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Abstract:

We report that mechanochemistry enables the synthesis of new m-conjugated covalent organic
frameworks (COFs) based on naphthotetrathiophenetetracarbaldehydes 2TTN and 3TTN,
expanding the scope of COF structures with two new isomeric tetradentate nodes. While recent
studies have explored COF isomerism by varying bidentate linkers to tune electronic properties,
the impact of node isomerism remains largely unexplored. Here, we overcome these limitations
using mechanochemistry to access COFs based on insoluble fused polycyclic heteroaromatic
monomers. These COFs exhibit broad absorption across the visible spectrum with 3TTN COFs
showing a red-shifted absorption compared to their 2TTN-counterparts. Microwave-assisted post-
modification of COFs via the Doebner reaction converts imine into quinoline linkages, enhancing
the chemical stability of the COF. We explore the effect of the node structure (2TTN vs 3TTN),
the network connectivity (phenylenediamine, biphenylenediamine and diquinoline) on optical
band-gaps of the COFs. All COFs have shown a marked increase of electrical conductivity, by 6
orders of magnitude, upon p-doping with iodine. Quinoline-linked COF showed proton
conductivity up to 1.2x1073 S cm™! at 60 °C and relative humidity of 75%. This work opens new
directions for electronic modulation in COFs through node isomerism and offers a sustainable
route to robust, tunable, heteroaromatic frameworks.
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Introduction:

Covalent organic frameworks (COFs) are crystalline porous two-dimensional (2-D) or three-
dimensional polymers with growing applications in materials science,'* including chemical
separation, proton conduction, sensing, and energy storage, due to their structural tunability.!> 3
Their predictable chemistry allows for precise tuning of optical properties.> 7 2-D COFs with
covalently linked subunits and n-stacking interlayers can support efficient charge transfer,® making
them suitable for electronic device applications. Although the tunability of crystalline frameworks
is fundamental motivation in COF research, the properties of these materials frequently emerge
from serendipitous discoveries rather than rational design.>!3 Studying the effect of isomerism in
COFs has recently attracted attention as a mean to uncovering structure-property relationships in
COFs without perturbing their symmetry and the overall topology of the framework. While a
significant effort was focused on isomeric linkages,® 142! the influence of node isomerism on COF
properties is almost unexplored.??-24

Thiophene stands as the most common building block in conjugated polymers and oligomers with
many thousands of thiophene-based structures explored for their semiconducting properties.?>> 26
Incorporation of thiophene in COFs promise realization of nanoporous materials with high
efficient charge transport and useful semiconducting, photocatalytic and related applications.?’-3!
Nonetheless, among hundreds of different COFs developed over the last two decades, only a
handful are based on thiophene nodes and linkers (Scheme 1a,b, Supporting Table S6).!- 628, 32-
41 The wide development of thiophene based 2D-COFs is hindered by several challenges. one is
the lower symmetry of thiophene linker (C,,) compared to the commonly used phenylene (Cyy)
which can introduce disorder in the framework.??

COFs with Lieb lattices are of particular interest as the unique band structure of such a lattice can
result in unusual electronic and magnetic properties including ferromagnetism or
superconductivity.*> 4 Creation of such lattice requires tetrafunctional nodes but a few of such
COF have been realized to date and in most cases their m-conjugation is limited by dihedral twist
between the node and the linker.**%¢ In this regard, we reasoned that the planar isomeric
naphthotetrathiophenes 2TTN and 3TTN nodes would be of significant interest for the synthesis
of highly conjugated COFs (Scheme 1).
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Scheme 1. a) Thiophene-containing linkers and nodes used in reported COFs. b) New isomeric
naphthotetrathiophene (TTN) nodes reported here.

However, planarization and extension of polycyclic aromatic cores, such as in 2TTN and 3TTN,
often result in poor solubility, which complicates the solvothermal COF synthesis. In principle,
this challenge can be tackled by applying mechanochemical solvent-free methods which could also
shorten the reaction time, lower the reaction temperature, and dramatically reduce the amount of
generated waste, compared to the traditional solvothermal synthesis.*’ Since Banerjee et al. first
introduced the mechanosynthesis of COFs via manual grinding,*® this strategy has gained
significant attention in the field.*® Various mechanochemical techniques have subsequently been
applied to the synthesis of COFs, including ball milling,>* 3! screw extrusion,’> and resonant
acoustic mixing (RAM).>3 The majority of mechanochemically synthesized COFs are based on
Schiff-base condensation reactions,*: 30-52. 34-63 a]though other linkages such as boroxine>? and
triazine® have also been successfully explored using similar methodologies. Despite these
significant advancements, only a small set of nodes have been used in mechanochemically
synthesized COFs to date (Table S7).43,30,33,57-60,63-66 A key challenge is that mechanochemically
synthesized COFs typically exhibit low crystallinity compared to solvothermal products.43: 31> 34-36,
64,67 Furthermore, all of them rely on soluble precursors that can afford the same COFs (usually
with superior crystallinity) via conventional solvothermal methods.
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In this study, we introduce two isomeric tetrafunctional naphthotetrathiophene monomers, 2TTN-
CHO and 3TTN-CHO, and use them in the mechanochemical synthesis of COFs with varied
linkers (Scheme 2). We investigate how the connectivity of their thiophene units and the linker
influence the photophysical properties of the resulting COFs and further investigate a Doebner
reaction post-modification to transform imine-linked COF 2TTN-COF2 to quinoline-linked
2TTN-COF2-Q COF improving the chemical stability and shrinking the band gap by 0.4 eV.
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2TTN-COF2-Q COF shows proton conductivity 3x10™* S cm™! at room temperature and relative
humidity (RH) of ~75%.

Results and discussion:
Synthesis and characterization

To construct the target thiophene-based COFs, we have synthesized two isomeric
tetrathienonaphthalene monomers, 2TTN-CHO and 3TTN-CHO. A lithiation-formylation
sequence on the tetrathienylethylenes 2TTE and 3TTE (Scheme 2, S1,S2) affords the precursor
aldehydes 2TTE-CHO®% and 3TTE-CHO. Despite the strongly electron-withdrawing aldehyde
groups, iodine-assisted photooxidative cyclization of 2TTE-CHO and 3TTE-CHO in the presence
of methyloxyrane as an HI scavenger® resulted in 2TTN-CHO (91%) and 3TTN-CHO (50%),
akin to those reported for unsubstituted 2TTE’® and 3TTE.”! The cyclized aldehydes precipitate
from the reaction solution due to their low solubility (<10# M in DMF for 2TTN-CHO at room
temperature) and were washed with organic solvents (DCM, methanol) and vacuum dried to afford
pure solids (confirmed by '"H NMR at 120 °C).

S S

HH

OHC CHO OHC HO
2TTN-CHO NH, 3TTN-CHO NH,
NH, O NH, O
9 85% 9 °
(; 2% | o5 aooH 2 (; 67% a5 Acon  S0%
60 minutes,30 Hz 60 minutes,30 Hz

NH; NH,

NH, NH,

N N

@/ 2TTN-COF1,2 @

N N

N N

@ 3TTN-COF1,2 @

N N

Scheme 2. Synthesis of TTN nodes and mechanochemical synthesis of naphthotetrathiophene-derived
COFs.
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Our initial attempts at solvothermal synthesis of 2TTN-COFs and 3TTN-COFs from the
corresponding aldehydes with 1,4-diaminobenzene, resulted in poor conversions as evidenced by
the remaining, highly insoluble, crystalline aldehyde monomers (Figure S4a). We thus turned to
mechanochemical polymerization using a ball-milling method.

The reaction was optimized for the copolymerization of 2TTN-CHO with 1,4-diaminobenzene to
construct 2TTN-COF1 in zirconia milling assembly (a 15 mL volume jar and a 2.6 g/10 mm
diameter ball) (Table S1a). Using Lewis acid Sc(OTf); as a catalyst with 1,4-dioxane as liquid
additive only yielded the COF with low crystallinity. Changing the catalyst to acetic acid improved
the crystallinity but residual diffraction peaks of the aldehyde could still be observed even at longer
milling times (Table S1a, entry 4). Increasing the milling frequency from 25 to 30 Hz improved
the crystallinity and conversion (Table Sla, entry 5). Increasing the amount of catalyst, liquid
additive (the ratio of liquid additive to reaction mixture weight, # = 2.0-3.5 uLL/mg) and replacing
the liquid additive with THF had negligible effects on the crystallinity and the conversion in 60
minutes, which turned out to be the best (optimized) condition (Table S1a, entry 7). Lower ratio
(n = 1.8), typically used in mechanochemical liquid-assisted grinding (LAG)’? resulted in slightly
higher crystallinity and conversion (Table S1a, entries 5, 9 and 2); however, these conditions
proved less reproducible. The need for a higher amount of liquid could be attributed to trapping of
the solvent in the pores of the forming COF.

Noteworthy, increasing the milling time from 60 minutes to 90 minutes significantly improved the
conversion of aldehyde groups as screened by FTIR (Table S1a, entry 9; Figure S18b). However,
the accessible surface area of the COFs is reduced from 493 m?g~! to 251 m?g!, possibly due to
pore collapse and/or pore blockade due to interlayer shift (Figure S26g).>* Using softer milling
materials, such as steel and Teflon, instead of zirconia resulted in incomplete COF formation as
indicated by the presence of the aldehyde precursors in FTIR and PXRD (Figure S6a, S18a, Table
S1a entries 12-18). The COF powders from the optimized condition were washed thoroughly with
polar solvents (DCM, methanol, acetone), filtered under reduced pressure, and were further
Soxhlet extracted to obtain pure, ambient air-stable, and highly crystalline powders.
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Under the optimized reaction conditions, we also reacted 3TTN-CHO with 1,4-diaminobenzene,
resulting in the formation of 3TTN-COF1 (Table S1b), as well as reacting both aldehyde
precursors with benzidine, yielding 2TTN-COF2 and 3TTN-COF2, respectively. To aid the
structural characterization of COFs, model compounds were synthesized from 2TTN-CHO,
3TTN-CHO and aniline, under both solvothermal and mechanochemical methods.

(cc)

The PXRD analysis of 2TTN-COF1 revealed a crystalline structure with Bragg reflections at 26
= 5.0° and 9.9°, corresponding to the (100) and (200) planes (Figure 1a). A broad peak at 20 =
26° was attributed to the (001) plane, indicating weak long-range order along the ¢ direction with
interlayer spacing of ~3.4 A. Pawley refinement suggests a monoclinic unit cell with a = 18.9 A,
b=18.4A,c=34A,0=P=90.0°y=97.9°. The PXRD analysis of 2TTN-COF2 showed Bragg
reflections as 20 = 4.1, and 8.1 (Figure 1b, S3b). For 3TTN-COF1, the first reflection appeared
at 20 = 5.9 (100), and the unit cell was refinedtoa=17.9 A, b=18.6 A, c=3.4 A, a.=p =90.0°,
v = 65.8° (Figure S3c¢). PXRD of 3TTN-COF2 revealed peaks at 20 = 4.8, and 8.7 (Figure S3d).
The simulated diffraction patterns for the DFT-optimized unit cell closely matched the
experimental data, reproducing both the reflection positions and the relative intensities suggesting
an eclipsed (AA) interlayer orientation for all COFs (Figure S3).
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The crystal structures of the unsubstituted 2TTN and 3TTN”!:73 show that the former is completely
planar while the latter exhibits a small twist of ~ 7° between out-of-plane hydrogen and
naphthalene, brought about by steric repulsion between hydrogen in the bay area (Scheme 2). This
out-of-place distortion may explain the slightly lower crystallinity of 3TTN COFs compared to
2TTN COFs. Scherrer analysis of the (100) reflection width suggests the crystal coherence length
of ~ 14 nm for both 2TTN-COF1 and 2TTN-COF2 and lower values of ~ 9 nm for 3TTN-COF1
and ~ 13 nm for 3TTN-COF2.

a) b)

) s
2TTN-CHO j - & . s
[ ] R G‘ %N/ 5 O -
{ L BN S S
—_—mmNe—— 3TTN-COF2 = K ‘
2TTN-model compound
3TTN-model compound
2TTN-COF1 M 3TTN-CHO

2TTN-COF2
1608 (-C=N) o
e
3TTN-COF1 M
ya

/
7/

T T T T
3500 3000 1500 1000

_M_/\"/-\K~ ;NN/ ¢ s
[ I ] S \\S
2TTN-COF2 = A\ N

2TTN-model compound

2TTN-CHO

T T T T T T
200 180 160 140 120 100 80 60 40 20 0

Wavenumbers (cm™) Chemical shift (ppm)

Figure 1. PXRD patterns of a) 2TTN-COF1 powder (observed (red), refined (dashed) and simulated AA
stacking (blue), R, = 2.15%, Ry, =2.74%), b) 2TTN-COF2 (observed (red), refined (dashed) and simulated
AA stacking (blue), R, = 2.55%, R, = 3.45%), the inset shows the simulated structures. Full Width at Half
Maximum (FWHM) is 0.57° and 0.56° for 2TTN-COF1 and -COF2, compared to 0.85° and 0.63° for
3TTN-COF1 and 3TTN-COF2 for 100 plane peaks, respectively (Figure S3). ¢) IR spectra of aldehydes,
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model compound, and COF powders showing the imine linkages at 1608 cm™, residual aldehyde peak at
1660 cm™, and d) Comparison of '3C NMR starting materials, model compounds and COF powders
measured at (CP-MAS, 13 kHz). The peaks marked by * in a) and b) are due to trace amounts of zirconia
leaching from jars (<0.5% based on X-ray photoelectron spectroscopy (XPS), Figures S6b, S9-S13)

The IR spectrum of 2TTN-COF1 displays a characteristic C=N stretch at ~1608 cm™! (Figure
1c, Figure S17). The dramatic decrease in the aldehyde C=O stretch indicates the reaction is
nearly complete within 60 minutes of milling. Solid-state cross-polarization magic-angle-spinning
(CP-MAS) BC NMR spectroscopy confirms the formation of the complete imine formation as
indicated by the C=N peak at ~150 ppm and the disappearance of aldehyde groups at ~190 ppm
(Figure 1d, Figure S28).

The elemental composition analysis obtained from the X-ray photoelectron spectroscopy (XPS) is
in good agreement with the expected elemental composition for all 4 COFs (Figure S9-S13). For
instance, for 2TTN-COF1, the obtained elemental composition is 80.0 £ 0.5%, 9.1 + 0.7%, and
7.4 £ 0.6% for C, N, S while the expected values are 81.0%, 9.5%, and 9.5%, respectively. The
XPS also shows ~3.5% of oxygen present on the COF surface which we attribute to unreacted
aldehyde groups, possibly chemisorbed water (as hemiaminal) and a small amount of ZrO,
(0.13%) from the milling jar (Figure S9, S10, Supporting section 12.2).

Brunauer-Emmett-Teller (BET) analysis of the 77K nitrogen sorption measurements of vacuum-
activated COFs (1073 Torr, 120 °C, 24 h) suggest a relatively low surface area of 311 m?/g for
2TTN-COF1 (theoretical 1584 m?g~!, Figure S26a). 2TTN-COF?2 exhibits a higher surface area
of 493 m?g! (theoretical: 1793 m?g ). However, both 3TTN COFs showed a much lower surface
area of 23-90 m*/g (Figure S26), which is in line with their lower crystallinity. We attribute this
low surface area of all four COF to the interlayer slippage/pore collapse during the milling. *® The
pore size distribution obtained from the quenched-solid density functional theory (QS-DFT) of the
N, isotherm data for 2TTN-COF1 corresponds closely to the micropore dimensions expected for
the COF (19 A) with contributions of mesopores at ~35-50 A (Figure S26h).
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The scanning electron microscopy (SEM) image shows micrometer-sized particles, with
occasional plates reaching up to 100 um for 2TTN-COF1 and 3TTN-COF1 (Figure S27).
Thermogravimetric analysis (TGA) confirms that all COFs are stable up to at least 300 °C, with
the highest stability observed for 2TTN-COF1 with Tg4.”° ~440 °C (Figure S20).

(cc)

Postmodification of COFs via Doebner reaction

Imine COFs exhibit limited hydrolytic stability and limited n-electron delocalization due to the
polarity of the C=N linkage.”* Various post-synthetic modification strategies have been developed
to improve the stability and n-conjugation of imine COFs.”> 76 These strategies often involve harsh
conditions.”” Notably, the Doebner reaction improves chemical stability and introduces
functionality for various applications under mild reaction conditions.”® 7 The combination of the
electron-rich TTN node with the electron-withdrawing quinoline linkage is expected to lower the
band gap compared to its imine-linked COFs.
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2TTN-COF2 2TTN-COF2-Q

120°C

Scheme 2. Post-synthetic modification of 2TTN-COF2 for synthesis of quinoline-linked 2TTN-COF2-Q.

2TTN-COF2, which exhibits the highest crystallinity and largest pores in this series, was selected
for post-modification. Using a modified Doebner reaction condition’® (Table S8), the imine-linked
2TTN-COF2 was reacted with pyruvic acid in air atmosphere to obtain quinoline-linked 2TTN-
COF2-Q in 75% yield. The addition of small amounts of the free benzidine linker was essential
to prevent the hydrolysis of imine bonds during the reaction, which otherwise leads to formation
of the aldehyde monomer observed in the PXRD of the post-modified COF (Figure S4b).

Unlike imine-linked TTN COFs, which undergo complete dissolution in acid catalyzed aminolysis
with hexylamine®? (Figure S2), quinoline links are completely stable in these conditions. To assess
the efficiency of the post-modification, the resulting 2TTN-COF2-Q was reacted with hexylamine
to digest the unconverted imine-linked domains. Such aminolysis of 2TTN-COF2-Q prepared
under solvothermal conditions resulted in 67% mass retention for 2TTN-COF2-Q. The
conversion yield can be increased by performing the Doebner reaction in solvent-free conditions
(77% mass retained after aminolysis, Supporting section 5) but with a significant loss of
crystallinity (Figure S7). On the other hand, this reaction can be accelerated (3 h, 120 ° C) using
microwave-assisted heating®!- 8 while maintaining the crystallinity (Figure S7) and achieving
comparable conversion (57% mass retention after aminolysis).

The IR spectra of 2TTN-COF2-Q COFs (Figure 2b, Figure S19) display characteristic peaks at
1704 cm™' corresponding to the carboxylic group. The higher peak relative intensity of the
carboxylic group in solvent-free approach compared to solvothermal and microwave-assisted,
agrees with the higher conversion of the imine-linked COF in this approach (Figure S19). CP-
MAS 3C NMR spectrum shows the additional peak at ~170 ppm corresponding to the carboxylic
group (Figure 2¢, Figure S29). The XPS analysis of the 2TTN-COF2Qs shows an expected
increase in the amount of oxygen (11.8%) and an overall good match of elemental composition
with theoretical values (with deviations <1.3%, Table S2).

The surface area of 2TTN-COF2-Q (solvothermal) is reduced to ~190 m?g~!, which is in
agreement with the reduced pore size of the quinoline-linked COF (Supporting section 12.8).
Thermogravimetric analysis (TGA) of post-modified COFs shows lower thermal stability

8
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compared to imine-linked COFs (Figure S20). TGA-IR measurements of the Doebner post-
modified COF confirm that the significant mass loss observed between 180 °C and 500 °C is
attributed to CO, evolution from decarboxylation. The measured mass loss of 14.7% in this
temperature range aligns well with the theoretical 17% mass loss calculated for the conversion of
the 4-carboxyl-quinoline-linked COF to the quinoline-linked COF (Figure S21).

a)
/L\ 2TTN-COF2

2TTN-COF2-Q (After digestion)

Py I o
e

Lniags 4

Simulated
—ftTr T 1 1T rr- 1T
5 10 15 20 25
26 (%)
b) y
Wavenumber (cm™)
3500 3000 1500 1000 500
PR I T S R [T Y A T S S T R T S S |
-~ — 7/
2TTN-COF2
Pyruvic Acid
W

2TTN-COF2-Q (Solvothermal)

c)

2TTN-COF2

2TTN-COF2-Q
= =

[ L
200 180 160 140 120 100 80 60 40 20 0

T T T T T T T T 1
Chemical shift (ppm)

Figure 2. a) Experimental (blue) PXRD of 2TTN-COF2, experimental (green, background corrected), and
simulated (light blue, AA stacking) PXRD of 2TTN-COF2Q synthesized solvothermally (after digestion).
b) IR spectra of 2TTN-COF2Q, compared to 2TTN-COF2 and pyruvic acid. ¢) CP/MAS '3C NMR spectra
of 2TTN-COF2 and 2TTN-COF2-Q measured at 13 kHz.
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Photophysical characterization

The optical properties of the COF powders were analyzed using diffuse reflectance spectroscopy
(DRS), and their direct optical band gaps (E,) were determined from Tauc plots (Figure S22b).
The as-prepared TTN COFs exhibited broad absorption across the visible spectrum (Figure 3a,
Figure S22). The absorption band of 3TTN-COFT1 is red-shifted compared to 2TTN-COF1 by
20 nm, which corresponds to a decrease in band gap from 1.89 eV to 1.81 eV. The effect is likely
a result of the enhanced intra-sheet electron delocalization via 3TTN vs 2TTN core, which can be
rationalized in the context of direct conjugation through the bithiophene moiety in 3TTN vs cross-
conjugation in 2TTN (Scheme 1¢). Indeed, DFT calculations (B3LYP/6-31G(d)) on 2-D COF
monolayers reveal a narrower band gap for 3TTN-COF1 (2.78 eV) compared to 2TTN-COF1
(3.35 eV), despite the reduced planarity of 3TTN-COF1. Furthermore, 3TTN-CHO also shows a
redshifted emission compared to 2TTN-CHO in solution (Figure S8d). On the other hand, a
blueshifted absorption of the biphenyl-linked 2TTN/3TTN-COF2 vs phenyl-linked
2TTN/3TTN-COF1 can be attributed to the twist in the biphenyl linker which limits the =-
conjugation,83 84

Converting the imine linker to a quinoline moiety results in a significant band gap contraction in
the case of 2TTN-COF2-Q (~1.7 eV, Figure S22b) which is in line with narrower calculated band
gaps for this COF. This is consistent with enhanced n-conjugation and the formation of a donor-
acceptor structure. While both the HOMO and LUMO in 2TTN-COF2 are primarily localized on
the TTN core, the LUMO in quinoline-linked 2TTN-COF2-Q is mainly located on the electron
withdrawing linkage leading to more stabilization (0.1 eV) and reduced band gap (Figure 3b, S14,
Table S3).

The ionization potentials (IPs) of the COFs were measured using Photoelectron Yield
Spectroscopy in Air (PESA, Figure 3¢, Figure S16). Phenyl-linked COFs showed slightly lower
IPs (5.43 eV for 2TTN-COF1 and 5.46 eV for 3TTN-COF1) than biphenyl linked COFs (5.55
eV for 2TTN-COF2 and 5.58 ¢V for 3TTN-COF2). Converting the imine links in 2TTN-COF2
to quinoline leads to a ~0.1 eV decrease in IP for 2TTN-COF2-Q (5.45 eV), consistent with its
lower band gap. A summary of the energy levels of the COFs is presented in Figure 3b and Table
S3.
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Figure 3. a) Diffuse reflectance spectrum of the COF powders. b) DFT-calculated (B3LYP/6-31G(d),
red and green rectangles) and experimental (blue lines: PESA; orange lines: PESA + optical band gap)
electronic levels of the COFs, and ¢) DFT calculated orbital topologies for 2TTN-COF2 (top) and 2TTN-
COF2Q (bottom).

(cc)

Electronic and proton conductivity

The dc electrical conductivity of TTN COFs was evaluated in compressed pellets using a two-
probe measurement. Pristine COFs exhibited vanishingly low conductivities of 107'%...107"* S
cm™! (Figure S30). Doping in iodine vapor overnight improved the conductivity by up to six orders
of magnitude (Figure 4a). Specifically, electrical conductivity of 3.2x10™* S em™! and 1.7x107> S
cm”! was measured for phenylene-linked 2TTN-COF1 and 3TTN-COF1, respectively. A lower
conductivity was found in biphenylene-linked 2TTN-COF2 and 3TTN-COF2 (7.6x107> S cm™!
and 4.1x107® S ecm™!, respectively), while biquinoline-linked 2TTN-COF2-Q showed slightly
enhanced conductivity of 1.1x10™* S cm™! (Figure S30).
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The absorption of iodine-doped COFs is red-shifted compared to pristine samples, with a low-
intensity tail extending far in the near-IR region (Figures 4c¢ and S23). The Electron Spin
Resonance (ESR) spectroscopy shows an emergence of a strong signal upon doping, attributed to
radical cations (Figures 4b and S31). However, the measured spin concentration is rather low
(0.2-0.3% for 2TTN-COF1 and 2TTN-COF2 and 1% for 3TTN-COF1). It is likely that the
relatively high ionization potentials (Figure 3¢) and possibly the instability of radical cation limit

the generation of free carriers and thus the electrical conductivity of these COFs.
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Figure 4. a) Comparison of log scale of electrical conductivity measurements of pristine and I,-doped
2TTN-COF1 and 3TTN-COF1; b) EPR signal of pristine and I,-doped COFs at room temperature in air; c)
diffuse reflectance spectrum of the pristine and I,-doped COF powders showing significant redshift upon

doping.
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Considering the growing interest in proton-conducting COFs,%-%7 we evaluated the proton
conductivity of 2TTN-COF2-Q using electrochemical impedance spectroscopy (EIS) on
compressed pellets doped with H;PO,4, under both non-hydrous (vacuum-dried samples) and
humid conditions (equilibrated overnight at RH ~75%). Analysis of the Nyquist plots revealed a
reasonably high room-temperature proton conductivities of ~1.4x10™* S cm™' in freeze-dried
sample, but only a moderate increase to ~3x107* S cm™! after humidification (Figure S32). A
further increase of proton conductivity to 1.2x1073 S cm™! was observed at 60°C. These values are
lower than 102 S cm™! reported in a vinylene-linked triazine COF®” under comparable conditions
and the record ~10~' S cm™! reported for a ketoenamine-linked azo-COF at saturated humidity (RH
~ 98%) at higher temperature.®® We speculate that the basicity of the quinoline nitrogen may
increase the binding of protons in the COF cavity and limit the conductivity.

Conclusion

In summary we have introduced two new isomeric tetragonal n-conjugated naphthotetrathiophene
isomers as core for COF synthesis, and synthesized imine-linked COFs via mechanochemistry
which was not readily accessible through typical solvothermal condition. The synthesized COFs
show high crystallinity with permanent porosity and optical band gap ranging from 1.81 eV to 2.07
eV. We further post-modified 2TTN-COF2 using the Doebner reaction via solvothermal condition
to yield quinoline linked 2TTN-COF2-Q reducing the band gap of the COF by about 0.4 eV with
a slight improvement on the conductivity of the COF and a significant improvement of chemical
stability. Both experimental and DFT results show that the structural differences in the TTN-COFs
lead to different m-conjugation and planarity, which significantly impact their optical and
electronic properties. We also developed microwave-assisted Doebner post-modification synthesis
of quinoline-linked COF which significantly shortens the reaction time compared to the
conventional solvothermal conditions. Due to the relatively high ionization potential (5.5 eV) of
these COFs, only low charge carrier concentration (0.2-0.3%) can be introduced by doping with
iodine. Nevertheless, such doping increases the electrical conductivity by 6 orders of magnitude
(up to 3x10™* S cm™!) indicating pronounced charge transport properties of TTN-based COFs.
Quinoline-linked COF showed proton conductivity of 1.2x1073 S cm! at 60 °C and moderate RH
(~75%). Our results showcase the advantages of mechanochemistry in providing straightforward
access to COFs based on insoluble monomers, opening the opportunities for design of such
materials based on large poly(hetero)cyclic building blocks with tailorable optoelectronic
properties.
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