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Experimental Section

1. Material

1,3,5-Triformylbenzene (TF) and 2,4,6-trihydroxybenzene-1,3,5-trialdehyde (TFP) were
purchased from BIDE PHARMATECH CO., LTD. Tetrahydrofuran (THF), o-dichlorobenzene (o-
DCB), n-butyl alcohol (n-BuOH), acetic acid, N,N-dimethylacetamide (DMAC), and acetone
were purchased from chemical reagent manufacturers. Glass blocks (NeVid S27105) with
dimensions of 25.0 x 75.0 mm and thickness of 1.0 ~ 1.2 mm were used. Before use, they were
cut into rectangles of size 1.0 x 0.8 cm using a glass knife. The N4 N;-bis(4'-amino-[1,1'-
biphenyl]-4-yl)-[1,1'-biphenyl-4,4'-diamin] (BABD) used in this study was from the same batch
as those reported by Li et al. and further characterization can be found therein.! With the
exception of BABD, all chemicals utilized in this study were obtained commercially and

employed without further purification.

2. Experimental Section
2.1. Preparation of TF-BD Powder and Film
N4,N4-bis(4'-amino-[1,1'-biphenyl]-4-yl)-[1,1'-biphenyl-4,4'-diamin] (BABD,40.0 mg, 0.0771
mmol) and 1,3,5-triformylbenzene (TF, 12.5 mg, 0.0771 mmol) was successively added into 5
mL glass bottles. Subsequently, 1.25 mL of o-dichlorobenzene (o-DCB) and 1.25 mL of n-
butanol (n-BuOH) were added, and the resulting mixture was ultrasound treated for 5
minutes. Next, the pre-treated glass sheets were added to the mixture, and the entire mixture
was transferred to a 25 mL glass ampere bottle along with the glass sheets. Additionally, 0.25
mL of 6 M acetic acid was added to the mixture. Following this, the mixture was sealed and
subjected to three freezing-vacuum-thawing cycles at a temperature of 77 K liquid nitrogen.
Subsequently, it was heated at a temperature of 120 °C for a duration of 5 days. Once the
reaction had cooled to room temperature, the glass sheet was cleaned using N,N-
dimethylacetamide (DMAC) and acetone to obtain the TF-BD film. The remaining solids were
washed three times using DMAC and acetone filtration. The obtained powder was extracted
by Soxhlet extraction with THF and acetone acted as detergents for 48 h. Finally, TF-BD was
obtained as a yellow powder after undergoing vacuum activation at a temperature of 90 °C

for 24 hours.



2.2. Preparation of TFP-BD Powder and Film

A 5 mL glass bottle was used to combine BABD (36.9 mg, 0.0711 mmol) and 2,4,6-
triformylphloroglucinol (TFP, 15.0 mg, 0.0711 mmol) with 1.5 mL of 0-DCB and 1.5 mL of n-
BuOH. Ultrasound treatment was applied to the mixture for 5 minutes. Subsequently, the pre-
treated glass sheets were added to the mixture, and the entire mixture was transferred to a
25 mL glass ampere bottle along with the glass sheets. Additionally, 0.30 mL of 6 M acetic acid
was added to the mixture. Following this, the mixture was sealed and subjected to three
freezing-vacuum-thawing cycles at a temperature of 77 K liquid nitrogen. Next, the reaction
was heated at 120 °C for 3 days. After cooling to room temperature, the glass sheet was
washed with DMAC and acetone to obtain the TFP-BD film. The residual solution from the
reaction system was filtered, and the resulting solids were washed three times with DMAC
and acetone. The obtained powder was Soxhlet extraction with THF and acetone acted as
detergents for 48 hours. Finally, the yellow powder of TFP-BD was obtained after vacuum

activation at 90 °C for 24 hours.

3. Characterization

Power X-ray diffraction (PXRD) patterns were collected using a Cu Ka radiation X-ray
diffraction system (DX-27mini, China). Fourier transform infrared (FT-IR) spectra were
measured using an IR spectrometer (Nicolet 6700) in the ranges of 4000 to 400 cm™. X-ray
Photoelectron Spectroscopy (XPS) was performed on a Thermo Scientific K-Alpha XPS system
equipped with a monochromatic Al Ka X-ray source (hv = 1486.6 eV). The binding energies in
all obtained XPS spectra were calibrated using the C 1s peak at 284.8 eV. Solid-state NMR
spectra were acquired using a Bruker 400M spectrometer with cross-polarization magic-angle-
spinning (CP/MAS) at a resonance frequency of 150.9 MHz. 3C CP/MAS NMR spectra were
recorded using a 4 mm MAS probe and a spinning rate of 10 kHz. A contact time of 4 s and a
recycle delay of 6.5 us were used for the 3C CP/MAS NMR measurement. The chemical shifts
of 13C were externally referenced to tetramethylsilane (TMS). Scanning electron microscopy
(SEM) images were obtained using a GeminiSEM 500 system. Transmission electron
microscopy (TEM) images were acquired using a Tecnai G2 F30 S-Twin. Thermogravimetric
analysis (TGA) was performed using a NETZSCH TG 209 F1 Libra under flowing N, with a ramp

rate of 20 K min~. The Brunauer-Emmett-Teller (BET) surface areas were calculated from N,



sorption isotherms at 77 K using a Micromeritics ASAP 2460 3.01 system surface area and pore
size analyzer. Solid-state ultraviolet-visible (UV-Vis) absorption of the sample was recorded
using the Shimadzu UV-2600i UV-visible absorption spectrum. The band gap width of the
material is calculated using the Tauc plot method and extrapolating the straight-line part to
the intersection of the abscissa. Atomic force microscopystudy (AFM) images were obtained

using a Bruker Dimension Icon atomic force microscope.
4. Computational Methods

The structure optimizations were performed using the Gaussian 16 package?, and the
density functional theory (DFT) method B3LYP-D3 (with the default D3 dispersion correction
proposed by Grimme)3> with the 6-31G(d) basis-set.®® To perfrom the quantum mechanics
calculation for COF material, the model was constructed by extracting a unit from the COF
material, and the boundaries of the truncated unit were capped with hydrogen atoms. Hybrid
DFT methods, such as B3LYP, predict many of the electronic properties correctly, and it
performs well for different properties of conjugated polymers, such as geometries and band
gaps®12 The HOMO/LUMO and their energies were computed at the B3LYP-D3/6-31G(d) level.
Structural modeling of COFs was generated using the BIOVIA Materials Studio!® program
employing the Building (Crystal) module, and the lattice model was geometrically optimized
using force-filed based method (Forcite molecular dynamics module) and SCC-DFTB (DFTB +
module). Pawley fitting (Reflex module) was performed iteratively to optimize the lattice
parameters until the R, value converged and showed good agreement with the overlay of
observed and refined profiles. Powder indexing and Rietveld refinement were performed

using EXPO2014 various topology structures were illustrated using VESTA software®>.

5. Nonlinear optical measurements

The third-order nonlinear optical (NLO) properties of TF-BD and TFP-BD films were
investigated using open-aperture Z-scan techniques. The laser used in the experiment was a
mode-locked Nd:YAG laser at 532 nm. The ENERGY probe was Rj-7620 ENERGY RATIOMETER,
with detection wavelength of 532 nm, pulse width of 4 ns, the laser pulse energy of 5-10 uJ,
and focal spot beam waist radius of 30 um. The glass sheet attached to the sample was placed
on a mobile platform and used directly for testing. All testing procedures were conducted at
room temperature. The sample moves in the direction of optical path propagation near the

focal point of the lens, and the transmittance was monitored by two energy detectors.
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Normalized transmittance higher than 1.0 will be observed when the sample exhibits
saturable absorption (SA). In contrast, a normalized transmittance lower than 1.0 indicates
that the sample has reverse saturated absorption (RSA)?6.

In addition, the nonlinear absorption coefficients (8) of TF-BD and TFP-BD films were

fitted by the formula.

Where T is normalized transmittance, Iy is the input peak intensity at the focal point, and Z; is

_ 2
the Rayleigh diffraction length which can be calculated by Zy =m0y} is the wavelength,

_ %
Lyy=(-e "LYay The thickness (L) in the fitting formula uses the COF films thickness measured
by AFM. Since COF films are attached to both sides of the glass sheet during the preparation
of COF films, the L used in the calculation of COFs 8 is twice the thickness of the film measured

by the actual AFM.
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Figure S1. Solid-state CP-MAS 3C NMR of (a) TF-BD and (b) TFP-BD.
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Figure S2. FT-IR spectra of TF, TFP, BABD, TF-BD, and TFP-BD.
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Figure S3. The top and side views of the structural model of COFs with eclipsed (AA) and
staggered (AB) stacking (Gray: C; Blue: N; Red: O). (a) Experimental and simulated PXRD
patterns for TF-BD. (b) AA stacking structure of TF-BD. (c) AB stacking structure of TF-BD. (d)
Experimental and simulated PXRD patterns for TFP-BD. (e) AA stacking structure of TFP-BD. (f)
AB stacking structure of TFP-BD. (g) stacking of TFP-BD as serrated with 1/4 an offset along

the a-axi.
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Figure S4. TGA curves of TF-BD and TFP-BD.
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Figure S5. Nitrogen sorption isotherm of the (a) TF-BD and (b) TFP-BD measured at 77 K (Inset:

Pore size distribution profile of the TF-BD and TFP-BD, respectively).



Figure S7. (a, b) SEM images of TF-BD powder, (c, d) SEM images of TFP-BD powder.
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(a) TF-BD powder

Figure S8. (a) TEM and (b) HR-TEM images of TF-BD powder. (c) TEM and (d) HR-TEM images
of TF-BD film.
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TFP-BD powder

(c) TFP-BD film

Figure S9. (a) TEM and (b) HR-TEM images of TFP-BD powder. (c) TEM and (d) HR-TEM images
of TFP-BD film.
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Figure S10. (a) AFM graph, (b) 3D graphs and (c) height profiles of TF-BD COF film.
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Figure S11. (a) AFM graph, (b) 3D graphs and (c) height profiles of TFP-BD COF film.
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Figure S12. Survey XPS spectra of COF films.
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Figure S13. Valence-band XPS spectrum of TFP-BD and TF-BD COFs.

Table S1. Summary of the proportions of different elements in COFs by XPS analysis.

Sample C (wt%) N (wt%) O (wt%)
TF-BD 87.55 6.96 5.49
TFP-BD 85.69 6.03 8.28
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Figure S14. Open-aperture Z-scan curves of glass at pulse energy of 10 uJ.
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Figure S15. Open-aperture Z-scan curves with pulse energy of 15 p at the same position

repeated 3 times of TFP-BD.

The third-order NLO stability of the prepared COFs film was further demonstrated by three

experiments at the same position of TFP-BD film at 15 w (Fig. S15).
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Figure S16. The plots of normalized transmittance versus input fluence (a) TF-BD and (b) TFP-

BD films.
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Table S2. Calculated HOMO energy level, LUMO energy level, and HOMO-LUMO gaps values
of COF films in B3LYP/6-31G(d).

HOMO-LUMO
Sample Eromo (V) Eiumo (eV)
gaps (eV)
TF-BD -4.82 -1.63 3.19
TFP-BD ~5.00 -2.63 2.37

Table S3. Third order nonlinear optical refraction parameters of the COF films obtained with

different pulse energies by open-aperture Z-scan.

Pulse
Legs Fit
Sample energy Transmittance L (nm) 6 (cm GW1)
(nm) depth
()
5 0.17 0.22 2.81x10%
TF-BD 404 386
10 0.18 0.45 -2.80x10%
5 0.73 0.40 -2.01 x10°
10 0.73 1.00 -3.01x10°
TFP-BD 15 0.73 17 29 0.61 -2.04 x10°
15 0.73 0.60 -2.01 x10°
15 0.73 0.60 -2.01 x10°

8: nonlinear absorption coefficient, negative (-) values represent saturation absorption.
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Table S4. Comparison of nonlinear absorption coefficients (8, negative (-) values represent

saturation absorption) of third-order nonlinear optical materials reported recently.

Name Measurement 6 (cm GW-Y)
Ref.
condition
Z-scan,
TFP-BD 532 nm, ~3.01 x 105 cm GW-1 This work
1 10 ul
Z-scan,
_ — 4 -1 H
TF-BD 532 nm, 2.80 x 10* cm GW This work
10 ul
2 | NOC6F- Z-scan 7.2x1010m w1 .
2/PMMA

3 | MoS,/graphene

Z-scan, 800 nm, [y ~

123 GW cm™2

-1217.8 cm GW!

18

5 | Cs,AgBiBrg

Z-scan,

515 nm and 800 nm

(-2.0£0.6) x 10*cm
GW1 (515 nm);
(=7.1+£0.05) x 103 cm
GW-1 (800 nm)

19

800 nm; 1066 nm

nm);

-91 cm GW-1 (1066 nm)

6 | De-4.8 Z-scan, -1578 + 49 cm GW! 0
800 nm
7 | Cu-Al-0 thin Z-scan, -6.29 x 107> cm W1 "
films 1550 nm
8 | L3 Z-scan, -80.63 cm GW™! 22
400 nm
9 | GaS Z-scan, ~9.3 x 10 cm GW- (800

23
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10 BTFA Z-scan, -10.1 x 103cm GW 2
nanofilm COF 800 nm;
11 | MoS; film Z-scan -11.4 cm GW™1
25
12 | WS, film Z-scan -5.25x 102cm GW1
13 | Bi,0,Se Z-scan -2.9x103cm GW! 26
14 | PtSe, Z-scan -9.94 x 103 cm GW! 27
15 | BP Z-scan -0.01 cm GW1 28
16 | BPQDs/PMMA | Z-scan -(0.41 +£0.06) x 103 cm 2
Gw1
17 | Mxene Z-scan -0.297 cm GW™! 30
18 | GDY-PVP Z-scan -10.96 cm GW™! "
nanocomposite
19 | GO Z-scan -40 cm GW! 32
20 | TisC,T(=0 rich) | 515 nm ~1020 + 136.2 cm GW-1 33
21 | Hgl2-1.0-150 Z-scan, 532 nm, 11 W -134 cm GW! 34
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Table S5. Unit cell parameters and fractional atomic coordinates for TF-BD were calculated

based on the AB stacking.

Space group P1

a=23.7405 A, b=23.7405 A, c = 7.0428 A
a=6=90°y=120°

Calculated unit cell

Atoms X Y z Atoms X Y z
C1 1.05411 0.00771 0.33780 C50 0.73759 0.3648 0.79700
c2 1.08596 -0.02494 0.27116 C51 0.76944 0.33215 0.73036
C3 1.15370 0.00482 0.27247 C52 0.83718 0.36191 0.73167
c4 1.19190 0.06886 0.33746 C53 0.87538 0.42595 0.79666
Cc5 1.16077 0.10213 0.40264 C54 0.84425 0.45922 0.86184
cé 1.09298 0.07174 0.40428 C55 0.77646 0.42883 0.86348
c7 1.26375 0.10074 0.33717 C56 0.94723 0.45783 0.79637
Cc8 1.29451 0.06409 0.30963 C57 0.97799 0.42118 0.76882
c9 0.36482 0.0952 0.30980 C58 0.04830 0.45229 0.76899
c10 0.40282 0.16224 0.33606 C59 0.08630 0.51933 0.79526
C11 0.37239 0.19923 0.36329 ce0 0.05587 0.55632 0.82249
C12 1.30208 0.16803 0.36437 ce1l 0.98556 0.52512 0.82356
N13 0.47217 0.19149 0.33511 N62 0.15565 0.54858 0.79431
Cl14 0.58201 0.28169 0.34599 ce3 0.26549 0.63878 0.80519
C15 0.61014 0.24198 0.34606 ce4 0.29362 0.59907 0.80526
Cie 0.51125 0.25375 0.34608 Cce65 0.19473 0.61084 0.80527
c17 0.95172 0.01570 0.33780 cé6 0.63520 0.37279 0.79700
C18 0.98437 0.08020 0.27116 ce7 0.66785 0.43729 0.73036
C19 0.95461 0.11818 0.27247 Ce8 0.63809 0.47527 0.73167
C20 0.89057 0.09234 0.33746 ce9 0.57405 0.44943 0.79666
c21 0.85730 0.02794 0.40264 C70 0.54078 0.38503 0.86184
C22 0.88769 -0.00946 0.40428 Cc71 0.57117 0.34763 0.86348
C23 0.85869 0.13231 0.33717 C72 0.54217 0.48940 0.79637
C24 0.89534 0.19972 0.30963 C73 0.57882 0.55681 0.76882
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C26
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Cc28

N29

C30

C31

C32

C33

C34

C35

C36

C37

C38

C39

C40

C41

C42

C43

C44

N45

C46

c47

C48

N49

0.86423

0.79719

0.76020

0.79140

0.76794

0.67774

0.71745

0.70568

0.94373

0.87923

0.84125

0.86709

0.93149

0.96889

0.82712

0.75971

0.72051

0.74955

0.81697

0.85608

0.70945

0.68981

0.62197

0.73263

0.98319

0.23892

0.20988

0.14246

0.10335

0.24998

0.26962

0.33746

0.22680

-0.09468

-0.12653

-0.19427

-0.23247

-0.20134

-0.13355

-0.30432

-0.33508

0.59461

0.55661

0.58704

-0.34265

0.48726

0.37742

0.34929

0.44818

-0.02376

0.3098

0.33606

0.36329

0.36437

0.33511

0.34599

0.34606

0.34608

0.33780

0.27116

0.27247

0.33746

0.40264

0.40428

0.33717

0.30963

0.3098

0.33606

0.36329

0.36437

0.33511

0.34599

0.34606

0.34608

0.33788

C74

C75

C76

c77

N78

C79

C80

C81

82

C83

C84

C85

C86

c87

C88

C89

Co0

ca1

€92

Co3

N94

C95

C96

co7

N98

0.54771

0.48067

0.44368

0.47488

0.45142

0.36122

0.40093

0.38916

0.62721

0.56271

0.52473

0.55057

0.61497

0.65237

0.51060

0.44319

0.40399

0.43303

0.50045

0.53956

0.39293

0.37329

0.30545

0.41611

0.66667

0.59601

0.56697

0.49955

0.46044

0.60707

0.62671

0.69455

0.58389

0.26241

0.23056

0.16282

0.12462

0.15575

0.22354

0.05277

0.02201

0.95170

0.91370

0.94413

0.01444

0.84435

0.73451

0.70638

0.80527

0.33333

0.76899

0.79526

0.82249

0.82356

0.79431

0.80519

0.80526

0.80527

0.79700

0.73036

0.73167

0.79666

0.86184

0.86348

0.79637

0.76882

0.76899

0.79526

0.82249

0.82356

0.79431

0.80519

0.80526

0.80527

0.79707
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Table S6. Unit cell parameters and fractional atomic coordinates for TFP-BD were calculated

based on the AB stacking.

Space group P1

a=23.8228 A, b=23.8228 A, c =7.0200 A
a=6=90°y=120°

Calculated unit cell

Atoms X Y z Atoms X Y VA
Cc1 0.74307 0.48185 0.31371 C53 0.07896 0.15159 -0.27071
Cc2 0.81164 0.52501 0.31371 C54 0.14750 0.19465 -0.27071
Cc3 0.83992 0.59396 0.31371 C55 0.17576 0.26354  -0.27071
c4 0.90742 0.63310 0.31371 C56 0.24323 0.30265 -0.27071
Cc5 0.93605 0.70064 0.31371 C57 0.27183 0.37018 -0.27071
cé 0.89750 0.73000 0.31371 C58 0.23329 0.39958 -0.27071
c7 0.82975 0.69036 0.31371 C59 0.16554 0.35991 -0.27071
Cc8 0.80115 0.62293 0.31371 c60 0.13697 0.29248 -0.27071
Cc9 0.71534 0.41694 0.31371 ce1l 0.0513 0.08674  -0.27071
c10 0.75368 0.38318 0.31371 C62 0.0897 0.05309 -0.27071
C11 0.92758 0.80151 0.31371 ce3 0.26342 0.47116  -0.27071
C12 0.99497 0.84148 0.31371 Cce4 0.33083 0.51116 -0.27071
N13 0.02269 0.90881 0.31371 N65 0.35863 0.57855 -0.27071
Ci14 0.98537 0.93974 0.31371 C66 0.32136 0.60956  -0.27071
C15 0.91767 0.89797 0.31371 ce7 0.25364 0.56778 -0.27071
Ci6 0.88909 0.8306 0.31371 c68 0.22500 0.50034 -0.27071
017 0.61230 0.40605 0.31371 069 0.94829 0.07581 -0.27071
C18 0.54492 0.26886 0.31371 C70 0.88112 0.93870 -0.27071
C19 0.50176 0.29427 0.31371 Cc71 0.83806 0.96418 -0.27071
C20 0.43281 0.25360 0.31371 C72 0.76917 0.92355 -0.27071
c21 0.39367 0.28196 0.31371 C73 0.73006 0.95191 -0.27071
C22 0.32613 0.24305 0.31371 C74 0.66253 0.91298 -0.27071
C23 0.29677 0.17514 0.31371 C75 0.63313 0.84504 -0.27071
C24 0.33641 0.14703 0.31371 C76 0.6728 0.81696 -0.27071
C25 0.40384 0.18586 0.31371 c77 0.74023 0.85582  -0.27071
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C26

c27

C28

Cc29

N30

C31

C32

C33

034

C35

C36

Cc37

C38

C39

C40

C41

C42

C43

ca4

C45

C46

N47

C48

C49

C50

051

N52

0.60983

0.64359

0.22526

0.18529

0.11796

0.08703

0.1288

0.19617

0.62072

0.75791

0.7325

0.77317

0.74481

0.78372

0.85163

0.87974

0.84091

0.72073

0.64863

0.89306

0.86564

0.90525

0.97350

0.99943

0.96064

0.81288

0.01530

0.30604

0.37814

0.13371

0.16113

0.12152

0.05327

0.02734

0.06613

0.21389

0.2837

0.21513

0.18685

0.11935

0.09072

0.12927

0.19702

0.22562

0.31143

0.27309

0.09919

0.0318

1.00408

0.04140

0.1091

0.13768

0.41447

0.01147

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

0.31371

C78

C79

C80

Cc81

N82

C83

Cc84

C85

086

Cc87

C88

C89

C90

Cco1

C92

Cc93

Co4

C95

Co6

co97

Co8

N99

C100

C101

C102

0103

N104

0.94597

0.97962

0.56155

0.52155

0.45416

0.42315

0.46493

0.53237

0.9569

0.09401

0.06853

0.10916

0.0808

0.11973

0.18767

0.21575

0.17689

0.05682

0.98477

0.22912

0.20171

0.24130

0.30958

0.33552

0.29672

0.14890

0.35137

0.97589

0.04794

0.80359

0.831

0.79141

0.72313

0.69719

0.73599

0.88381

0.95375

0.88521

0.85695

0.78948

0.76088

0.79942

0.86717

0.89574

0.98141

0.94301

0.76929

0.70188

0.67408

0.71135

0.77907

0.80771

0.08442

0.68135

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071

-0.27071
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