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1. General

Solution NMR were measured on a Bruker Ultrashield™ 400 MHz NMR spectrometer. Solid-state NMR
experiments were performed on an Agilent DD2 500 MHz spectrometer (Bo = 11.7 T) equipped with a 4.0
mm probe. *H-13C CP/MAS NMR spectra were obtained at a spinning speed of 10 kHz, a recycle delay of
4s, and a pulse length of 2.5 us (m/4). FT-IR spectra were recorded on a Shimadzu IRAffinity-1S

spectrophotometer. Powder X-ray diffraction (PXRD) spectra were collected on a Rigaku MiniFlex IT

desktop X-Ray diffractometer. N, sorption isotherm carried out on a Quantachrome Autosorb iQ-MP/XR
gas sorption analyzer. The morphologies of samples were inspected using a FEI Nova 200 Nanolab
scanning electron microscope (SEM) and a FEI Titan 80-300 transmission electron microscope. X-ray
photoelectron spectroscopy (XPS) spectra were obtained on a PHI VersaProbe XPS instrument. Inductively
coupled plasma mass spectrometry (ICP-MS) was performed on a Thermo Icap Q ICP-MS instrument.
Thermogravimetric analysis (TGA) was carried out on a universal Q500 TA instrument under N;
atmosphere. pH was measured using a HANNA HI 2210 pH meter. Gas analysis was performed on an SRl

8610C gas chromatograph.

1,4-dioxane, hydrazine monohydrate, o-dichlorobenze, and 1,3,5-triboromobenzene were purchased
from BeanTown Chemical. Mesitylene and 1,3,6,8-tetrabromopyrene were purchased from Tokyo
Chemical Industry Co., Ltd. (TCI). Koptec’s Pure Ethanol 200 Proof was obtained from Decon Labs. HPLC
grade water was obtained from VWR. Sodium formate and [Cp*IrCl,], were obtained from Alfa Aesar. 4-
aminophenylboronic acid pinacol ester, (4-formylphenyl)boronic acid, and
tetrakis(triphenylphosphine)palladium(0) were obtained from Matrix Scientific. All the chemicals were

used as received.
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2. Synthetic procedures

2.1 Synthesis of 1,3,6,8-tetrakis(4-aminophenyl)pyrene (TAPPy)?

H,oN O O NH,
Br O Br B(OH), O
“ K2003, Pd(PPh3)4 “
+ >
O dioxane/H,0, 115 °C, 3 d, N, O
NH
Br Br 2 O O
H,oN NH,

A mixture of 1,3,6,8-tetrabromopyrene (1.5 g, 2.9 mmol), 4-aminophenylboronic acid pinacol ester (3.0 g,

13.7 mmol), K,CO3 (2.2 g, 15.9 mmol) and Pd(PPhs)s (330 mg, 0.29 mmol) in 32 mL 1,4-dioxane and 8 mL
H.O was refluxed for 3 d under N,. After cooling to room temperature, H,O was added. The resulting
precipitate was collected via filtration, washed with H,O and MeOH and then recrystallized from hot 1,4-
dioxane to give the title compound as a yellow powder. Yield: 1.4 g, 82%. *H NMR (400 MHz, DMSO-ds): &
8.12 (s, 4H), 7.78 (s, 2H), 7.34 (d, J = 8.4 Hz, 8H), 6.77 (d, J = 8.4 Hz, 8H), 5.31 (s, 8H). 3C NMR (101 MHz,
DMSO-ds) & 148.7, 137.6, 131.5, 129.5, 128.1, 127.2, 126.6, 124.9, 114.4.

2.2 Synthesis of 1,3,5-tris(p-formylphenyl)benzene (TFPB)?

OHC CHO
wiom, A L
Br Br Pd(PPh3)4, N82CO3 O
\©/ + Toluene/EtOH/H ,0, 90 °C, 48h
Br CHO O

CHO

A mixture of 1,3,5-Tribromobenzene (2.5 g, 8 mmol), (4-formylphenyl)boronic acid (5.0 g, 33.3 mmol),
Na,COs (8.4 g, 79.2 mmol) and Pd(PPhs)s (1.0 g, 0.87 mmol) were dissolved in toluene (30 ml), water (5
ml) and ethanol (10 ml). The solution was degassed three times and then heated at 90 °C for 48 h. The
organic layer was then decanted, and the aqueous layer was extracted two times using CH,Cl,. The
combined organic layer was washed with water and evaporated. The crude product was purified by

recrystallization from ethyl acetate to give the title compound TFPB as an off white solid. Yield: 2.3 g, 74%.
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'H NMR (400 MHz, CDCl3) & 10.12 (s, 3H), 8.08 — 8.01 (m, 6H), 7.95 — 7.87 (m, 9H). *C NMR (101 MHz,
CDCl3) 6 191.7, 146.3, 141.6, 135.8, 130.4, 128.0, 126.5.

2.3 Synthesis of model Ir imine complex®

[::]/*QN/I::] [Cp*IrCl,],, NaOAc \N/[:j
DCM, rt, 5 h J{
cl Cp*

L1 L1-Ir

A mixture of NaOAc (13 mg, 0.16 mmol), [Cp*IrCl,], (50 mg, 0.06 mmol), dibenzylideneaniline (23 mg, 0.13
mmol) and benzaldehyde (7 mg, 0.07 mmol) in 5 mL dichloromethane was stirred at room temperature
for 5 h. The orange solution was passed through a syringe filter and concentrated to ca. 1 mL. Then hexane
was added, and the resulting red precipitate was collected via filtration and washed with hexane. 5a was
isolated as a red precipitate. Yield: 58 mg, 85%. *H NMR (400 MHz, CDCl;) 6 8.34 (s, 1H), 7.87 (d, J = 7.7
Hz, 1H), 7.65 (dd, ) = 7.7, 1.5 Hz, 1H), 7.62 — 7.55 (m, 2H), 7.42 (t, ) = 7.7 Hz, 2H), 7.35 - 7.29 (m, 1H), 7.23
(ddd, J=9.0, 6.6, 2.8 Hz, 2H), 7.05 (td, J = 7.4, 1.1 Hz, 1H), 1.49 (s, 15H). **C NMR (101 MHz, CDCl3) § 175.4,
170.5, 151.8, 147.0, 135.1, 132.4, 129.6, 129.0, 127.3, 122.5, 122.0, 89.2, 8.8.

2.4 Synthesis of model Ir azine complex®

@N,Nﬁ [Cp*erIz]z, NaOAc \NAN/©
MeOH |r/

AN
cl ©p*
L2 L2-Ir

A mixture of NaOAc (150 mg, 1.8 mmol), [Cp*IrCl,]; (120 mg, 0.15 mmol), and 1,2-dibenzylidenehydrazine
(63 mg, 0.3 mmol) was stirred at 50 °C in 15 mL of methanol for 8 h. The mixture was filtered and
evaporated to give the crude product. The crude product was recrystallized from
dichloromethane/hexane to give a red powder. Yield: 145 mg, 85%. 'H NMR (400 MHz, CDCl5) § 9.21 (s,
1H), 8.61 (s, 1H), 7.91 (dd, J = 7.8, 1.9 Hz, 2H), 7.86 (d, J = 7.7 Hz, 1H), 7.60 (dd, J = 7.6, 1.5 Hz, 1H), 7.50
(tdd, J =9.0, 5.8, 2.0 Hz, 3H), 7.20 (td, J = 7.5, 1.5 Hz, 1H), 7.07 (td, J = 7.4, 1.1 Hz, 1H), 1.71 (s, 15H). 3C
NMR (101 MHz, CDCl;) 6 172.0, 160.8, 143.7, 135.1, 132.2, 131.6, 129.4, 129.0, 122.3, 89.6, 9.4.
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2.5 Synthesis of Py-1P>

O CHO
O CHO

+

TAPPy TA

TAPPy (40.5 mg, 0.0715 mmol), TA (19.2 mg, 0.143 mmol) and 1,4-dioxane/mesitylene (1 mL, 4/1) were
added into a 4 mL vial. The mixture was sonicated thoroughly (1-2 minutes). The vial was preheated to
70 °C using an aluminum heating block. To the preheated solution, 0.5 mL of 10.5 M acetic acid was added.
The vial was capped securely, then gently swirled to mix the acid into the reaction mixture, then the
reaction mixture was kept at 70 °C for 4 hours. After the specified reaction time, the COF solid was filtered

and rinsed thoroughly with methanol and dried under vacuum at 80 °C.
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2.6 Synthesis of TFPB-Hz COF®

O (J

+  HN-NH;' H0 O
OHC ‘ ‘ CHO -
TFPB HZ l O l O

\ O

In a 10 ml Schlenk tube, TFPB (50 mg, 0.13 mmol) was suspended in a mixture o-dichlorobenze/EtOH/6 M
acetic acid (1.2/1.8/0.3 mL). To the suspension, hydrazine hydrate (9.5 uL) was then added. The tube was
degassed by three freeze-pump-thaw cycles, sealed, and then heated in an aluminum heating block at
120 °C for 3 days. Thereafter the yellow powder was filtered and washed with chloroform (2 x 5 ml),
acetone (2 x 5 ml) and tetrahydrofuran (2 x 5 ml). The solid was dried in an oven at 60 °C to afford TFPB-

HZ COF as a light-yellow powder.

2.7 General procedure for metalation with iridium

A mixture of COF sample (100 mg), [Cp*IrCl,](0.50 equiv. for Py-1P COF and 0.23 equiv. for TFPB-Hz COF
with respect to imine), and NaOAc (10 equiv. to imine) was suspended in 10 mL dry methanol. Then the
mixture was heated at 80 °C under N,. After 24 h, the reaction mixture was cooled to room temperature.
The COF powder was collected via filtration and washed with CH,Cl; and MeOH, then dried under vacuum
at 60 °C. The Ir loading was determined to be 11.8 wt% for Py-1P-Ir and 12.5 wt% for TFPB-Hz-Ir

respectively by ICP-MS.
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Figure S1. FT-IR spectra of L1 and L1-Ir.

s ——— COF-PyTA-Ir

' —— COF-PyTA
S5
s
=
‘0
c
[]
=

| A
T T T T T T T T T T T
0 200 400 600 800 1000 1200

Binding Energy (eV)

Figure S2. XPS survey spectra of Py-1P COF and Py-1P-Ir COF.

S8



A 399.8ev LI
— 11

Intensity (a.u.)

T T T T T T
394 396 398 400 402 404 406
Binding Energy (eV)

Figure S3. XPS N 1s spectra of L1 and L1-Ir.
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Figure S4. Comparison of 1*C NMR spectra of L1-Ir (in CDCl3) and Py-1P-Ir COF (solid state). Color code:
blue, methyl carbons; green, aromatic carbons of Cp*; red, imine carbon and Ir bonded carbon in the
iridacycle.
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Figure S5. BET plot of Py-1P COF.
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Figure S6. BET plot of Py-1P-Ir COF.
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Figure S7. SEM images of (a) Py-1P COF and (b) Py-1P-Ir COF.
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Figure S8. EDX spectrum of Py-1P-Ir COF.
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Figure S9. TGA trace of Py-1P-Ir COF.
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Figure $10. PXRD patterns of TFPB-Hz COF and TFPB-Hz-Ir COF.
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Figure S13. XPS survey (a) and N 1s (b) spectra of TFPB-Hz COF and TFPB-Hz-Ir COF.
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Figure S14. Comparison of 3C NMR spectra of L2-Ir (in CDCls), TFPB-Hz COF and TFPB-Hz-Ir COF (solid

state). Color code: blue, methyl carbons; green, aromatic carbons of Cp*; red, imine carbon and Ir
bonded carbon in the iridacycle.
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3. Catalytic hydrogen evolution from aqueous formate solution

General procedure. Catalyst (6.35 umol based on Ir) and 1 M HCOONa aqueous solution (10 mL) were
added into a 25 mL Schlenk tube. The tube was capped with a rubber septum and degassed by bubbling
through N, for 15 min. Then the tube was heated in an oil bath (thermal reaction) or illuminated with a

LED photoreactor (photoreaction, Figure S19) for 6 h. The gas in the head space was analyzed by GC.

Temperature effect. Py-1P-Ir COF (10 mg, 6.35 umol based on Ir) and 1 M HCOONa aqueous solution (10
mL) were added into a 25 mL Schlenk tube. The tube was capped with a rubber septum and degassed by

bubbling through N, for 15 min. Then the tube was heated in an oil bath for 6 h.

pH effect. Py-1P-Ir COF (10 mg, 6.35 umol based on Ir) and 1 M pH adjusted formate aqueous solution
(10 mL) were added into a 25 mL Schlenk tube. The tube was capped with a rubber septum and degassed
by bubbling through N for 15 min. Then the tube was heated in an oil bath at 25 °C for 6 h. pH adjustment:
Acidic 1.0 M formate solutions were prepared by mixing approiate HCOOH and HCOONa in H,0, keeping

the concentration of formate at 1 M accordding to Table S1.

Recycle test. The reaction was carried out with 10 mg catalyst in 1 M HCOONa at 85 °C for 6 h. The COF
catalyst was revovered by centrifugation, washed with MeOH, then dried at 65 °C before it was used for

next run.

Concentration effect. Py-1P-Ir COF (10 mg, 6.35 umol based on Ir) and 1 M, 2 M, 5 M, or 10 M HCOONa
aqueous solution (10 mL) were added into a 25 mL Schlenk tube. The tube was capped with a rubber
septum and degassed by bubbling through N, for 15 min. Then the tube was heated in an oil bath at 65 °C

for 6 h. Note: the pH was not adjusted.

Catalytic reduction of imine substrate. Py-1P-Ir or Py-1P COF (6 mg), dibenzylideneaniline (45 mg, 0.25
mmol), and 1M HCOONa (5 mL) were added into a 25 mL Schlenk tube. The tube was capped with a rubber
septum and degassed by bubbling through N, for 15 min. Then the tube was heated in an oil bath at 85 °C
for 6 h. The organic compound was extracted with CH,Cl, and analyzed by 'H NMR. An NMR yield of 77%
was observed for the formation of N-benzylaniline in the presence of Py-1P-Ir. Py-1P COF failed to catalyze

the reaction (Figure S25).
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Table S1. Recipe of 100 mL formate (1.0 M) solutions with different pHs.

Entry HCOOH /g HCOONa /g pH
1 4.309 0.114 1.94
2 1.624 4.280 3.72
3 0.026 6.761 5.92
4 0 6.801 7.52

Table S2. Ir loading effect on the HER reaction.?

Catalyst? Ir loading® Hz / umol (purity, %) H2 generation rate / umol g h*? TON
Py-1P-Ir100 11.8% 250.0 (93) 4167 40.7
Py-1P-Irso 9.9% 125.8 (96) 2097 24.4
Py-1P-Ir2s 8.7% 98.1 (96) 1635 21.7

9 Reaction conditions: A 10 mL of 1 M HCOONa aqueous solution were heated at 85 °C for 6 h in the
presence of 10 mg Py-1P-Ir COF. ® The subscript denotes the equivalent of Ir relative to imine used for

metalation. ¢ Ir loading determined by ICP.
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Figure S18. Test report of the blue LED light purchased from Environmental Lights’.
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Figure S19. Photograph of the LED photoreactor. The LED light strip (320%33X7.5 mm) is glued onto the
inner wall of a 10050 mm crystallizing dish.
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Figure S20. PXRD patterns (left) and FT-IR (right) spectra of recovered Py-1P-Ir COF from different
reaction temperatures.
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Figure S21. PXRD (left) patterns and FT-IR (right) spectra of recovered Py-1P-Ir COF from different
reaction pHs.
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Figure S22. PXRD patterns (left) and FT-IR (right) spectra of recovered Py-1P-Ir COF from different
reaction HCOONa concentrations.
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Figure S23. XPS N1S spectra of Py-1P-Ir COF after catalysis (Py-1P-R where R means imine reduced was
prepared using HCOOH as a reductant according to a recent publication).®
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Figure S24. FT-IR spectra of Py-1P COF before and after HER at 65 °C for 6 h.
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Figure $25. 'H NMR spectra of dibenzylideneaniline (green line), reaction mixture of Py-1P (black line) and
Py-1P-Ir COF (blue line) catalyzed transfer hydrogenation, and N-benzylaniline (maroon line) in CDCls.
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Table S3. Ir concentration of the reaction filtrate determined by ICP.

Entry pH Temperature /°C  Formate concentration /M  Ir concentration / ppb
1 7.52 25 1 45
2 7.52 45 1 31
3 7.52 65 1 37
4 7.52 85 1 23
5 5.92 25 1 49
6 3.72 25 1 30
7 1.94 25 1 60
8 - 65 2 27
9 - 65 5 31
10 - 65 10 43

cpstev
. | L

kev

Acquisition Date:9/18/2020 9:19:43 PM HV:15.0kV Puls th.:3.23kcps

El1 AN Series unn. C norm. C Atom. C Error (1 Sigma
[wt.%] [wt.%] [at. %] [wt. %

C 6 K-series 82. 2 6 8

N 7 K-series 7 7 T 1

O 8 K-series Fw37 3T 5. 8 1.07

Cl 17 K-series 0] 0 0 0

Ir 77 M-series 2 2 0 0

Figure $26. EDX spectrum of Py-1P-Ir COF after one HER cycle.
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Figure S27. SEM images of recovered Py-1P-Ir COF from different conditions.
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Figure $28. PXRD patterns (left) and FT-IR (right) spectra of recovered Py-1P-Ir COF after five consecutive
cycles from 1 M HCOONa at 85 °C.
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Figure $29. XPS Ir 4f spectra of Py-1P-Ir COF after catalysis.

Figure $30. TEM images of Py-1P-Ir (a) before catalysis (scale bar 50 nm) and (b) after five catalytic
cycles of HER reaction (scale bar 2 nm).
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Figure S31. PXRD patterns (left) and FT-IR (right) spectra of recovered Py-1P-Ir COF from photoreactions.
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Figure $32. 'H NMR spectra of (a) L1-Ir in CDsCN, (b) L1-Ir in CDsCN/D,0 = 4/1, (c) L1-Ir in CDsCN/D,0 =

4/1 in the presence of excess HCOONa. Note: The low solubility of L1-Ir in water prevented the NMR
studies in pure water, thus a mixture of CD3CN/D>0 = 4/1 was used.

527



4. Theoretical calculations

Theoretical calculations were implemented with the Gaussian 16 software package.’ The geometry
optimization of the stationary points was carried out by using B3LYP hybrid functional'®* with 6-31G(d,p)
basis set for the main group atoms and the effective core potentials (ECPs) of Hay and Wadt with the
LanL2DZ double-valence basis set'** for Ir. D3 dispersion correction developed by Grimme®® was included
to correct the weak interactions. The vibrational frequency calculations at the same level were also carried
out to verify each stationary point to be either a minimum or transition state (TS). Intrinsic reaction
coordinate (IRC) calculations were used to confirm that each TS can connect to the corresponding reactant
and product. Gibbs free energies were calculated with considering the solvent effect based on the
solvation model density (SMD) solvent model,*® using water as the solvent which was used in the

experiment. To keep the computational study efficient, only one COF unit was used in the calculation.
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5. NMR spectra
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