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ABSTRACT: Visible light driven hydrogen (Hz) production
from water is a promising strategy to convert and store solar
energy as chemical energy. Covalent organic frameworks
(COFs) are front runners among different classes of organic
photocatalysts. Photocatalytic activity of COFs depends on
numerous factors such as electronic band gap, crystallinity,
surface area, exciton migration, stability of transient species,
charge separation and transport, etc. However, it is challeng-
ing to fine tune all these factors simultaneously to enhance the
photocatalytic activity. Hence, in this report, an effort has
been made to understand the interplay of these factors and
identify the key factors for efficient photocatalytic H2 produc-
tion through structure-property-activity relationship. Careful
molecular engineering allowed us to optimize all the above
plausible factors impacting on the overall catalytic activities of
a series of isoreticular COFs. The present study determines
three prime factors: light absorption, charge carrier genera-
tion, and their transport, which influence the photocatalytic
Hz production of COFs in much greater extent than the other
factors.

1. INTRODUCTION

Hydrogen is considered as one of the clean fuels, which can
be produced using the inexhaustible sun light and copious
water bodies by means of a suitable photocatalyst or photoe-
lectrode.l-3 The very first report of such system came from
Honda and Fujishima, who demonstrated an n-type TiO2 pho-
toanode for water oxidation (Oz production) coupled with Pt
counter electrode for water reduction (Hz production).* Since
then, researchers have intuitively studied every single ele-
ment of the periodic table with the aim of developing new
semiconductors, as photocatalysts or photoelectrodes with
superior activity for water reduction and/or water oxida-
tion.35 However, till date, only a few of them have shown
promising activity on a small scale and still needs to go a long
way to meet the global energy need.t-8 Inspired by natural
photosynthesis, chemists have started evaluating small mo-
lecular and polymeric organic photocatalysts for Hz and/or Oz
production from water. Abundant functionalities and synthet-
ic diversity of organic photocatalysts, allows to tune the light
harvesting ability or band gaps, also they are easily processa-
ble, light weight and environmentally benign.®-12 The real
potential of organic photocatalysts was realized when Wang,
Domen and coworkers demonstrated relatively efficient Hz
production from water by graphitic carbon nitride (g-C3N4)
loaded with Pt co-catalyst in the presence of a sacrificial elec-
tron donor (SED) in their pioneering work.13 Following this,

Cooper et. al. reported conjugated microporous polymers
(CMPs), Thomas et. al reported covalent triazine-based
frameworks (CTFs) and Lotsch et. al. reported covalent organ-
ic frameworks (COFs) with improved light harvesting proper-
ty and high surface area to achieve improved photocatalytic
Hz production.’*18 Among these materials, recent studies
have revealed that COFs exhibit superior photocatalytic H:
evolution, due to its crystalline and ordered mesoporous
structure.1819,20

COFs are one of the emerging next generation two- (2D) or
three-dimensional (3D) polymeric materials, connected
through reversible or irreversible covalent linkages.21-25 On
demand chemical functionalization, tunable pore size, large
surface area, high crystallinity and light weight make COFs a
promising material for gas storage and separation, catalysis,
energy storage, optoelectronics, sensing and drug delivery.26-
311n 2014, Lotsch and co-workers demonstrated Hz evolution
from water using hydrazone-based COFs as photocatalyst
loaded with Pt co-catalyst in presence of SED.32 Subsequently,
a series of 2D COFs were reported from the same group and
few others.33-40 Among these systems, a few exhibited very
high Hz production, as comparable or higher to that of g-
C3N4.3739 These findings opened up new avenues for COFs to
emerge as an efficient heterogeneous photocatalyst for H:
production.

Based on the available literature reports, we deduced the
factors that affect the photocatalytic performance of COFs in
different extent. These include light absorption (i.e. band gap),
driving force for proton reduction, exciton migration, charge
separation, charge carrier generation and transport, water
dispersibility, stacking, crystallinity, surface area, morphology,
stability of the transient species, linkage stability, proximity of
SED and co-catalyst, as well as an interplay of all these fac-
tors.1841 However, it is challenging to harmonize all the above
mentioned factors at the same time to maximize the photo-
catalytic activity. Hence, it is crucial to identify the key factors,
that affect the photocatalytic Hz evolution of COFs in greater
extent than other factors, in order to design COFs with en-
hanced photocatalytic activity.

With this objective, herein, we have established a structure-
property-activity relationship for COFs, to recognize the
prime factors for efficient photocatalytic H2 production. For
this purpose, we have designed and synthesized a series of 2D
isoreticular COFs by careful molecular engineering. Donor-
acceptor (D-A) conjugation, torsional angles, and reaction
conditions were varied to realize the effect of light absorption,
electronic band position, exciton migration, charge carrier
generation and transport, layer stacking, crystallinity, surface



Scheme 1. Chemical structures of the building blocks along with corresponding molecular lengths and torsional angles.
Reaction scheme for the synthesis of COFs under different solvothermal conditions, condition A and condition B.

area and morphology over photocatalytic activity. Further-
more, the structure-property-activity relationship was ex-
trapolated by generating mixed functional COFs. The photo-
catalytic activity of all these COFs was examined under visible
light (= 400 nm) and have drawn a correlation to identify the
prime factors, that would significantly affect the photocatalyt-
ic H2 evolution efficiency in these systems. Through our mo-
lecular design, high rate of Hz evolution (750£25 pmol g-1 h-1)
was achieved in the presence of low metallic Pt (1 wt%) co-
catalyst and triethanolamine as SED, with long-term stability
and reusability.

2. RESULTS AND DISCUSSION

In order to generate [-ketoenamine linked isoreticular
COFs, we have chosen 4,4" -diamino substituted p-terphenyl
(Tp) and analogous derivatives as the linker, and condensed
with 1,3,5-triformylphloroglucinol (TH) (Scheme 1). fS-
ketoenamine linked COFs are known to have very high chemi-
cal stability in water due to strong intramolecular H-bonding
which is desirable for photocatalytic applications.*2-44 TpCOF
was previously shown to be a photocatalyst for Hz evolution,
and therefore, we have selected it as our reference to compare
the photocatalytic activity of the newly synthesized COFs.3839
However, it exhibited low photocatalytic activity, probably
due to the low light absorption and wide band gap of 2.4 eV.
To improve the light absorption, band gap, charge separation
and transport, the central benzene ring of Tp is substituted
with electron rich anthracene (Ant) and electron deficient
benzothiadiazole (Bt) and tetrazine (Tz) m-conjugated scaf-
fold (Scheme 1). The other intention behind substitution is to
tune the torsional angle of the central aryl ring with the pe-
ripheral phenyl rings to tune the surface area, crystallinity
and stacking of the resulting COFs. Tp possess a torsional an-
gle of 27°, which is increased to 66° for Ant and 39° in Bt due
to the increase in C-H steric repulsion between the peripheral
phenyl rings and the a- proton of anthracene and N- of ben-
zothiadiazole, respectively (Scheme 1). Also, C-H steric repul-
sion diminishes upon replacing the central phenyl with N-,
resulting in a completely planar Tz. These torsional angles
were estimated from the single crystal data reported previ-
ously.45-48
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All the precursors were synthesized, purified, and charac-
terized using high-resolution mass spectroscopy (HRMS), 1H
and 13C nuclear magnetic resonance (NMR) (see Supporting
Information). For the construction of ff-ketoenamine linked
COFs, acid-catalyzed solvothermal condensation was adopted
(Scheme 1). TpCOF150 was synthesized according to the pre-
vious reports,3° using condition A (Scheme 1) and a similar
condition was used to synthesize other isoreticular COFs,
named as AntCOF150, BtCOF150 and TzCOF150 (Figure S1).
Unfortunately, AntCOF150 exhibited low yield and crystallini-
ty, hence, the reaction conditions were further optimized to
obtain crystalline AntCOF by employing condition B (Scheme
1). Similarly, other COFs were synthesized using the same
condition to improve the crystallinity and named as
AntCOF120, BtCOF120, TPCOF120 and TzCOF120 (see
Supporting Information).

Fourier transform infrared (FT-IR) spectra were recorded
for all the COFs and compared with their corresponding build-
ing blocks (Figure S2). The disappearance of -CHO and -NH2
stretching frequencies and appearance of peaks at ~1648 cm-
1 (C=N) and ~1257 cm-! (C-N) confirmed the quantitative
polymerization.*25! These COFs undergo keto-enol tautomer-
ism and the equilibrium strongly depends on the reaction
conditions such as solvent polarity, temperature, and amount
of acid catalyst.*251 Hence, the COFs synthesized using condi-
tion A and condition B may be expected to have different
enol- and keto- content, however, difficult to assign from the
FT-IR because of broad and merged stretching frequencies.
To probe the presence of enol- and keto- form as well as in-
trinsic chemical connectivity, solid state 13C cross polarization
magic angle spinning (CP-MAS) NMR spectroscopy was car-
ried out for all the COFs (Figure S3). By subtracting quater-
nary carbon spectra from all carbon, -CH carbon spectrum
was obtained, which helps to distinguish. The assignment of
carbons was confirmed by comparing with simulated 13C NMR
spectra of model compound using density functional theory
(DFT, B3LYP/6-31G(d)). The absence of -CH carbon peak at
around 180-200 ppm confirms the consumption of free ~-CHO
of the precursor unit. Typically, the keto- form exhibits char-
acteristic peak for carbonyl carbon and enamine carbon at
~180-188 and ~109 ppm, respectively, and both peaks were
found to shift upfield in the enol form.51
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Figure 1. Experimental PXRD (red circle) and Pawley refined (blue) profiles of A) AntCOF150, B) AntCOF120, C) BtCOF150, D)
BtCOF120, E) TpCOF150, F) TpCOF120, G) TzCOF150 and H) TzCOF120, with minimal differences between the experimental
and the refined patterns (grey line). Simulated PXRD pattern (green line) and the side and top view of the plausible crystal struc-

ture of the corresponding stacking.

We then compared the 13C CP-MAS NMR of the identical COFs
synthesized under different conditions. COFs prepared at
150 °C showed sharp peak at ~109 ppm, whereas emergence
of a new peak at ~102 ppm was observed along with the peak
at ~109 ppm for the COFs prepared at 120 °C (Figure S3). This
observation clearly indicates that the former COF is mostly
composed of keto- form, while latter contains both keto- and
enol- forms in varied proportions. This mean that COFs syn-
thesized at 150 °C will have superior chemical stability due to
intramolecular hydrogen bonding than COFs synthesized at
120 °C, which is desired for photocatalytic Hz evolution.3839

In order to understand the effect of molecular torsional an-
gle as well as the keto-enol tautomerism over molecular pack-
ing, powder X-ray diffraction (PXRD) analysis was performed
for all the COFs (Figure 1). BtCOF150, TpCOF150 and
TzCOF150 exhibited very similar PXRD pattern with an in-
tense peak at 26 = 2.5~2.9° along with few minor peaks. How-
ever, relatively low intensity broad peak was observed for
AntCOF150 at ~3°, probably due to the large torsional angle
of Ant and high reaction temperature do not allow proper
crystallization of 2D layers (Figure 1A).50 The last broad peak
at ~27.1° in the PXRD patterns can be assigned to (001) plane
resulting from the m-stacking of the 2D layers. Judging from
the full width at half maximum (FWHM) of the first peak, the
crystallinity as well as long range ordering increases upon
decreasing the torsional angle of the building block (Figure
S4). Surprisingly, by employing a slight change in reaction

conditions, we have improved the crystallinity of AntCOF.
AntCOF120 showed different PXRD pattern compared to
AntCOF150 (Figure 1B). BtCOF120, TpCOF120 and
TzCOF120 exhibits similar diffraction pattern, with most in-
stance peak at 2.82°, 2.73° and 2.82°, respectively (Figure 1D,
F and H), along with several diffraction peaks at higher 26.47
We have compared the PXRD of COFs synthesized at 120 °C
with their corresponding precursors and the absence of major
diffraction peaks of the precursors in the diffractogram of the
COFs, further confirms the absence of unreacted precursors in
COFs (Figure S5). To elucidate the stacking of these COFs,
three distinct stackings of 2D layers were considered, namely,
AA', AB, and ABC (Figure 1). Optimized structures were ob-
tained using density functional based tight- binding (DFTB+)
method (further details are provided in Supporting Infor-
mation).*249 Similar torsional angles were observed for the
optimized COF structures as that of 1 building blocks (Figure
S6). Due to the high torsional angle of Ant, only AB and ABC
stackings can be realized because of the steric hindrance. As a
result, AntCOF120 in the ABC stacking is the energetically
more favorable phase and the simulated PXRD pattern match-
es well with the experimental result (Figure 1B, Table S1).
Also, the experimental PXRD patterns of BtCOF150,
TpCOF150 and TzCOF150 are in a good agreement with the
AA' stacking model, which corresponds to AA slipped stacking,
where the layers are shifted with respect to each other by
small offset (Figure 1C, E and G).4°



1500

—— ANtCOF150 —— ANtCOF124
A) 1B BtCOF150 19 BICOF120
571200 - —— TpCOF150 —— TpCOF120
= —— TzCOF150 —— TzCOF120
E = =
~ 900 - 7l S S
3 = s
b S g
o 600 4 T 3
& E 5
g 5 < X
= 3.5 7 ]
a 300
0 . N e
S8 |3 &8 &8 200 300 400 500 600 700 800 200 300 400 500 600 700 800
é % % 6 % % % % Wavelength (nm) Wavelength (nm)
22 22 22 KR
&& 00 = FrF
D) —1.5
104 L?J L?'J i L-FJ
T |-0.73] I—O.‘82| D | - .
T 05+ $ | L. }L.u.-'? -----H*/H, (-0.65)
g o+ 2.40 236 231
> 2.40 ’ 2.08 :
> 210 2 b00 199
B 0.5 :
e
g 10+ | L | i il TEOA/ TEOA™
g F&ﬂ =N [T25] (2| [ | (1.05)
1.5 -
o
20+ <
LL
(@]
Q
m

-
BtCOF150 E*

AntCOF150
AntCOF120

TPCOF150
TpCOF120
TzCOF150
TzCOF120

Figure 2. A) Comparison of the BET surface area of different COFs, calculated from nitrogen sorption isotherms at 77 K. UV-Vis
diffuse reflectance spectra of COFs B) prepared at 150 °C and C) prepared at 120 °C in the solid state. D) Band position and
bandgap of COFs vs normal hydrogen electrode (NHE), along with the potential of H*/Hz and TEOA/TEOA+ at pH =11.

We have considered AA' compared to AA for these COFs, be-
cause relative stacking energy AA' lower than AA (Table S1).
However, the low resolution of the PXRD does not allow us to
distinguish various slipped conformations of AA' stacked
structures. On the other hand, the peak positions and relative
intensities of BtCOF120, TpCOF120 and TzCOF120 fit well
with the AB stacking model (Figure 1D, F and H). Finally, unit
cell parameters of all the COFs were estimated by Pawley re-
finement of experimental PXRD with low residual value (Fig-
ure 1). The obtained unit cell parameters match well with the
simulated cell parameters obtained from DFTB+.

Permanent porosities of all these COFs were evaluated by
nitrogen adsorption-desorption analysis at 77 K. Most of
these COFs exhibited type-I isotherm as evident from the ad-
sorption curves, which is a characteristic of microporous ma-
terials (Figure S7). Only TzCOF150 displayed type-IV iso-
therm, indicating mesoporous framework (Figure S7d). The
Brunauer-Emmett-Teller (BET) surface areas of COFs synthe-
sized at 150 °C were found to always be higher than those
synthesized at 120 °C, due to the preferred AA' stacking as
evident from PXRD (Figure 2A, Table S2). The BET surface
areas of the four COFs were determined as 660 m?2 g1
(AntCOF150), 554 m2 g1 (BtCOF150), 665 m2? gt
(TpCOF150) and 1491 m? g-1 (TzCOF150). As expected, an
increase in the BET surface area was observed upon decreas-
ing the torsional angles of the linkers and TzCOF150 showed
maximum surface area because of the planer structure of the
Tz.33 However, AntCOF150 showed slightly higher surface
area than BtCOF150 and TpCOF150, probably due to the
presence of amorphous microporous polymeric phase. Non-
local density functional theory (NLDFT) revealed that the pore
size distribution of COFs synthesized at 120 °C is smaller than
COFs prepared at 150 °C (Figure S7, Table S2) and experi-

mental pore size matches with the theoretically predicted
pore size. Hence, we have generated two sets of COFs from the
same building blocks, having different crystallinity, stacking
arrangement and surface area, to realize the structure-
property relationship over photocatalytic Hz evolution.

The phase purity of all the COFs were established from the
scanning electron microscopy (SEM) images. SEM images re-
vealed that all the COFs exhibit unique single morphology,
that confirms the phase purity of the sample (Figure S8). Also,
the high temperature (150 °C) COFs resulted in smaller
mesostructured COFs than the low temperature (120 °C) ones,
which may help to disperse themselves better in water, lead-
ing to an increase in the available catalytic sites. Thermal sta-
bility of all the COFs were analyzed using thermogravimetric
analysis (TGA) under nitrogen atmosphere and these COFs
exhibited excellent thermal stability up to 400 °C except
TzCOF, which start to decompose at 250 °C (Figure S9).

Prior to photocatalytic studies, the light harvesting proper-
ties and band gaps of these COFs were assessed using UV-Vis
diffuse reflectance spectra (Figure 2B and C). Both
AntCOF150 and TpCOF150 exhibited relatively narrow opti-
cal absorbance with the absorption onset at 520 nm, direct
optical bandgap of 2.4 eV (Figure 2B). However, BtCOF150
and TzCOF150 showed more than 100 nm red shift in absorp-
tion onset with a direct optical bandgap of 2.0 eV. Such red
shifted broad absorption with lower optical band gap arises
from the conjugated D-A structures where benzothiadiazole
or tetrazine act as electron acceptors. The COFs prepared
from the same ligand at different synthetic conditions showed
similar absorption profile (Figure 2C). The highest occupied
molecular orbitals (HOMOs) of all the COFs were estimated
using photo yield spectroscopy (PYS) (Figure S10) and lowest
unoccupied molecular orbitals (LUMOs) were calculated from



the optical band gaps and the HOMO energy levels (Figure 2D).

To gain more insights, the frontier molecular orbitals and en-
ergy levels were calculated for the smallest repeating unit of
AntCOF, BtCOF, TpCOF and TzCOF. Structural optimizations
and HOMO-LUMO energy levels were calculated using DFT
(B3LYP-/6-31G*). A gradual lowering in LUMO energy levels
was observed with the increase in acceptor strength (Figure
S11), which is in line with the experimentally obtained posi-
tive shift in the LUMO potential (Figure 2D). The estimated
band gaps are 3.26, 2.74, 3.32 and 2.91 eV for AntCOF, BtCOF,
TpCOF and TzCOF respectively, which are larger than the
experimental band gaps because we have considered the
smallest unit without stacking. However, the DFT calculated
energy levels and band gaps fairly match with the experimen-
tally observed trends.

Based on LUMO energy levels, it is evident that all the syn-
thesized COFs have sufficient driving force for proton reduc-
tion except TzCOF and the driving force drastically decreases
with an increase in the acceptor strength (Figure 2D). The
significant positive potential shift of LUMO in TzCOF origi-
nates from the low-lying m* orbital of tetrazine.52 Hence, in
principle, all the newly synthesized COFs have the ability to
liberate H2 photocatalytically, except TzCOF. Next, photocata-
lytic Hz2 production activity of all these COFs were examined
under visible light (=400 nm) in the presence of Pt co-catalyst

for reducing the overpotential of proton reduction and trieth-
anolamine (TEOA) as SED to regenerate the photocatalyst by
capturing the photogenerated holes. The photocatalytic activi-
ty of all the COFs were carried out under similar conditions
for effective comparison of their efficiency. As expected, a
steady Hz evolution was detected under visible light illumina-
tion (2400 nm) for all the COFs except TzCOF in the test peri-
od of 24 h (Figure 3A). Despite having a broad light absorp-
tion, high surface area and crystallinity, TzCOF showed no
evolution of Hz due to insufficient driving force for proton
reduction (Figure 2D). Interestingly, BtCOF150 exhibited
very high photocatalytic Hz evolution rate among the other
COFs with a marginal driving force for proton reduction. In
general, better photocatalytic activity was observed for COFs
synthesized at 150 °C rather than at 120 °C. Average H: evolu-
tion rates were calculated at the end of 24 h photocatalysis
and found to be 55+5 pumol h-1 g-1, 504 pmol h-1 g-1 and
75025 pmol h-1 g1 for AntCOF150, TpCOF150 and
BtCOF150, respectively (Figure 3B). On the other hand, poor
H2 production was observed for AntCOF120, TpCOF120 and
BtCOF120 with a rate of 16+2 pmol h-1 g-1, 16+2 umol h-1 g1
and 95+7 pumol h-1 g-1, respectively. None of the COFs pro-
duced H: in the absence of Pt catalyst. The photocatalytic ac-
tivity of BtCOF150 in presence of low amount of Pt (1 wt%) is
comparable with the benchmark systems such as Pt-modified
amorphous melon (720 pmol h-1 g-1)53 or ‘g-C3N4’ (840 pumol
h-1 g-1)54 or crystalline poly(triazineimide) (864 pmol h-1 g-
1).53 BtCOF150 showed 15.1 fold higher rate of Hz evolution
compared to TpCOF150, whereas with respect to the same
TpCOF, the previously reported TPBDDACOF and FSCOF
exhibited 13.2 times and 6.4 times Hz evolution rate, respec-
tively (Figure S12).3839 The amount of Pt was varied to im-
prove the photocatalytic activity of BtCOF150 and found sat-
uration in the photocatalytic activity with 1 wt % Pt (Figure
S13a). Also, the apparent quantum yield (AQY) for BtCOF150,
was found to be 0.2 % at 420 nm which is comparable to ‘g-
C3N4’.13 Long term photocatalytic activity of BtCOF150 was
examined and no significant deactivation was observed for
120 h, indicating excellent durability and recyclability (Figure
S14). After 120 h of photocatalysis, almost 1.7 mmol of H2 was

obtained, which exceeds the hydrogen contents of BtCOF150
used for the photocatalysis. This result clearly suggest that Hz
does not come from the COF decomposition.>5-57 Also, we have
investigated the stability of all the COFs using FT-IR, 13C NMR,
and PXRD after 24 h of photocatalysis. FT-IR revealed the
retention of molecular connectivity for all the COFs (Figure
S$15). Furthermore, chemical stability of the ligand and the
linkers were attested by the 13C CP-MAS and >N NMR meas-
urements (Figure S16). However, a partial loss in the long
range ordering was observed for most of the COFs in different
extent as evident from PXRD measurements (Figure S17). Also,
photocatalysis does not lead to any major morphological
transformation in any of the developed COFs, as evident from
the SEM and high-resolution transmission electron micro-
scope (HR-TEM) analysis (Figure S18 and S19). In addition,
TEM images of post-photocatalysis COF samples revealed the
deposition of platinum nanoparticle (below 10 nm) over the
COF surface (Figure S19e-h).

In order to prioritize the key factors for efficient Hz evolution,
we have correlated the photocatalytic activity of all the COFs
with the torsional angle, surface area, crystallinity, stacking,
light absorption, band gap, driving force for proton reduction
and photoconductivity in the following section (Table 1).
AntCOF120 possesses higher crystallinity compared to
AntCOF150 but showed ~3.5 times reduced rate of Hz pro-
duction. This can be correlated with the ~3.5 times decrease
in surface area for AntCOF120 compared to AntCOF150,
since both the COFs have same light harvesting ability and
band position (Figure 2B-D). In this case, we have not consid-
ered the effect of charge transport, because AntCOF120 and
AntCOF150 prefers ABC and AB stacking, where interlayer
chromophore distance is more than 6 A, which is not suitable
for charge transport. Similarly, TpCOF120 has better light
absorption and driving force for proton reduction than
TpCOF150, however the three times higher rate of Hz produc-
tion in the latter can be attributed to the increase in surface
area (~4.7 times) as well as AA' stacking. BtCOF150 exhibited
enhanced photocatalytic activity (15.1 times) than TpCOF150
despite having reduced driving force for the proton reduction,
comparable crystallinity and surface area (Table 1). Probably,
in this case, the broad light absorption (i.e. low band gap) and
better charge carrier generation and transport of D-A conju-
gated BtCOF150 plays an important role when compared to
other factors (Table 1). To estimate the effect of light absorp-
tion, wavelength dependent Hz evolution measurements were
performed for all the COFs using different band-pass filters
and compared with the UV-Vis spectra. Both BtCOF120 and
BtCOF150 showed H: evolution activity up to 600 nm, while
negligible Hz evolution was observed for the other COFs be-
yond 550 nm (Figure S13b and S13c). To our surprise,
BtCOF150 showed eight fold increased rate of Hz evolution
compared to BtCOF120, although both have comparable crys-
tallinity, light absorption, bandgap and the driving force for
proton reduction. Hence, it is clear that such an increase in the
photocatalytic activity arises from the cumulative effect of
increase in surface area, stacking and charge carrier mobility.
However, the surface area increase was only 1.5 times (Figure
2A), which clearly state that stacking and charge transport has
a major say in the increase in photocatalytic activity.
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Figure 3. A) Time course for photocatalytic H2 production using visible light (= 400 nm) of all the prepared COFs (20 mg COF, 1
wt % Pt, water-TEOA (4:1, 100 ml)). B) Comparison of photocatalytic hydrogen evolution rates. C) EPR spectra of AntCOF150,
TpCOF150 and BtCOF150 loaded with 1 wt% Pt, under light and dark conditions. D) Transient photoconductivities of BtCOF150,
BtCOF120, TpCOF150 and AntCOF150 loaded with 1 wt% Pt. E) FP-TRMC transients of BtCOF150_1%Pt under Nz (red), NHs
(green) and SFe (blue) atmosphere. F) Schematic representation of the plausible processes after the photoexcitation of the
BtCOF150 under the NHs3 (light blue) and SF¢ (light red) atmosphere.

To support the above-mentioned notion, the photoconduc-
tivity of all the COFs was measured using flash-photolysis
time-resolved microwave conductivity (FP-TRMC). FP-TRMC
is a powerful electrodeless method to access the intrin-
sic/local charge transporting property of semiconductors, that
provides a measure of photoconductivity as ¢, where ¢and
Y u corresponds to the charge carrier generation quantum
yield and the total charge carrier mobilities (electron + hole
mobilities), respectively.58-61 Negligible photoconductivity
was observed for all the pristine COFs upon 355 nm laser exci-
tation, probably due to a very small charge separation. A sig-
nificant enhancement in photoconductivity was observed for
the COFs loaded with 1 wt% Pt nanoparticle because of the
photogenerated charge separation and transport (Figure 3D).
Maximum photoconductivity of 3.2 x 10-5 cm? V-1s-1 was ob-
served for the BtCOF150_1%Pt, which is 3 times higher than
the BtCOF120_1%Pt, indicating the improvement in Xy ra-
ther than ¢, because both COFs carry the same chromophore.
All the kinetic traces of the photoconductivity transients show
long lifetimes over 100 us, suggesting the significant contribu-
tion from the free charge carriers. Furthermore, to discern the
charge carriers (hole or electron), photoconductivity was
measured under the NHs (hole scavenger) and SFe (electron
scavenger) atmosphere. Interestingly, BtCOF150_1%Pt ex-
hibited an increase in the value of under NH3 whereas a de-
crease in ¢gxu was observed under SFs atmosphere (Figure
3E).62 NH3 which is chemically analogous to TEOA, acts as an
electron donor and transfer an electron to the photoexcited
BtCOF150, leading to enhanced charge separation and elec-
tron transport, resulting in an increase in ¢gxu (Figure 3F). On
the other hand, decrease in ¢Xuindicates the trapping of mo-
bile electrons by SFs. These results clearly reveal the efficient
electron transporting ability of BtCOF150, creating an easy

path for the transport of electrons to the platinum center for
proton reduction.

To have a theoretical support, band structures were calcu-
lated for the AA', and AB stacked BtCOF, within ksT (ks,
Boltzmann constant) at room temperature, both are direct-
gap semiconductors with calculated bandgap of 1.3 eV. These
band gaps are smaller than the experimentally measured ones,
which is as expected, because DFTB tends to underestimate
them. Interestingly, AA' stacked structure exhibits strong dis-
persion in the conduction band edge compared to the AB
stacked BtCOF (Figure S20). As a result, the effective masses
of electrons are smaller for the AA' stacking, possibly leading
to higher charge carrier mobility (Table S3).63 These results
clearly corroborate with the trends in charge carrier mobili-
ties obtained from the FP-TRMC measurement. On the other
hand, AntCOF150 and TpCOF150 exhibited similar photo-
conductivity as BtCOF120, although latter exhibited slightly
better photocatalytic activity, because of broad light absorp-
tion (Table 1). The photoconductivity results are in line with
the observed H2 evolution activity of the COFs. These results
confirm that the intrinsic charge carrier mobility is one of the
prime factors that can greatly affect the photocatalytic Hz evo-
lution efficiency. Moreover, light induced charge carrier gen-
eration was revealed using another microwave based tech-
nique, electron paramagnetic resonance (EPR) spectroscopy.
BtCOF150_1%Pt exhibited a signal at g = 2.004 which inten-
sifies upon visible light excitation, indicating charge carrier
generation (Figure 3C). Compared to BtCOF150_1%Pt, all
other COFs showed very low intensity in presence of light, due
to the reduced generation of charge carriers.



Table 1. Torsional angles, surface area, crystallinity, photophysical properties and the rate of Hz evolution of all the

COFs.
COF Torsional BET Degree of Crys- | Stacking? Light ab- Bandgap | Driving Hz evolu- eIp
angle (°) | surface tallinity sorption (eV)e force tion rate (105
area area (nm?2)° (V)4 (umol g1 h- | cm2V-1s-
(mZg-l) 1)6 1)f
AntCOF120 66 191 Crystalline ABC 92.5 2.40 -0.51 162 0.5
AntCOF150 66 660 Amorphous AB 91.8 2.40 -0.43 5545 1.2
BtCOF120 39 368 Crystalline AB 147.6 2.08 -0.17 95+7 1.0
BtCOF150 39 554 Semicrystalline AA’ 134.8 2.10 -0.08 750+£25 3.2
TpCOF120 27 141 Semicrystalline AB 108.5 2.31 -0.47 16+2 0.6
TpCOF150 27 665 Semicrystalline AA’ 89.7 2.36 -0.39 50+4 1.1
TzCOF150 0 1491 Crystalline AA’ 142.7 2.00 0.18 0 0.2

aCalculated from theoretical simulation. PNormalized between 400-800 nm. cEstimated from absorption onset. dDriving force for
proton reduction = (LUMO - 0.65 (potential of H*/Hz2)) V vs NHE at pH=11. ¢All the hydrogen evolution rates were measured using
the same instruments, optical setup and reaction conditions. fEvaluated using FP-TRMC measurement under identical condition.

Also, we have performed the same experiment for the pristine
COFs (without Pt) and again BtCOF150 showed relatively
intense signal compared to AntCOF150 and TpCOF150 (Fig-
ure S22). It is noteworthy to mention that in general Pt loaded
COFs showed higher signal intensities compared with the
pristine COFs upon light illumination, indicating charge sepa-
ration between COFs and Pt co-catalyst. These results are in
line with the photoconductivity data obtained from the FP-
TRMC measurement.

Finally, we have done the bandgap engineering of the COFs
to enhance the light harvesting property and charge separa-
tion and understand their effects on the photocatalytic Hz
evolution. Our unique molecular design has allowed us to cre-
ate mixed or doped COFs due to very similar linker length and
geometry (Scheme 1). Moreover, we have the freedom to
modulate the surface area and crystallinity using this ap-
proach. This can further lead us to extrapolate the structure-
property-activity relationship, which can validate our hy-
pothesis. For this, we have incorporated Bt linker in the
frameworks of AntCOF, TpCOF and TzCOF to boost their pho-
tocatalytic activity (Figure 4A). BtAntCOF, BtTpCOF and
BtTzCOF was synthesized by taking the corresponding build-
ing blocks (1:1) and condensed with TH in equimolar ratio
using condition A (further details are provided in Supporting
Information). Formation of mixed COFs were confirmed using
FT-IR, 13C CP-MAS NMR and PXRD. FT-IR and 13C CP-MAS
NMR revealed the chemical structure of the mixed COFs and
these COFs mostly exists as keto- form, due to the absence of
peak at ~102 ppm corresponding to the -enol form (Figure
S23). BtAntCOF showed better crystallinity compared to
AntCOF150 due to the introduction of low torsional angle of
Bt which rigidifies the framework (Figure S24a). Similarly,
insertion of Tp and Tz linkers with lower torsional angle than
Bt, enhances the crystallinity of BtTpCOF and BtTzCOF signif-
icantly, compared with BtCOF150 (Figure S24b and S24c).
Mixed COFs structure were simulated by considering equal
number of two different building blocks in unit cell, for re-

spective COFs. Similar to the previous section, three distinct
stackings of 2D layers were considered, namely, AA', AB and
ABC. PXRD of the mixed COFs exhibited greater similarity with
the simulated AA' stacking (Figure S24d-f). Also, Pawley re-
finement fit well with the experimental PXRD having low re-
sidual value for all the mixed COFs, testify ing the lattice pa-
rameters (Figure S24g-i). BtAntCOF and BtTpCOF showed
better surface area than the individual COFs, whereas de-
crease in surface area was observed for BtTzCOF (Figure S25).
All the mixed COFs showed color change, red shifted broad
absorption compared to higher band gap COFs and shift in
HOMO energy, confirm mixing of the linkers (Figure 44, Fig-
ure S26). Also, mixing leads to a significant decrease in the
direct optical band gap from 2.4 eV to 2.1 eV for both
BtAntCOF and BtTpCOF, whereas for BtTzCOF, the band gap
remains unchanged compared to individual COFs (Figure 4B-
C, Figure S27).

Next, we have checked the photocatalytic H2 production ac-
tivity of all the mixed COFs under the same conditions as used
for the individual COFs (Figure S28). Figure 4D shows a com-
parative plot of the amount of Hz produced during a test peri-
od of 24 h. BtTpCOF produced maximum Hz among other
mixed COFs, whereas BtAntCOF showed slight improvement
compared to AntCOF150 and still no Hz evolution was ob-
served for BtTzCOF. Mixing leads to ~9 times improvement in
photocatalytic activity for BtTpCOF compared to TpCOF150,
with a ~1.8 times increase in surface area and decreased crys-
tallinity, confirming the key role of light harvesting property
to improve photocatalytic activity. However, despite having
higher surface area, moderate crystallinity and similar light
absorption, ~7 and ~1.6 times lower photocatalytic activity
was observed for BtAntCOF and BtTpCOF compared to
BtCOF150 (Table S4). In order to have a comparison, we have
physically mixed equal amounts (1:1 wt ratio) of AntCOF150
with BtCOF150 and TpCOF150 with BtCOF150 and both the
physically mixed COFs exhibited superior Hz production com-
pared to chemically mixed BtAntCOF and BtTpCOF, however
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Figure 4. A) Structures of mixed COFs along with the photographs of the COF powders under ambient light. B) UV-Vis diffuse
reflectance spectra of the mixed COFs in the solid state. C) Band position and bandgap of mixed COFs vs NHE, along with the po-
tential of H*/H2 and TEOA/TEOA+ at pH =11. D) Comparison of photocatalytic H2 production of mixed COFs with the individual
COFs under visible light irradiation after 24 h. E) Transient photoconductivities of BtCOF150, BtAntCOF and BtTpCOF loaded

with 1 wt% Pt.

~1.6 and ~1.3 times lower photocatalytic activity compared
to BtCOF150. Theoretically, one can expect 2 times or lower
photocatalytic Hz production for both chemically and physi-
cally mixed COFs than BtCOF150 because of 2 times reduc-
tion in the amount of BtCOF150. These results point to the
random arrangement of linkers inside the chemically mixed
COFs, which drastically decreases the charge transporting
property. To precisely probe the charge carrier generation
and transport, we have checked the photoconductivity of
mixed COFs by FP-TRMC and compared with BtCOF150 (Fig-
ure 4E). Both the mixed COFs showed much lower photocon-
ductivity compared to BtCOF150, thus suggesting that the
conductive path of BtCOF150 was blocked by the random
arrangement of chromophores. Also, it can be deduced that
high torsional angle of Ant causes larger distance between the
chromophores of BtAntCOF. On the other hand, lower tor-
sional angle of Tp offers shorter chromophoric distance, that
keep some conductive paths open in BtTpCOF resulting in
moderate Hz production. After photocatalysis, all the mixed
COFs were well characterized by FT-IR, 13C NMR, and PXRD.
These experimental results confirmed the chemical and struc-
tural robustness of mixed COFs during the photocatalysis
(Figure S29-30). Moreover, morphological analyses such as
SEM and HR-TEM was performed for the pre- and post- pho-
tocatalysis samples of mixed COFs, which confirmed the re-
tention in morphology and the deposition of platinum nano-
particles over COF surface (Figure S31-32).

3. CONCLUSION

In summary, we have designed and synthesized novel iso-
reticular 2D COFs via systematic molecular engineering of the
building blocks, that leads to a gradual change in porosity,
crystallinity, stacking, optical and electronic properties. As a
result, these COFs exhibited different photocatalytic Hz pro-
duction under visible light and we have successfully correlat-
ed their photocatalytic activity with the above-mentioned
factors. We have observed that light absorption, charge carri-
er generation and their transport has greater influence on the
photocatalytic Hz production, compared to other factors. Also,
it is important to mention that, AA', AB and ABC stacked COFs

all are crystalline, but our results indicate that AA' stacking
exhibits better photocatalytic activity among others because it
dramatically improves the exciton migration and charge
transport. As a result, BtCOF150 showed maximum rate of Hz
evolution (750425 pmol g-! h-1) among all the developed
COFs, in presence of low metallic Pt (1 wt%) co-catalyst,
comparable to g-C3Ns+ and benchmark COFs reported previ-
ously.!8 Furthermore, unlike microporous polymers a nega-
tive effect on the Hz evolution was observed upon introducing
dissimilar linkers into BtCOF150, although there was an im-
provement in optical properties.!* This finding again mani-
fests the immense role of charge carrier mobility over other
factors. All the results are well supported by the photoconduc-
tivity measurement (FP-TRMC), EPR and DFTB calculations.
The structure-property-activity correlation presented here
will pave the way to the design of highly efficient COF photo-
catalyst with enhanced activity.
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