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Supplementary Note 1. Synthesis of covalent organic frameworks
Perylene-3,4,9,10-tetracarboxylic  dianhydride, anhydrous pyridine, propionic acid,
nitrobenzaldehyde, acetic anhydride, aqueous NHs, SnCl2:2H20, and HCI were purchased
from Sigma-Aldrich. All the solvents were of HPLC grade and were used without further
purification. Ultra-pure water was obtained using a Millipore System (Shinhan Science &
Tech).

4.4' 4" 4 -(Porphyrin 5,10,15,20-tetraryl)tetranitrobenzene (1).%? In a 500-ml round
bottle flask, 4-nitrobenzaldehyde (11.0 g) and acetic anhydride (12.0 ml) were dissolved in
propionic acid (300 ml). The temperature of the solution was then heated to 145 °C. To this
solution, pyrrole (5.0 ml) was added drop wise. The reaction mixture was then refluxed for
half an hour and the resulting mixture was removed from the oil bath and cooled to give a
precipitate, which was collected by filtration, washed with copious amount of water and
methanol, and dried in oven at 110 °C. The resulting dark purple powder was dissolved in
pyridine (80 mL) and refluxed at 115 °C for 1 h. After cooling, the precipitate was collected
by filtration and washed with acetone to give 1 as a purple crystal in 10 % yield.
5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin[4,4',4",4""-(Porphyrin
5,10,15,20-tetraryl)tetraaniline]. In a 500-ml two-neck round bottle flask, product 1 (2 g)
was dissolved in HCI (200 mL) at 70 °C, to which was SnCl2:2H20 (9.0 g) was added slowly.
The resulting mixture was stirred at 70 °C for half an hour and then cooled to 0 °C. After this
procedure, the resultant mixture was neutralized by aqueous NHs. Following neutralization,
the resulting gray crystalline product was collected by filtration and dissolved in acetone.
Finally, the solvent was removed by rotary evaporation and dried under vacuum to yield
5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin as a purple crystal. Yield: 85%. 'H

NMR (CDCls, 300 MHz, ppm): & -2.7 (s, 2H), 4.0 (s, 8H), 7.0 - 8.1 (m, 16H), 8.8 (s, 8H).



Anal. Calculated for Cs4HssNs: C, 78.31; H, 5.08; N, 16.61%. Found: C, 77.86; H, 5.27; N,
16.29%.

Synthesis of PDI-porphyrin COFs. In a 500-ml two-neck round bottle flask, perylene-
3,4,9,10-tetracarboxylic dianhydride (4.00 g, 15 mmol) was dissolved in anhydrous pyridine
(90 mL). To this solution, a solution of 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-
porphyrin (3.23 g, 25 mmol) in pyridine (40 mL) was added drop wise. After overnight
stirring at 130 °C in argon atmosphere, the reaction mixture was cooled down to room
temperature. The reddish-purple precipitate was filtered and washed with copious amount of
distilled water, methanol and chloroform. After drying in the oven at 110 °C, pale purple

solid product was obtained (2.21 g, 81 % based on PDI).

Supplementary Note 2. Characterization of covalent organic frameworks

Transmission electron microscopy. To examine the topography of the synthesized COFs,
we performed the measurement using transmission electron microscopy (TEM). TEM image
was collected by TECNAI G2 F30 microscope (FEI company) operated at 300 kV. Selected
area electron diffraction (SAED) pattern, measured with the same instrument, was radially
averaged by using the home-built Matlab code in order to assess the d-spacing value between
the diffraction peaks. An aberration-corrected environmental TEM (Titan ETEM G2, FEI)
operated at 300 kV was used for the high-resolution TEM (HR-TEM) characterization. As
shown in Supplementary Fig. 1la, the TEM image of COFs powder shows rod-like
morphology and significant Bragg peaks in the selected area electron diffraction (SAED)
pattern, which clearly shows the interlayer distance between 2D layers. HR-TEM images
shown in Supplementary Fig. 1d — 1i clearly show the regular pattern in the 2D layers. In
particular, from the TEM image shown in Supplementary Fig. le, it can be learned that the

spacing between periodic lines is about 1.0 nm and its FT image shown in Supplementary Fig.
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1f has Bragg spots, which correspond to (220) planes. The 1.0 nm spacing corresponds to half
the distance between the farthest perylene moieties (along the diagonal) of the smallest
rectangle formed by 2D layers stacked in the staggered conformation (that is, the diagonal
length of the rectangle is 1.5 nm times the square root of 2). In addition, we obtained the
Fourier-transformed (FT) image (Supplementary Fig. 1i) with Bragg spots for the lines with
the spacing of 1.5 nm, which corresponds to (200), or (020), planes, although its HR-TEM
image in Supplementary Fig. 1h is too noisy to observe the 1.5-nm spacing in real space. The
1.5 nm spacing corresponds to half the distance between the nearest perylene moieties that
are periodically aligned along a-axis or b-axis in the 2D layers. Thus, these TEM images
strongly support the staggered structure along the c-axis with slipping along a-axis and/or b-
axis.

Powder X-ray diffraction. Powder X-ray diffraction (PXRD) measurements were performed
by X-ray diffractometer (D/MAX-2500, Rigaku Denki). The PXRD patterns were recorded in
the range of 26 = 3 — 30° with Cu K. radiation (A = 1.5406 A) at 40 kV and 200 mA. The
crystalline nature of COFs was confirmed by the observed PXRD pattern together with the
theoretical X-ray diffraction profile reconstructed from the Pawley refinement as shown in
Supplementary Fig. 2a — 2b. The PXRD peak at 26 ~ 24.3° indicates that the 2D layers are
stacked along the (001) plane with the inter-layer distance of ~3.6 A while exhibiting a
typical van der Waals contact of carbon-based layered materials®®. Simulated PXRD patterns
using stacked 2D layers with different periodic orderings show significant Bragg peaks
representing the crystallinity of COFs. The relative amplitude of X-ray intensity in the
simulated PXRD patterns is different from that obtained from the experiment, which implies
preferred orientation of powder sample with anisotropic packing of crystallites (details in the

Supplementary Note 3).



X-ray photoelectron spectroscopy. We analyzed the atomic species and chemical bonds
constituting the COFs using X-ray photoelectron spectroscopy (XPS). XPS spectra were
recorded on Axis Nova photoelectron spectrometer (KRATOS). As can be seen in the XPS
spectrum in Supplementary Fig. 3, the C 1s peaks at 281.3 eV, 282.4 eV, and 284.9 eV can
be assigned to C—C, C—N, and C=0 bonds, respectively. The N 1s peaks around 394 eV and
397 eV correspond to pyridinic and pyrrolic nitrogen atoms in the COFs, respectively. The O
1s peak at 528.6 eV indicates the presence of C=0 bond’.

Fourier transform infrared spectroscopy. Fourier transform infrared spectroscopy (FTIR)
spectra were obtained with an ALPHA-T FT-IR spectrometer (Bruker). In the infrared
spectrum in Supplementary Fig. 4a, the peaks at 1770 cm™ and 1700 cm™ are assigned to the
symmetric and asymmetric vibrations of the C=0 bond, and a peak around 1350 cm
corresponds to the stretching vibration of the C-N-C linkage. Besides, any peak around
~3400 cm™ corresponding to N-H stretching in the NH2 group of 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin was not observed, further supporting the formation of COFs with the
desired structure.

Thermogravimetric analysis. The thermogravimetric analysis was performed on Q500
analyzer (TA Instruments) in the temperature range from 25 °C to 900 °C at a heating rate of
5 °C min™ under Ar flow. As shown in Supplementary Fig. 4b, the COFs showed high
thermal stability without significant decomposition up to 450 °C, as expected for COFs®?®,
Porosity measurements. The porosity measurements were performed using the ASAP 2420
system (Micromeritics). The Brunauer-Emmett-Teller (BET) surface area of COFs was found
to be 309.4 m?/g. The nitrogen sorption isotherm measured at 77 K exhibits a type 1V
isotherm indicative of mesopores. The high adsorption at a high relative pressure (P/Po~1)
further corresponds to the presence of a mesoporous sample (Supplementary Fig. 5).
Moreover, the curve of pore size distribution reveals a pore diameter of ~3.86 nm indicative
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of uniformly mesoporous COFs as shown in the inset of Supplementary Fig. 5. Overall, the
results from the porosity measurements are in good agreement with those from the previously
reported mesoporous COFs in literature!®,

Elemental analysis. The elemental analysis for the samples was performed using the FLASH
EA-2000 Organic Elemental Analyzer (Thermo Scientific). The experimental data agree well
with the expected analysis values; Anal. Calculated for (Co2H42NsOg)n: C 79.64; H 3.03; N

8.08 %. Found 78.65; H 3.08; N 8.24 %.

Supplementary Note 3. Simulation of powder X-ray diffraction patterns of covalent
organic frameworks

To gain the structural information from the experimental PXRD data, the simulation of
powder X-ray diffraction patterns of COFs was performed. This simulation was based on the
structural modelling of stacked 2D sheets. To do so, the periodic single-layer 2D sheet was
optimized by using the Vienna ab initio simulation package (VASP)!2® with the density
functional theory (DFT). The project-augmented-wave (PAW) method'* was applied to
describe the wave functions in the core regions in order to have comparable accuracy to all-
electron calculations. The detailed procedure of structure optimization is described in the
following section. Based on this single-layer structure, the lattice parameters of eclipsed
structure (space group P1, a=29.84 +0.01 A, b=29.84 +0.01 A, c=3.65+0.01 A a=p=
y = 90°) and staggered structure (space group P1,a=29.84 +0.01 A, b=29.84+0.01 A c=
7.30 £ 0.01 A, a = = y = 90°) were determined by Pawley refinement of the PXRD pattern.
From the optimized single-layer structure and refined lattice parameters, the plausible stacked
nanostructures were constructed and then the theoretical X-ray diffraction patterns were
calculated from those structures as shown in Supplementary Fig. 2c. The Pawley refinement

and the simulation of PXRD patterns were carried out using Rietan-FP and VESTA software
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package®®. Regardless of the stacked structural shape of COFs, the predicted PXRD patterns
clearly show the intense (200) peak at 260 = 5.58° In terms of relative amplitudes of
diffraction peaks, the discrepancy between the experimental and the simulated patterns may
imply the preferred orientation of powder sample with anisotropic packing of crystallites,
which have been reported in the literature!®!’. Since the TEM measurement supports the
staggered structure, we examined which structure between the eclipsed and staggered
structures works better for the Pawley refinement as shown in Supplementary Fig. 2a — 2b.
The result shows that the PXRD pattern is indeed more consistent with the mixed staggered
structures with the A-stacking, B-stacking and AB-stacking. Thus, considering the analyses
of TEM images and PXRD pattern, we can conclude that the synthesized COFs have a
staggered conformation. As discussed in the main text, the absence of signature for the inter-
layer charge migration in the femtosecond TA spectra is consistent with the staggered

structure.

Supplementary Note 4. Global kinetic analysis of the broadband transient absorption
spectra
We performed the global kinetic analysis of broadband TA spectra. This analysis consists of
two steps: (i) A kinetic model consisting of a number of transient electronic states and the
rate constants for transitions among the transient states are determined by singular value
decomposition (SVD) of the TA spectra. (ii) Species-associated difference spectra (SADS),
which are spectral characteristics of the transient electronic states, are extracted by principal
component analysis (PCA) of the TA spectra.

Prior to the global analysis, the wavelength-dependent velocity mismatch of probe pulse
was corrected using the coherent spike signal from pure solvent (DMF). We applied singular

value decomposition (SVD) analysis®® to the chirp-corrected TA spectra shown in
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Supplementary Fig. 7a. By the SVD analysis, the data matrix of TA spectra, A, can be
decomposed into left- and right-singular vectors using the relationship of A = USVT, where U
consists of the left-singular vectors (ISVs) corresponding to time-independent spectra as a
function of wavelength, V consists of the right-singular vectors (rSVs) corresponding to time-
dependent amplitude change of U, and S contains the weights of the singular vectors. The
ISVs contains the information on the spectra of distinct transient electronic states while the
rSVs represent the population dynamics of those transient states. Thus, the SVD analysis
allows us to obtain the kinetic components of excited electronic dynamics regardless of the
kinetic model. Supplementary Fig. 7b shows the first three ISVs, while Supplementary Fig.
7¢ shows the first three rSVs scaled with singular values obtained from the SVD analysis.
From the global fitting of the three rSVs by a sum of multiple exponentials sharing common
relaxation times, the time constants of 124 (+ 20) fs, and 1.25 (+ 0.82) ps were determined.
Upon photoexcitation, the 1t SADS is observed in the time range comparable with the
instrument response function (IRF) of 68 fs. In addition, the TA spectra on picosecond time
scale still have apparent signal in the entire wavelength window, indicating that the excited
carrier dynamics of COFs might be still in progress toward the ground state. Therefore, we
can make a sequential kinetic model based on three distinct SADS and two time constants

(124 fs and 1.25 ps).

124 fs 1.25 ps
B

4

Based on the above sequential kinetic model and the time constants estimated from the SVD
analysis, we implemented principal component analysis (PCA) whereby the experimental TA

spectra were decomposed into three SADS corresponding to the three states as follows:

TArheory (Ai' tj) = Zi=1[cfck(tj)] SADS¢, (1)), (1)

Ce(t) = C(t) ® IRF(t) = [~ Cc(T — ) IRF(T) dT, (2)

10



where TA, .., (4, t;) isthe theoretical TA spectra at given wavelength (1) and time-delay (t)

values, SADS (4) is the species-associated difference spectra corresponding to the k-th

intermediate state at a given 4 value. C,(t) is the instantaneous population of the k-th

intermediate at a given t value and then is convoluted with the IRF measured from the pure

solvent, which is the convoluted kinetic profiles termed as C,(t) . After that, we minimized

the discrepancy between the theoretical and experimental TA spectra using Nelder-Mead

simplex algorithm?®, The whole analysis was performed by the home-built Matlab code.

Supplementary Note 5. Wavelength-resolved Fourier transform power spectra (FTPS)
extracted from the broadband TA spectra

The residuals were obtained by subtracting the electronic population dynamics from the TA
signals of PDI-porphyrin COFs, that is, the wavelength-resolved temporal oscillations
(arising from vibrational coherences) as shown in Supplementary Fig. 13. The wavelength-
resolved temporal oscillations in the time domain were directly Fourier transformed to give
the wavelength-resolved Fourier transform power spectra (FTPS), which is the frequency-
domain spectra shown in Fig. 3a. The FT window ranging from 104 fs to 2728 fs and the
steps of N = 329 resulted in the frequency-domain spectra with a frequency range of 2077
cm and a frequency resolution of ~12 cm™. A series of FT analyses were also performed for
the TA data of pure solvent (DMF) and free-base porphyrin dissolved in DMF and, as a result,
their wavelength-resolved FTPS were obtained. To find the center position of the FTPS with
an accuracy better than the FT resolution of the raw data, we performed the cubic-spline
interpolation of the frequency-domain spectra, in which a Gaussian function was used to fit

each frequency mode. From the interpolated FTPS of DMF, we determined the frequencies of
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ground-state vibrational coherences, 364 cm, 405 cm, 667 cm™, and 866 cm™, which well

match Raman frequencies of DMF?, as shown in Fig. 3 and Supplementary Fig. 11.
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Supplementary Fig. 1. Transmission electron microscopy measurement of COFs. (a)
TEM image of COFs in powder form. (b) A selected area electron diffraction (SAED) image.
(c) The profile plot of the area indicated by the magenta rectangle in (b). The lattice spacing
(d-spacing) of 0.330 nm (= 1/3.029 nm) is close to the distance between 2D layers obtained
by powder X-ray diffraction (PXRD) patterns of COFs. (d) A high-resolution TEM (HR-

TEM) image of COFs for (220) planes. (e) A magnified view of (d). Periodic lines
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corresponding to the (220) planes are visible. The upper left inset shows a further magnified
view. The line spacing is about 1.0 nm. (f) Fourier-transform (FT) of the HR-TEM image in
(e). The Bragg peaks for (220) planes with 1.06 nm spacing are seen. (g) A HR-TEM image
of COFs for (200), or (020), planes. (h) A magnified view of (g). (i) FT of the HR-TEM

image in (h). The Bragg peaks for (200), or (020), planes with 1.5 nm spacing are seen.
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Supplementary Fig. 2. Powder X-ray diffraction (PXRD) patterns of COFs. (a, b)
Experimental PXRD pattern of COFs. To confirm the assignment of the observed reflections,
we performed the Pawley refinement of the experimental PXRD pattern (red circles) based
on the (a) eclipsed and (b) mixed staggered structure, as shown in (c). The positions of Bragg
reflections are marked by ticks for each of the eclipsed and staggered structures. The refined
profile (black line) with the mixed staggered structure shows better agreement with the
experimental PXRD pattern, leaving smaller discrepancy (blue line) between the
experimental and theoretically refined patterns. This observation is consistent with the HR-
TEM images shown in Supplementary Fig. 1. (¢c) Simulated PXRD patterns using the three
different periodic orderings, i.e. eclipsed, staggered (AB stacking), and staggered (A or B

stacking) conformations, of COFs. In each panel, the molecular frameworks of stacked 2D
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sheets, constructed from the quantum mechanical optimized structure, are visualized along
the direction of c-axis perpendicular to the paper plane. The relative intensities of Bragg
peaks in the simulated PXRD patterns are different from those in the experimental PXRD
pattern, which implies the preferred orientation of powder sample with anisotropic packing of

crystallites.
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Supplementary Fig. 3. X-ray photoelectron spectroscopy (XPS) spectra of COFs. (a)
XPS C 1s spectrum fitted with multiple Gaussian functions (color-coded), which are indexed
to C—C, C—N, and C=0 bonds, respectively. (b) XPS N 1s spectrum fitted with multiple
Gaussian functions (color-coded), which are indexed to pyridinic and pyrrolic nitrogen,
respectively. (¢) XPS O 1s spectrum fitted with a Gaussian function (red line), which

indicates the presence of C=0.

17



Q

100

90
80

70

60 S

50 +

Transmittance (%)

40

W——T——T— T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

= COF
100 * Free base porphyrin

100 200 300 400 500 600
Temperature (°C)
Supplementary Fig. 4. FTIR spectrum and thermogravimetric analysis of COFs. (a)
FTIR spectrum of COFs. Any intense peak around ~3400 cm™ related with the N-H
stretching mode of NHz group of 5,10,15,20-tetrakis(4-aminophenyl)porphyrin is absent in
COFs, which supports the formation of the desired structure. (b) Thermogravimetric analysis
(TGA) of COFs (black) and free-base porphyrin (red). At 300 °C, the weight loss of COFs is
approximately 9 % while free-base porphyrin is completely destroyed at the same

temperature. This shows the high thermal stability of COFs up to 450 °C.

18



350

300

250

200

4 6 8 10
Pore size (nm)

150

100

Volume at STP (cm?/g)

= Adsorption

50 .
= Desorption

0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

PIP,

Supplementary Fig. 5. Nitrogen-adsorption isotherms and pore size distribution of

COFs. Nitrogen adsorption-desorption isotherm of COFs was measured at 77 K. Inset shows

pore size distribution of COFs.
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Supplementary Fig. 6. Steady-state absorption spectra of synthesized COFs compared
with their precursors. Optical absorption spectrum of COFs dispersed in DMF (black),
together with the normalized absorption spectra of their precursor molecules, free-base
porphyrin (red) and perylene-3,4,9,10-tetracarboxylic dianhydride called as PDA (blue). (a, b)
Absorption spectra of COFs and their precursors in the spectral range (a) from 380 nm to 525
nm, and (b) from 440 nm to 800 nm. The conjugation of PDA and free-base porphyrin
moieties through the covalent bonds induces the spectral red shift of absorption maxima as
well as broadening of the absorption band up to the near-infrared region. (c) Comparison of
absorption spectrum of COFs (red) with that of a physical mixture of their precursor

molecules (black). While the physical mixture has low absorption at 575 — 660 nm, the
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synthesized COFs have strong absorption in a broad spectral range from 575 nm beyond 700

nm.
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Supplementary Fig. 7. Singular value decomposition (SVD) analysis of the chirp-

corrected transient absorption spectra of COFs. (a) The time-zero corrected transient

absorption spectra. (b) The first three left-singular vectors (ISV or U). (b) The most

significant right-singular vectors (rSVs or V) multiplied by their corresponding singular

values (S). The rSVs were globally fitted by two exponential functions (solid lines), yielding

the time constants of 124 fs and 1.26 ps.
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Supplementary Fig. 8. Species-associated difference spectra (SADS) of COFs and free-
base porphyrin and steady-state absorption and emission spectra of precursor
molecules. (a) 1% SADS and 2" SADS of COFs are compared with 2" SADS of free-base
porphyrin (H2TPP). (b) Linear absorption spectrum of PDI monomer (black line), together
with the fluorescence emission spectrum (magenta line) measured with the diluted solution
and the excitation at 483 nm. (c) Absorption (black line) and emission (magenta line) spectra
of PDI monomer. The fluorescence emission spectrum was measured with the excitation at
400 nm. The front and back numbers in parenthesis are the vibrational quantum numbers of

the dominant vibrational mode in the upper and lower electronic states, respectively.
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Supplementary Fig. 9. Double difference spectra between temporally adjacent species-
associated difference spectra (SADS) of COFs. The difference of 2" SADS and 1% SADS

are scaled with the factor of 0.5 for clear comparison with that of 3" SADS and 2" SADS.
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Supplementary Fig. 10. Molecular structure and steady-state absorption spectra of free-
base porphyrin. (a) Molecular structure of free-base porphyrin. (b) Electronic absorption
spectrum of free-base porphyrin (solid line), together with the fluorescence emission
spectrum (dotted line) measured with the excitation at 400 nm. The front and back numbers

in parenthesis are the vibrational quantum numbers of the dominant vibrational mode in the

upper and lower electronic states, respectively.
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Supplementary Fig. 11. Wavelength-resolved Fourier transform power spectra (FTPS)
for the oscillatory component of COFs at the selected probe wavelengths of 525 nm and
645 nm. The FTPS of pure solvent (DMF) shows a significant feature around 350 — 400 cm™,
which is well matched with the theoretical spectrum (dashed line) reconstructed from two
Gaussian functions centered at 364 cm™ and 405 cm. From the comparison of FTPS of
COFs and pure solvent, it is evident that the FTPS spectra of COFs give rise to two
prominent peaks of 76 cm™ and 285 cm™ in the low-frequency region, which is absent in the

FTPS of pure solvent.
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Supplementary Fig. 12. Wavelength-resolved Fourier transform power spectra (FTPS)
of free-base porphyrin. (a) Contour map of wavelength-resolved FTPS in the range of 0 —
900 cm at the probe spectral window of 475 nm — 710 nm. The vibrational coherences with
the frequencies of 85 cm™ and 321 cm™ prominent in the low-frequency region arise from
the solute, whereas the vibrational coherences of 405 cm™, 667 cm™, and 866 cm™
frequencies arise from both the solvent and the solute. The calculated Raman spectrum of
free-base porphyrin shown in upper panel is compared with the FTPS. The vibrational
frequencies were calculated for the optimized structure with the D2n symmetry using
B3LYP/6-311G(d,p). (b) Calculated normal modes of 75.5 cm™ and 313.6 cm™ frequencies

with the atomic displacements indicated (blue arrow). The 75.5 cm™ mode mainly involves
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torsional motion of side phenyl rings, while the 313.6 cm™ mode corresponds to the in-plane

motion of porphyrin ring.
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Supplementary Fig. 13. Two-dimensional plot of residuals obtained by subtracting the
electronic population dynamics from the TA data of COFs. For clarity, the solvent

contributions from the solvent (DMF) were filtered in the two-dimensional residual plot.
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Supplementary Fig. 14. Periodic molecular structure in a unit cell. (a) Top and (b)
perspective view of the unit cell of a COF monolayer consisting of 42 hydrogen, 92 carbon, 8

nitrogen, and 8 oxygen atoms.
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Supplementary Fig. 15. Calculated Kohn-Sham DFT energy levels of the COF unit cell

ranging from HOMO-4 to LUMO+3'. Constituent orbitals localized at free-base porphyrin

(left) and PDI (right) subunits were displayed on the sides with their isosurface images.

Occupied KS levels were represented with pairwise up-down arrows. The computed DFT

band gap of the PDI subunit was 1.42 eV.
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Supplementary Fig. 16. Time evolution of the computed Kohn-Sham DFT energy levels

ranging from HOMO-4 to LUMO+3' along the computed 500-fs trajectory.
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Supplementary Fig. 17. Linear absorption spectrum of COFs simulated by time-
dependent DFT. (a) Scissor operation on KS-DFT energy levels of COFs. Rigid shift was
applied to the KS states to reproduce the experimental energy gap. LUMO and LUMO’
localized at PDI subunit are upwardly shifted by 0.99 eV to match the experimental
absorption at 514 nm, and LUMO+1 and LUMO+1' are upwardly shifted by 0.24 eV and

0.33 eV, respectively, to match the experimental absorptions in the range of 513 — 635 nm. (b)
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Scissor-corrected energy gaps of the subunits represented with the KS isosurface images. (c)
Histograms of energy gaps of KS-DFT levels show a reasonable spectral feature compared
with the experimental linear absorption spectrum in the range of 500 — 635 nm after applying
the scissor operations. The histograms were fitted by Gaussian functions and were shown
with a determination coefficient (R?) indicating the fit quality. The value of R? closer to 1

means a perfect fit.
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Supplementary Fig. 18. Ab initio Non-adiabatic molecular dynamics simulations for
photoexcited charges carrier. (a) Time-evolution of population dynamics after an initial
excitation into Si state. The time constant for the population decay was obtained by using an
exponential fit. (b) Evolution of electron-hole distribution starting from the initially excited Si

state, visualized with the Kohn-Sham (KS) orbitals of COFs.
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Supplementary Fig. 20. Excitation energy dependence of TA signal. Time profiles of TA
intensity at the probe wavelength of 550 nm are shown as a function of excitation fluence at
523 nm. For the fluence of 125 nJ, the time interval between pump and probe pulses is 8 fs
while, for the other cases (100 nJ, 80 nJ, and 63 nJ), the time interval of 50 fs was used. The
bi-exponential fit (black line) with the time constants of 124 fs and 1.25 ps obtained from the
global kinetic analysis is shown together for comparison. The TA signal at the probe
wavelength of 550 nm mainly consists of stimulated emission feature of a single excited state.
Since the decay dynamics of TA intensity is not dependent on the excitation fluence, we

excluded the possibility of the recovery of the excited-state population back to the ground
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state in the time window of TA measurement.
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Supplementary Fig. 21. Time evolution of the surface hopping populations of the
electron-hole pair states localized in the PDI subunit. These profiles were obtained from

the NA-MD simulations using the FSSH and DISH schemes under the excitation of 2.4 eV.
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Supplementary Table 1. List of indexes of the singly excited electron-hole pairs in the

active space of the KS-DFT orbital ranging from the HOMO-4 to LUMO+1".

Excited state Hole Electron
Sa
Sh
Sc
HOMO-3' LUMO
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Sd

Se

St

40




Sh

Si

Sk

41




S|

Sm

Sn

So

HOMO-3'

LUMO+1
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Sr

Ss

HOMO-4

LUMO+1’
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St

Su

Sv

Sw

LUMO+Y1'
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Sx

LUMO+Y
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Supplementary Table 2. Populations of singly-excited states that were sampled 400 fs
after the excitation into Sy, Sq, and S; states, which are sampled using surface hopping

dynamics of NA-MD simulations.

Initial Population at 400 fs
Electron hole-pair
excited state (%)
GS 0.00
Sa 3.32
Sb 13.40
Sc 13.12
Sd 36.44
Se 2.44
Sb St 0.28
Sy 0.50
Sh 2.96
Si 7.22
Sj 18.24
Sk 1.62
Si 0.46
GS 0.02
Sd Sa 0.38
Sb 1.74
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Sc 5.22
Sd 78.42
Se 1.74
St 0.52
Sg 0.06
Sh 0.40
Si 2.28
Sj 7.40
Sk 1.38
Si 0.44
GS 0.04
Sa 4.26
Sb 7.24
Sc 12.88
Sd 35.00
Si Se 2.10
St 0.40
Sg 0.68
Sh 3.18
Si 12.24
Sj 19.78
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Sk

1.80

Si

0.40
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Supplementary Table 3. List of the vibrational normal modes of COFs around 76 cm™

and 285 cm™* frequencies.

Wavenumber (cm?)

64.58

70.12

72.89

73.01

74.02

77.12

82.86

273.62

279.69

282.08

286.26

291.86

295.03

297.58
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Supplementary Table 4. Time constants for the population decays of excited states after
the PDI-centered excitation (from HOMO-3 to LUMO) depending on various ranges of
active space. These time constants were determined from the NA-MD simulations using the

DISH algorithm under the excitation energy of 2.4 eV.

Active space # of active spaces | Time constant (fs) R?
HOMO-7 ~ LUMO’ 11 179.53 0.97
HOMO-7 ~ LUMO+1’ 13 177.30 0.98
HOMO-7 ~ LUMO+2’ 15 176.06 0.98
HOMO-7 ~ LUMO+3’ 17 173.01 0.97
HOMO-7 ~ LUMO+4’ 19 177.30 0.97
HOMO-4 ~ LUMO’ 8 181.49 0.98
HOMO-4 ~ LUMO+1’ 10 178.57 0.98
HOMO-4 ~ LUMO+2’ 12 180.51 0.99
HOMO-4 ~ LUMO+3’ 14 182.15 0.99
HOMO-4 ~ LUMO+4’ 16 180.83 0.98
HOMO-3 ~ LUMO’ 7 215.52 0.97
HOMO-3 ~ LUMO+1’ 9 221.24 0.97
HOMO-3 ~ LUMO+2’ 11 219.30 0.96
HOMO-3 ~ LUMO+3’ 13 216.92 0.97
HOMO-3 ~ LUMO+4’ 15 224.72 0.97
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