. Using the 

Materials Studio software package, Pawley refinement of the PXRD was conducted, assuming P1 

symmetry and yielding the unit cell parameters, with Rwp = 4.20% and Rp = 3.40% (Figure S1).

Figure S1. Experimental PXRD of the WBDT COF powder together with the Pawley refinement and 

the resulting difference plot. Unit cell lengths and angles are indicated.
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FTIR measurements confirm the successful formation of the COF network by the disappearance of the 

-NH (3342 cm-1) and -CO (1664 cm-1) vibrational modes and the appearance of the vibrational mode of 

the imine bond (1609 cm-1) in the IR spectrum of the WBDT COF (Figure S2). 

Figure S2. FTIR spectra of the two linker molecules W and BDT and of the WBDT COF.
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Surface area and pore sizes of the WBDT COF were determined by nitrogen sorption measurements. 

The sorption isotherm is a mixture of type I and type IVb with two nitrogen uptake steps. The first step 

at low partial pressures is characteristic for microporous materials, whilst the second step reveals 

additional capillary condensation, typical for the presence of mesopores. The calculated Brunauer-

Emmet-Teller surface area is 635 m2 g-1 and the two pore sizes of the Kagomé-like structure, are 1.9 nm 

and 3.4 nm (Figure S3). 

Figure S3. (a) Sorption isotherm of the WBDT COF with a BET surface area of 645 cm2 g-1. (b) Pore 

size distribution (PSD) with two pore sizes, 1.9 nm and 3.4 nm, consistent with the dual-pore framework 

of the Kagomé-like structure. 



10

Steady-state PL and UV-Vis spectroscopy measurements were conducted to optically characterize the 

WBDT COF powder. The dark red COF powder emits around 1.83 eV (677 nm) and has a maximum 

absorption at 2.41 eV (514 nm). Fitting of the absorption onset using Tauc plot gives a direct band gap 

of 1.98 eV (Figure S4). 

Figure S4. (a) Steady-state PL and UV-Vis spectra (Kubelka-Munk, diffuse reflection) of the WBDT 

COF powder. (b) Fitting of the absorption onset using Tauc plot. 

Scanning electron micrographs reveal a uniform, spherical morphology of the WBDT COF particles. 

Transmission electron microscopy confirms the crystallinity of the COF. Detection of crystal domains 

with the z-axis oriented parallel to the incident electron beam show the pseudo-hexagonal pattern 

generated by the dual-pore Kagomé-like structure (Figure S5). 

Figure S5. (a) SEM micrograph visualizing the spherical morphology of the WBDT COF powder. (b) 

TEM image confirming the crystalline nature of the COF. 



11

S4. WBDT thin film characterization 

Fitting of the absorption onset of the WBDT COF thin film using a Tauc plot gives a direct band gap 

of 2.16 eV as indicated in Figure S6a. 

No significant broadening of the PL spectrum is visible upon decrease of the temperature. This is 

illustrated in Figure S6b, depicting the PL spectrum of the thin film at 5 K and at 300 K.

Figure S6. (a) Fitting of the absorption onset of the WBDT COF thin film using Tauc plot for a direct 

transition. (b) PL spectra of the thin film at 5 K and 300 K.
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The thickness of the COF film was determined via SEM cross-section analysis (~120 nm) as well as by 

scanning over a thin scratch on the film’s surface using AFM (~130 nm) (Figure S7). 

Figure S7. (a) SEM cross-section of the WBDT COF thin film. (b) AFM image of the measured scratch 

with the difference in height shown as inset. (c) AFM image of a 2.5 x 2.5 µm2 section of the film 

surface. 
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Linear Power Dependency. For the steady-state PL and RDTR PL measurements, it is crucial that the 

response to the incident laser power is linear in the range of the used laser power, assuring that the 

number of excited states n is proportional to the measured intensity. Figure S8 confirms the linear power 

dependency of the PL intensity up to ~50 µJ/cm2. In order to guarantee the stability of the WBDT COF 

throughout the optical measurements, the laser power was chosen accordingly (see green range in 

Figure S8). All RDTR PL measurements were performed under vacuum, steady-state PL was 

performed under argon atmosphere. 

Figure S8. The excitation fluence dependency of the PL intensity. The green range shows the excitation 

fluence used in the experiments 

Confocal Scan and Hyperspectral Images. To confirm the homogeneity of the spectral response from 

the thin film, confocal scanning and hyperspectral imaging of a 10 x 10 µm2 section of the WBDT thin 

film were conducted, showing negligible changes in normalized intensity, central energy and spectral 

width of the PL signal (Figure S9a, b and c, respectively).

Figure S9. Confocal scan and hyperspectral images of the WBDT thin film, mapping differences in (a) 

normalized intensity, (b) central energy and (c) spectral width of the PL signal, respectively.  



14

S5. RDTR PL measurements – Analysis and Fitting

Rayleigh length

The Rayleigh length is the distance along the beam’s propagation direction from the beam waist to the 

point where the beam’s cross-sectional area has doubled. The Rayleigh length 𝑧𝑅 is given by 4 

𝑧𝑅 =
𝜋𝑟2

0
𝜆

where 𝑟0 is the resolution of the confocal microscope: 

𝑟0 =
1.22 𝜆

𝑁𝐴

With 𝜆 ≈  500 nm and 𝑁𝐴 =  0.75, a Rayleigh length of approx. 4 µm is calculated. The Rayleigh 

length is an order of magnitude larger than the thickness of the WBDT thin film (around 120 nm), 

meaning that the focused beam extends beyond the entire film thickness. As a result, the laser uniformly 

excites the material throughout the film thickness, ensuring that the excitation reaches the entire depth 

of the film simultaneously. The observed diffusion is therefore treated as a two-dimensional process.



15

Analysis and Fitting

The data were collected in the form of a TCSPC transient for every remote position of the tiltable mirror.  

For each temperature step, transients from two different directions through the confocal spot were 

recorded. Furthermore, two temperature series were measured to guarantee the reproducibility of the 

observed diffusive transport. Data set 1 was integrated over the blue part of the PL spectrum (590-610 

nm, 2.03 – 2.10 eV) and Data Set 2 was integrated over the whole PL signal. In both sets the same trend 

of the diffusive transport was observed. Since the spectrum contains not only mobile species but also a 

localized radiative state, the diffusive transport is more visible in the blue data set (Data Set 1). An 

exemplary data set at 40 K is shown in Figure S10:

Figure S10. RDTR PL data obtained at 40 K.

As the COF film is thin (~ 100 nm), and the Rayleigh length is around a micrometer, the focus penetrates 

the whole film in the direction perpendicular to the substrate (z-direction). This measuring setup only 

allows for the observation of the in-plane 2D diffusive transport in the thin film (although this does not 

exclude occasional transport along z followed by in-plane (xy) transport). 

The observed diffusive species has a limited lifetime, leading us to the following differential equation 

(S1):

𝑑𝑛(𝑥,𝑦,𝑡)
𝑑𝑡 = 𝐷∆𝑛(𝑥,𝑦,𝑡) ―  𝑘1𝑛(𝑥,𝑦,𝑡) (S1)
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In equation S1, n is the number of excited states that is proportional to the measured PL intensity. This 

is confirmed by linear power dependency (Figure S8). D is the diffusion coefficient and k1 is the lifetime 

of the diffusive species. Assuming a Gaussian starting distribution of excited states, this differential 

equation can be analytically solved by

𝑛(𝑥,𝑦,𝑡) =  𝑁02𝜎2

2𝜎2 4𝐷𝑡 𝑒𝑥𝑝 𝑥2 𝑦2

2𝜎2 4𝐷𝑡
 ∙ exp ( ―𝑘1𝑡), (S2)

where the spatial integration over 𝑁0 𝑒𝑥𝑝 𝑥2 𝑦2

2𝜎2
 is the total number of excited states at t = 0 and σ is 

the width of the starting Gaussian distribution. To analyse the RDTR PL data, two different methods 

were used and subsequently compared for cross-verification. For the first method (method I in the main 

text), we fit two Gaussians, one with a fixed width corresponding to the initial signal width determined 

by the excitation focus and the optical resolution of the setup and the other with a variable width (Figure 

S11a). The results show that the variance of the width 𝜎2 follows a linear change in time, as expected 

from the following relation (equation S3), derived from the 2D diffusion equation S2:

𝜎2 ~ 2𝐷𝑡 (S3)

This linear relation is shown in Figure S11b. The contribution with fixed (time-independent) width is 

attributed to a localized, immobile excited species, presumably related to defect trap states.

Figure S11. (a) Double Gaussian fit (fixed and flexible width) of the raw RDTR PL data for one time 

step. (b) Linear fit of the variance of the width as a function of time. 

The second method (method II in the main text) involves analysing the full data set using the analytical 

solution (equation S2) and fitting the whole two-dimensional data with a single diffusion coefficient. 

This analysis is split into two parts according to the two different timescales observed (fast and slow 
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species, Figure 3b). Figure S12 visualizes and compares the diffusion coefficients obtained by the two 

methods for the slow species.

 

Figure S12. Comparison of the two methods I and II for the determination of the diffusion coefficient 

D for data set 2 (full spectral range). Data are collected in two different scanning directions through the 

confocal spot, perpendicular to each other (direction 1 and 2). 

For the free charge carrier diffusion coefficient, the time interval from -0.025 to 0.005 ns is used. 

Additionally, the calculated data are convoluted with the instrument response function (IRF, FWHM of 

28 ps). The time-zero is defined by the maximum and the overlap of the initial rise of the IRF at the 

center of the confocal spot (remote distance = 0 µm). An additional Gauss distribution with a mono-

exponential decay is added, representing the localized excited states. 

For the free charge carrier diffusion, only method I was used, and the data were averaged over both 

directions (Figure S13a). The time interval between 0.1 and 1 ns was used for the exciton diffusion 

coefficient. Here, both methods I and II were applied, and the data were averaged over both directions 

(Figure S13b).
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Figure S13. Measured and fitted data for the diffusion coefficient of the (a) free charge carriers and (b) 

excitons.

According to the fits, the lifetimes τ of the excitons are at the order of 0.9 - 1.2 ns. Using τ, the diffusion 

length LD can be approximated:

𝐿𝐷 =  2𝐷𝜏 (S4)

The diffusion length of the excitons as a function of temperature is depicted in Figure S14.

Figure S14. Diffusion length of the excitons as a function of temperature. 
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S6. WBDT un-oriented thin film characterization and diffusion dynamics 

Characterization

The WBDT COF has a strong tendency to grow highly oriented thin films on most substrates, even 

when incorrect ratios of building blocks are used or different solvents are chosen for the COF synthesis. 

Therefore, we changed the substrate’s morphology drastically from a smooth surface to a meso-

structured SiO2 inverse opal with a thickness of ~ 4 µm and pores of 300 nm diameter. On this substrate, 

WBDT COF grows as interconnected spherical grains of around 150-200 nm size similar to the bulk 

powder, both in and on top of the structure. Figure S15a and b show SEM top views of the inverse opal 

structure, and c and d show the WBDT COF@SiO2 grown on top the macro-structured substrate. 

Figure S15. (a) and (b) Top view of the SiO2 inverse opal structure at different magnifications. (c) and 

(d) WBDT COF@SiO2 inverse opal structure.

Figure S16a and c show cross sections of the WBDT COF@SiO2, illustrating the COF growth both 

into the mesopores and on top of the structure. Figure b and d show the same section of the film, looking 

only at the backscattered electrons. This method has a higher contrast for the inorganic SiO2, revealing 

the SiO2 structure below the COF grains. 
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Figure S16. (a) and (c) Cross section of WBDT COF@SiO2 with different magnifications, showing the 

growth of the COF both into the structure as well as on top of it. (b) and (d) Backscattered electron 

image of the same film sections as in (a) and (c), revealing the SiO2 structure below the COF. 

Additionally, AFM was conducted on a 2.5 x 2.5 µm2 section of the un-oriented thin film to better 

illustrate the difference in morphology compared to the oriented WBDT film (Figure S17)

Figure S17. AFM image of a 2.5 x 2.5 µm2 section of the un-oriented WBDT thin film. 

In Figure S18, the reflections in the GIWAXS pattern of the un-oriented film appear at identical 

scattering vectors in the GIWAXS pattern of the oriented film and in the PXRD pattern of the bulk 

material, confirming the formation of a crystalline COF.  The intensity of the hkl reflections is uniformly 

distributed in qz and qr direction, forming a semi-circle. The scattering pattern indicates a random 

orientation of the COF crystallites. 
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Figure S18. GIWAXS pattern of the un-oriented WBDT COF grown on an SiO2 inverse opal structure. 

The colour map was chosen differently to the main text to improve the visibility of the reflections at 

low qr values.

Steady-state PL and UV-Vis measurements were conducted to optically characterize the WBDT 

COF@SiO2 film. The dark red film emits at 1.88 eV (660 nm) and has a maximum absorption at 2.48 

eV (500 nm). Fitting of the absorption onset using Tauc plot gives a direct band gap of 2.08 eV (Figure 

S19)

Figure S19. (a) Steady-state PL and UV-Vis spectra of the unoriented WBDT COF thin film. (b) Tauc 

plot of the absorption onset, scaled for a direct transition.
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Diffusion Dynamics

The analysed RDTR PL data for the un-oriented WBDT COF thin film are shown in Figure S20. With 

Dunoriented ≈ 11 cm2 s-1, the diffusion coefficient for the free charge carriers at the shorter timescale is 

comparable to that of the oriented thin film (Doriented = 10 cm2 s-1). This is in line with our interpretation 

of the carriers diffusing within one grain and the grain size not significantly changing between oriented 

and un-oriented film. The exciton diffusion coefficient decreases with decreasing temperature, 

indicating a hopping type transport. It is also overall lower, suggesting that the high degree of 

orientation of the crystallites in the oriented film plays a major role in the diffusive transport.

Figure S20. Diffusion coefficient as a function of temperature of the (a) free charge carriers and (b) 

excitons in the un-oriented WBDT COF thin film.
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S7. Optical Pump Terahertz Probe Spectroscopy (OPTP)

The setup used for optical pump terahertz probe (OPTP) transients is described in full detail elsewhere.5 

Briefly, an amplified Ti:sapphire laser system (Spitfire ACE, Spectra-Physics) provides 800-nm light 

pulses (35 fs) with 5-kHz repetition rate. The fundamental output of the amplified Ti:sapphire laser is 

used to generate single-cycle THz radiation pulses in a W/Co40Fe40B20/Pt multilayer film on quartz 

(spintronic emitter) through the inverse spin Hall effect.6 Furthermore, the optical excitation pulses (400 

nm) used to photoexcite the samples are generated by second-harmonic generation in a beta-barium-

borate (BBO) crystal. During OPTP measurements, the fractional changes in the THz transmission (0.5-

2.5 THz) following the 400-nm photoexcitation are monitored by using free-space electro-optic 

sampling (EOS) in a 1-mm-thick (110)-ZnTe crystal. The WBDT COF thin films were deposited onto 

2 mm thick z-cut quartz. During OPTP measurements, the THz emission and detection optics and 

samples are kept under vacuum at pressures below 0.1 mbar. 

Extraction of charge-carrier mobility from OPTP measurements

We extracted the effective charge-carrier mobility following the method developed by Wehrenfennig 

et al..7  Briefly, for semiconductor thin films materials with thicknesses smaller than the wavelength of 

the incident THz radiation, the sheet photoconductivity can be estimated from the fractional change in 

the transmitted THz electric field Δ𝑇 𝑇, and expressed as

∆𝑆 =  ― 𝜖0𝑐(𝑛𝑞 + 𝑛𝑣)
∆𝑇
𝑇

(S6)

where nq = 2.13 and nv = 1 are the refractive indexes of quartz and vacuum, respectively.8 

To extract the effective charge-carrier mobility from the sheet photoconductivity, the number of initially 

photogenerated carriers is estimated as 

𝑁 =  𝜙
𝐸𝜆
ℎ𝑐 1 ― 𝑅𝑝 ― 𝑇𝑝 (S7)

Where 𝜑 is the photon-to-charge branching ratio (i.e., the fraction of generated charges per photon 

absorbed), E is the pump pulse energy, 𝜆 is the excitation wavelength, and Rp and Tp are the reflectance 

and transmittance of the sample at the excitation wavelength (3.1 eV, 400 nm). The charge-carrier 

mobility  can be calculated as  

𝜇 =
Δ𝑆 𝐴𝑒𝑓𝑓

𝑁𝑒
(S8)

Where Aeff is the effective overlap area between THz and pump beam and e is the elementary charge. 

By substituting Equation S6 and Equation S7 into Equation S8, the effective charge-carrier mobility is 

obtained as:
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𝜑𝜇 =  ― 𝜖0𝑐(𝑛𝑞 + 𝑛𝑣)
𝐴𝑒𝑓𝑓ℎ𝑐

𝑒𝐸𝜆(1 ― 𝑅𝑝𝑢𝑚𝑝 ― 𝑇𝑝𝑢𝑚𝑝) 
∆𝑇
𝑇 (S9)

Here, it is worth noting that the sheet photoconductivity signal measured by OPTP arises from the 

contributions of both photogenerated free electrons and holes. Therefore, the extracted charge-carrier 

mobility is the effective electron-hole sum mobility.

Calculation of the diffusion length using charge carrier lifetime from OPTP 

In this study, we calculated the diffusion length LD of the free charge carriers (fast species) using the 

lifetime extracted from OPTP measurements 𝜏 = 1.4 ps and the diffusion coefficient given by RDTR 

PL D ~ 10 cm2 s-1, assuming that the fast-moving species are equal to the free charge carriers. Both 

methods are independent and generate two different values. OPTP measures only the free charge 

carriers, formed shortly after excitation. From the absorbed probe signal, an effective mobility is 

calculated and a lifetime of the free charge carriers can be extracted. The effective mobility 𝜑𝜇

 ~ 0.12 ± 0.05 𝑐𝑚2𝑉―1𝑠―1contains the photon-to-charge branching ratio 𝜑, since the exact number of 

contributing free charge carriers is unknown. In RDTR PL measurements however, the PL is generated 

by a combination of free charge carriers and possible unbound excitons. Here, the diffusive transport is 

only driven by the chemical potential of the generated excited states, while in OPTP measurements, the 

excited charge carriers react to the applied THz probing field. 

In principle the absolute mobility µ and diffusion coefficient D can be connected via the Einstein-

Smoluchowski9,10 relation:

𝐷 =
𝜇𝑘𝐵𝑇

𝑒
(S10)

with the Boltzmann constant 𝑘𝐵, the temperature T and the elemental charge e. However, this formula 

is only valid in the case of a charged particle with a charge e, moving through a neutral medium. In our 

case, the excited charges are bound to each other (exciton) or move as ambipolar charge carriers 

(combined movement of electrons and holes) in a dielectric and periodic crystal lattice. This lattice 

shields the charges. Therefore, the Einstein-Smoluchowski relation cannot be readily applied here. A 

more accurate model would be needed to contextualize both numbers. Additionally, it is not clear if the 

disorder in the system has an influence on the fast-moving species. 

Hence, the calculated diffusion length of the free charge carriers (fast species) in this study, combining 

values from both OPTP and RDTR PL measurements, should be considered as a qualitative estimation. 
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S8. Theoretical Calculations

The structure of WBDT is optimized at density functional theory (DFT) level. We use the projector-

augmented wave (PAW) method11,12 in conjugation with Perdew-Burke-Ernzerhof (PBE) exchange and 

correlation functional13 as implemented in the Vienna ab-initio simulation package (VASP).14–16 The 

atomic positions are relaxed using the conjugate gradient method with an energy convergence value of 

10-6 eV. The dispersion interactions are described with the nonlocal vdW-DF functionals by Dion et 

al.17 The band structure of WBDT shown in Figure 2a has been corrected by a scissors shift18 of +0.49 

eV for all conduction bands to estimate the band gap at Hybrid-DFT (HSE06) level (L. Fuchs et al. 

unpublished).

The Brillouin zone (BZ) for the relaxation simulations is sampled with a 1x1x6 Γ-centered mesh. The 

electronic band structure (Figure 2a) is calculated along a path connecting high-symmetry points in the 

primitive hexagonal cell (Γ-M-K-Γ-A) with 20 equally spaced points between two special points. 

Additionally, atomic projections of the Kohn-Sham states onto W and BDT fragments were calculated.

For the calculation of the transition densities of the excited states, WBDT is divided into two precursor 

fragments (BDT and W), which are NH- and H-terminal saturated. After a gas phase relaxation of the 

fragments with VASP, the transition densities describing the excited states are calculated with the 

software gaussian1619 and Multiwfn,20 using M062X as the exchange-correlation functional and a cc-

pVTZ basis set. Excitonic transition densities are used to calculate the Coulomb interaction between 

the exciton states that are placed at the fragment position in the COF as described earlier21 with an 

effective screening described by a low relative dielectric permittivity of 𝜖 = 2. The large electron and 

hole transfer integrals extracted from the calculated band structure are further taken into account for 

second-order transfer processes to estimate the resulting effective exciton transfer integrals of ε ≅ 50 

meV.

A Marcus-type hopping ansatz with exciton coupling of ε ≅ 50 meV and an estimated reduced 

reorganization energy of Ʌ ≅ 0.1 eV was used to estimate the diffusion coefficient at 300 K.
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