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Vinylene-linked two-dimensional (2D) conjugated covalent organic
frameworks, or 2D poly(arylene vinylene)s (2D PAVs), are promising
polymer semiconductors for (opto-)electronics, photocatalysis and
electrochemistry. However, conventional solvothermal synthesis often
produces 2D PAVs that are poorly crystalline or difficult to access. Here we
introduce aMannich-elimination strategy that converts 8 2D imine-covalent
organic frameworks into 11 highly crystalline 2D PAVs though a reversible
C=Cbond formation mechanism enabling precise crystallization

control. This versatile approach affords robust 2D PAVs with honeycomb,
square or kagome lattices, specific surface areaup to ~2,000 m*g*and
lattice-mismatch tolerance up to 3.5%. High-resolution transmission
electron microscopy and continuous rotation electron diffraction

reveal molecular-level ordering in a 2-um-sized triphenylbenzene-based
single-crystalline 2D PAV. We demonstrate that crystallinity profoundly
influences charge transport, with benzotrithiophene-based 2D PAVs
exhibiting charge mobilities tenfold higher than their amorphous analogues
or 2D polyimine precursors. This work establishes a general route to highly
crystalline 2D conjugated polymer materials for robust applications.

Two-dimensional conjugated covalent organic frameworks (2D
c-COFs)"™*, or layer-stacked®”, crystalline 2D conjugated polymers®”’,
representa unique class of organic 2D crystals with extended in-plane
m-conjugation’® and out-of-plane electronic couplings". Typical 2D
c-COFs are in-plane interconnected'>" by conjugated linkages such
as imine'* and pyrazine'. However, the polarized C=N bonds'*"
hinder efficient m-electron delocalization, often leading to large
optical band gaps and inefficient charge carrier transport. Recent
advances in vinylene- or sp>-carbon-linked 2D c-COFs?>?, that is,
layered 2D poly(arylene vinylene)s (2D PAVs)?*, have demonstrated
significantly enhanced mi-conjugation compared with imine-linked
2D c¢-COFs (also known as 2D polyimines, 2D Pls)*. Benefitting from

their tunable topologies**, tailored electronic structures®, intrinsic
charge carrier mobilities®*” and abundant active sites”, these materi-
als have attracted considerable attention in applications in (opto-)
electronics'®*, photocatalysis****~' and electrochemistry®.

Since the first report of crystalline 2D PAV via Knoevenagel 2D
polycondensation®*?, various synthetic methodologies, including
Aldol-type* ™, Horner-Wadsworth-Emmons®, Wittig® or Claisen-
Schmidt®® 2D polycondensation reactions, have been developed to
construct this class of materials. However, the achieved domain sizes
viathese methods are generally below 20 nm, limiting their potential
in wide-scope applications. Moreover, unlike the excellent gener-
ality of the well-established Schiff-base 2D polycondensation®™*,
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only selected 2D PAVs are crystalline, owing to the considerably lower
reversibility of C=C bond formation compared with C=N bond forma-
tion. Inthis context, it remains highly challenging to synthesize 2D PAVs
with robust topologies and high crystallinity (for example, domain size
>100 nm), which requires a deep understanding of reaction kinetics
and precise control over reaction reversibility.

Here, we introduce a Mannich-elimination reaction strategy to
synthesize 11 highly crystalline or single-crystalline 2D PAVs in honey-
comb, square or kagome lattice structures from the 2D Pl precursors.
By contrast, the conventional Knoevenagel reaction approach only
produces amorphous polymers for some of these systems. The cas-
cade Mannich-elimination reaction mechanismis elucidated through
model reactions at the (supra)molecular level and density functional
theory (DFT) calculations. The successful synthesis of 2D PAVs is
demonstrated by various ex situ spectroscopic techniques, powder
X-ray diffraction (PXRD) and high-resolution transmission electron
microscopy (HR-TEM). The molecular-level structure of a 2-um-sized
single-crystalline honeycomb 2D PAV (2DPAV-DMP-TPB, where DMP
is dimethoxybenzene and TPB is triphenylbenzene) is resolved by
HR-TEM and continuous rotation electron diffraction (cCRED). Itis note-
worthy that the Mannich-elimination shows a certain lattice-mismatch
tolerance (up to 3.5%) between 2D PAV and its 2D Pl precursor. The
specific surface areas of these 2D PAVs can be more than 100 times
greater than those produced by the traditional Knoevenagel reaction.
We further demonstrate that the crystallinity hasalargeimpact onthe
charge transport properties, as exemplified by benzotrithiophene
(BTT)-based honeycomb 2D PAVs, which exhibit charge mobilities ten
times greater than the amorphous 2D PAV and their corresponding
2D PIs. This work opens an avenue for the efficient synthesis of highly
crystalline 2D PAVs, suitable for robust applications.

Results and discussion

Model compounds and 2D PAVs by Mannich-elimination
reaction

The Mannich reaction has been widely utilized in the synthesis of
bioactive compounds*. When combined with the elimination pro-
cess, the Mannich-elimination reaction (also known as retro-Michael
addition-elimination reaction) enables facile C=C bond formation
using either a base (for example, KOH) or a Lewis acid (for exam-
ple, In(OTf),) as a catalyst**. To assess the feasibility of this reaction
for synthesizing 2D PAVs, we investigated the reaction mechanism
through a series of model reactions and DFT calculations. In a rep-
resentative model reaction, the Mannich-elimination reaction
between (£)-N,1-diphenylmethanimine (1) and 2-(4-(tert-butyl)phe-
nyl)acetonitrile (2) involves a two-step process (Fig. 1a,b): C-C bond
formation between the imine and the active methylene to generate
the intermediate addition product 5, followed by the elimination
process towards the formation of the cyano-vinylene bond in (2)-2-
(4-(tert-butyl)phenyl)-3-phenylacrylonitrile (3) with aniline (4) as the
by-product.

Aiming to optimize the reaction reactivity, we performed the
model reaction in a mixed solvent of dimethylacetamide (DMAc)/
H,O0 (v/v=10/1) at 120 °C for 8 h under different catalytic conditions
(2equivalents of catalyst per C=N bond; see the synthetic detailsin the
Supplementary Information). The results suggest that compound 3
can be obtained in 10-35% yield in the presence of mild bases such as
NaOAc, KOAc, CsOAc, Na,CO; and K,CO,. However, the yield signifi-
cantly increases when using KOH (86%) or Cs,CO; (98%) as a catalyst.
By contrast, only hydrolysis of1occurs, and no product 3 was detected
under acidic conditions (see the results for acids and other (in)organic
bases in Supplementary Table 1). We further explored the role of the
solvent under optimal conditions. The results reveal that mere DMAc
(98%) and 1,3-dimethyl-2-imidazolidinone (91%) efficiently promote
thereaction. Atthe sametime, other polar solvents (for example, ace-
tonitrile and dimethylformamide) provide yields ranging from 18% to

60%, while low-polar solvents (for example, dioxane and mesitylene)
hinder the reaction with ayield less than1%.

To clarify whether the reaction follows a Mannich-elimination
mechanism or a pathway involving imine hydrolysis to an aldehyde
and subsequent Knoevenagel condensation, we performed in situ
'H nuclear magnetic resonance (NMR) analysis using Cs,CO; as the
catalystand DMAc/H,0 as the solvent. The spectradisplay a decreased
intensity of theimine (1) and cyano-methylene (2) protonsat 8.6 ppm
and 3.9 ppm, respectively, asaccompanied by the gradual appearance
oftheamine proton (4) at 5.0 ppm over 240 min (Supplementary Fig.1;
seealso Fig.1c). However, no aldehyde signal was observed, indicative
of the cascade Mannich-elimination reaction pathway. This is fur-
ther verified by the synthesis of compound 3 in 98% yield in DMAc
without the addition of H,0, which excludes the hydrolysis of imine
(Supplementary Table 1). The reaction is largely facilitated in DMAc
compared with thatinDMAc/H,O (Supplementary Figs.2and 3), prob-
ably due to reduced reversibility of the C=C bond formation in the
absence of water.

Moreover, the formation of the intermediate addition product 5
was detected by '"H NMR with characteristic cyano-C-H (ref. 45) pro-
ton signal at 4.06 ppm observed after 30 min of reaction, which fully
disappeared after 120 min owing to the formation of product 3 (Fig. 1c
and Supplementary Fig. 2; the'Hand *C NMR spectra of isolated 5 are
showninSupplementaryFig.4). Theintermediate Swas further verified
by various mass spectrometry analyses (Supplementary Figs.5and 6),
which supports our proposed reaction mechanism in Fig. 1b. This
mechanism is further elucidated by DFT calculations on the relative
Gibbs energy. When only DMAc is used as the solvent, the formation
of 5is energetically very favourable (Supplementary Fig. 7), while its
transformation into the key transition state (TS, in Fig. 1b) during the
elimination process is the rate-determining step of the reaction. In
comparison, the presence of water results in relatively sluggish reac-
tionkinetics for the formation of the TS, transition state in the Mannich
step, accounting for the experimentally observed slower reactions. The
presence of water is expected toimprove the reversibility of C=Cbond
formation, whichis essential for achieving high structural orderingin
2D PAVs. Meanwhile, water does not affect the calculated energy bar-
riers for the formation of TS, (Supplementary Fig. 7).

We thus envision that the Mannich-elimination reaction between
crystalline 2D PIs and symmetric acetonitrile monomers would lead
to 2D PAVs with a well-maintained structural order of the 2D Pl pre-
cursors. To probe this hypothesis, we synthesized two F-labelled
crystalline 2D Pls, that is, 2DPI-BTT-P(F) (P = phenyl; all polymers in
this work are named A-B-C, where A is 2DPl or 2DPAV, B is the alde-
hyde building block and C is the amine or methylene building block)
and 2DPI-TPB-P(F), via Schiff-base polycondensation in solvother-
mal syntheses. Then, we monitored their transformation with the
C,-symmetric 1,4-phenylenediacetonitrile into 2DPAV-BTT-P(F) and
2DPAV-TPB-P(F) (Fig. 1d) by solid-state ’F/*C cross-polarization (CP)
NMR and Fourier-transform infrared (FT-IR) spectroscopies. Taking
2DPAV-BTT-P(F) as an example, the ex situ *C CP NMR spectra show
peaksat 57 and 30 ppm for theisolated polymers after 1 day of synthe-
sis, which correspond to the formation of the intermediate addition
product (Fig. le and Supplementary Fig. 8). These peaks gradually van-
ish over 6 days, accompanied by the disappearance of the C=N signal
at157 ppm for 2DPI-BTT-P(F) and the appearance of acyano-vinylene
peak at 117 and 108 ppm. The solid-state F NMR spectra show no *°F
peakin the resultant 2DPAV-BTT-P(F) (Supplementary Fig.9), indica-
tive of complete consumption of 2DPI-BTT-P(F) after the synthesis.
Ex situ FT-IR spectra show that the stretching vibration of the imine
bond at 1,597 cm™ gradually shifts to 1,590 cm™ (C=C) owing to the
formation of cyano-vinylene linkages in 2DPAV-BTT-P(F) (Fig. 1f
and Supplementary Fig. 10). In addition, the C=N peak is observed
at 2,214 cm™. The solid-state F/®*C CP NMR and FT-IR spectra of
2DPAV-TPB-P(F) are shown in Supplementary Figs. 9 and 11.
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Fig.1|Model compounds and 2D PAVs by Mannich-elimination reaction.

a, Schematic synthesis of model compound 3. (i) Cs,CO;, DMAc/H,0 (10/1),
120 °C, 8 h. b, Proposed reaction mechanism for the Mannich-elimination
pathway. ¢, In situ NMR analysis of model reaction performed in DMAc.

The spectraof compounds1,2and 4 measured in DMSO-d, are shown for
comparison. The insitu spectra are recorded in DMAc with trace DMSO-d, for
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calibration. d, Schematic synthesis of 2DPAV-BTT-P(F) and 2DPAV-TPB-P(F)
from the F-labelled 2D PIs. (ii) Cs,CO;, DMAc/H,0 (7/3),120 °C, 5-6 days.

e f, Time-dependent solid-state >C CP NMR (e) and FT-IR (f) spectra during the
synthesis of 2DPAV-BTT-P(F) (lines for 6 days) from 2DPI-BTT-P(F) (lines for

0 days).

Highly crystalline 2D PAVs in different lattices by
Mannich-elimination reaction

Encouraged by the above results, we synthesized the unlabelled
powder-based 2DPI-BTT-P and 2DPI-TPB-P, which exhibit dark-yellow
and light-yellow colours (Fig. 2), respectively. They display enhanced
crystallinity compared with F-labelled 2D PIs (Supplementary Fig.12)
dueto the high symmetry of the unlabelled building block, which would
result in better layer stacking. Using the above Mannich-elimination

approach, 2DPAV-BTT-P and 2DPAV-TPB-P were subsequently obtained
asred and light-yellow powders, respectively (Fig. 2; see their FT-IR,
Raman and ultraviolet-visible (UV-vis) absorption spectra as well
as scanning electron microscopy (SEM) images in Supplementary
Figs.13-19; the PXRD pattern of 2DPAV-TPB-P, 2DPAV-TPB-P(F) and
their 2D Plsis shownin Supplementary Fig. 20). PXRD analysis reveals
the crystalline nature of 2DPAV-BTT-P with distinct 20 signals at 3.45°
(corresponding to 2.56 nm), 6.03°, 7.00°, 9.42°, 12.16° and 25.25°
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Fig. 2| Schematic synthesis of various honeycomb 2D PAVs by Mannich-elimination reaction. Synthetic condition of 2D PAVs: Cs,CO,, DMAc/H,0 (7/3),130 °C,

6 days. The pictures within each of the structures are photos of the powder obtained.

(Fig.3a, redline), whichwe assign to the (100), (110), (200), (210), (220)
and (001) crystallographic planes, respectively, for an AA stacking
geometry (see the Pawley refinement in Supplementary Fig. 21). The
full width at half maximum (FWHM) of the (001) peak is determined
to be 0.39°. As expected, 2DPAV-BTT-P(F) exhibits similar PXRD
signals but with a larger FWHM value of 0.55° (Fig. 3a, brown line),

indicative of an inferior crystallinity in the material derived from the
F-labelled 2D PI. In stark contrast, the directly synthesized sample,
namely 2DPAV-BTT-P(Kn), through Knoevenagel polycondensation
betweenbenzol[1,2-b:3,4-b":5,6-b”]trithiophene-2,5,8-tricarbaldehyde
and 1,4-phenylenediacetonitrile is amorphous. It is also noted that
performing the Mannich-elimination reaction on 2DPI-TPB-P in the
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absence of water does not lead to the expected 2DPAV-TPB-P, further
highlighting the critical role of water inenhancing the reactionrevers-
ibility towards crystalline materials.

HR-TEM imaging shows the well-defined honeycomb lattice of
2DPAV-BTT-P (Supplementary Fig. 22). N, physisorption measure-
ments were further performed to elucidate the pore characteristics
ofthe polymer frameworks. Both 2DPI-BTT-P and 2DPAV-BTT-P show
type lisotherms, with Brunauer-Emmett-Teller (BET) surface areas
of 2,061 m?g ™" and 1,844 m? g, respectively. By contrast, the amor-
phous 2DPAV-BTT-P(Kn) exhibits a surface area as small as 16 m?g™!
(Fig. 3b). The pore size distribution calculated by the non-local DFT
method reveals a pore diameter reduction from 2.8 nmin 2DPI-BTT-P
to 2.4 nm in 2DPAV-BTT-P attributable to the presence of cyano
groups in the pore channels of the latter (Fig. 3c; see more details in
Supplementary Figs. 23 and 24). These results support our strategy for

constructing highly crystalline 2D PAVs, especially those that cannot
be directly synthesized by Knoevenagel polycondensation, via the
Mannich-elimination reaction on well-defined 2D Pls.

To explore the universality of this strategy, we first synthesized
2DPAV-BTT-DMP from 2DPI-BTT-P and 2,2’-(2,5-dimethoxy-1,4-pheny
lene)diacetonitrile (Fig. 2 and Supplementary Fig. 25). We further
extended the approach to obtain 2DPI-BTT-BP (BP = biphenyl) and
then 2DPAV-BTT-BP with an enlarged lattice parameter. More inter-
estingly, by using 2,2’-([2,2’-bipyridine]-5,5’-diyl)diacetonitrile and
2,2’-([2,2’-bithiophene]-5,5’-diyl)diacetonitrile, which share a similar
corelengthto2,2’-([1,1’-biphenyl]-4,4’-diyl)diacetonitrile, we synthe-
size a series of BTT-based 2D PAVs with distinct electronic structures
from 2DPI-BTT-BP (yellow powders) via the Mannich-elimination
reaction: 2DPAV-BTT-BP (in light-orange colour), 2DPAV-BTT-BPY
(in dark-orange colour; BPY =bipyridine) and 2DPAV-BTT-BT
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DMACc/H,0, 6-12 days. The pictures within each of the structures are photos of
the powder obtained.

(in dark-brown colour; BT = bithiophene) as depicted in Fig. 2. The
successful synthesis of materials is demonstrated by FT-IR
and solid-state ®C CP NMR, as well as Raman spectroscopies
(Supplementary Figs. 26-29). The experimental Raman spectra are
nicely reproduced by theoretical calculations, whichindicate agradual
shift of the C=C stretching vibration from 1,585 cm™ in 2DPI-BTT-BP
to 1,438-1,583 cm™ for the 2D PAVs due to enhanced 2D conjuga-
tion (see more detailed discussion in Supplementary Fig. 29). DFT
calculations reveal dihedral angles between the C, building block
and the vinylene linkage (Supplementary Figs. 30-32) following the
sequence of 2DPI-BTT-BP (ca. 30°) > 2DPAV-BTT-BP > 2DPAV-BTT-BPY
>2DPAV-BTT-BT (smaller than 5°). These results highlight the high fea-
sibility of finely tuning the chemical and electronic structures of 2D con-
jugated polymers using the Mannich-elimination synthetic strategy.
The lattice mismatch (LM) between 2DPI-BTT-BP and the 2D PAVs
canbetoleratedupto3.5% (Fig.2),and 2DPAV-BTT-BP, 2DPAV-BTT-BPY
and 2DPAV-BTT-BT are highly crystalline, while the directly synthesized
materials are amorphous (Supplementary Figs. 33-35). PXRD pat-
terns display that the (100) peak of 2DPI-BTT-BP shifts from 2.80°
(corresponding to 3.15 nm) to 2.79°, 2.76° and 2.90° for the BP/BPY/

BT-bridged 2D PAVs, respectively (Fig. 3d and Supplementary Fig. 36);
the FWHM value changes slightly from 0.25°t0 0.27°,0.26° and 0.28°,
respectively. We further studied the role of LM by synthesizing
2DPAV-BTT-BP(LM) from 2DPI-BTT-P and 2DPAV-BTT-P(LM) from
2DPI-BTT-BP (LM degree of ca.19%). The former vinylene-linked poly-
merisamorphous, while the latter shows considerably inferior crystal-
linity to that of 2DPAV-BTT-P (Supplementary Fig. 37). These results
imply that, toachieve ahigh structural orderin2D PAV, the acetonitrile
monomers need to penetrate the porous channels of the 2D P, followed
by the Mannich-elimination reaction at specific imine sites, without
causing much lattice expansion or contraction.

The simulated PXRD pattern and SEM images of 2DPAV-BTT-BP,
2DPAV-BTT-BPY and 2DPAV-BTT-BT are shown in Supplementary
Figs. 38-41. Their honeycomb polymer frameworks are resolved by
HR-TEMimages. The distances between adjacent pore centresare 3.1,
3.1and 2.9 nm, respectively (Supplementary Figs. 42-44), which are
consistent with the PXRD results. Their BET surface areas estimated
fromN, physisorptionisotherms are 1,985,897 and 622 m* g, respec-
tively; 2DPI-BTT-BP shows a surface area of 2,134 m? g™ (Fig. 3e). It
should be noted that the specific surface area of 1,985 m?> g ' achieved
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for 2DPAV-BTT-BP represents the record value for the reported 2D
PAVs, emphasizing the critical importance of crystallinity. Similar to
the above BTT/P-based system, changing from 2DPI-BTT-BP (3.5 nm)
to 2D PAVs alsoresultsinaporesize reductionto3.1(BP),3.2 (BPY) and
2.9 (BT) nm (Fig. 3f).

As shown in Fig. 4a, the Mannich-elimination synthetic strategy
is also powerful for the synthesis of three other highly crystalline 2D
PAVs in honeycomb, square or kagome lattice based on C,-symmetric
acetonitrile monomers, that is, 2DPAV-TPT-P (TPT = triphenyltria-
zine; in yellow colour), 2DPAV-TPPy-P (TPPy = tetraphenylpyrene; in
orange colour) and 2DPAV-HATN-P (HATN = hexaazatrinaphthalene;
inyellow colour). Itissignificant that their BET surface areas are nearly
twice those of the 2D PAVs directly synthesized via the Knoevenagel
approach (Supplementary Figs. 45 and 46). Our synthetic strategy
can be further extended to construct 2D PAVs based on C;-symmetric
acetonitrile building blocks***’. For instance, honeycomb 2DPAV-P-TPB
and 2DPAV-DMP-TPB were successfully synthesized as yellow and
dark-orange powders, respectively, from 2,2’-(5-(4-(cyanomethyl)
phenyl)-[1,1:3’,1”-terphenyl]-4,4”-diyl)diacetonitrile (Fig. 4b). How-
ever, transformation of a C;-symmetric building block is more challeng-
ing, requiring harsher synthetic conditions—specifically, 8 equivalents
ofbase per C=Nbond at130 °Cfor12 days—to achieve full conversion.
The characterization of the above five materials by PXRD, solid-state *C
CPNMR, FT-IRand Raman, along with related theoretical calculations,
isshownin Fig.3d and Supplementary Figs. 47-52.

Single-crystalline 2D PAV by Mannich-elimination reaction

We further demonstrated the synthesis of single-crystalline
2DPI-DMP-TPB under solvothermal conditions*®. Optical, SEM and
TEMimages reveal aflake-like morphology for the hexagonal 2D Pl crys-
tals, with domain sizes exceeding 2 um (Supplementary Figs. 53-55).
After the Mannich-elimination transformation, the resulting

2DPAV-DMP-TPB crystal can maintain the hexagonal morphology
of the 2D Pl precursor showing a domain size of approximately 2 pm
(Supplementary Figs. 56 and 57) and a surface area of 1,901 m* g™
(Supplementary Fig. 58). HR-TEM images reveal its honeycomb
polymer framework at the molecular level (Fig. 5a; see more
details in Supplementary Fig. 59) with a lattice distance of 3 nm,
which qualitatively agrees with the simulated structure (Fig. 5b).
Supplementary Fig. 60 displays the selected area electron diffraction
(SAED) patternsthroughout the crystal. Althoughslightly tilted fromthe
0001zoneaxis, theyexhibitthesameorientation,indicativeoftheirsingle-
crystalline nature.

cRED collected in low-dose mode at 99 K (Fig. 5c and
Supplementary Fig. 61) revealed a hexagonal unit cell with param-
etersa=b=36.55A, c=7.13 A and =120° for 2DPAV-DMP-TPB. To
validate the crystal structure, the PXRD pattern was simulated from
the cRED-derived structural model and further refined by Rietveld
analysis (Fig. 5d, Supplementary Fig. 62 and Supplementary Table 2).
Therefined unit cell parametersarea = b =36.505(4) A, c=7.094(8) A,
a=[=90°y=120° withconvergenceatR,, = 3.66% (weighted profile
residual factor) and R, =2.47% (profile residual factor). Collectively,
these results establish 2DPAV-DMP-TPB as a honeycomb-structured
material adopting an AA-serrated stacking arrangement in the P6/mcc
space group (Fig. 5e).

Enhanced conjugation and charge transport in crystalline

2D PAVs

To elucidate the enhanced conjugationin 2D PAV compared with that
in 2D PI, we calculated the electronic band structures of monolayer
2DPI-BTT-P, 2DPI-BTT-BP, 2DPAV-BTT-P and 2DPAV-BTT-BP. The
2D PAVs show band gaps nearly 0.2 eV smaller than those of 2D Pls
(Supplementary Fig. 63). Allmonolayers present relatively flat conduc-
tion band minima and valence band maxima (Supplementary Fig. 64)
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Fig. 6| Charge transport properties of 2D PAVs. a, UV-vis absorption spectra

of 2DPI-BTT-P (light violet), 2DPAV-BTT-P (dark red), 2DPAV-BTT-P(Kn) (dark
cyan), 2DPI-BTT-BP (black), 2DPAV-BTT-BP (olive) and 2DPAV-BTT-BP(Kn)
(cyan).b, Time-resolved terahertz photoconductivity of 2DPAV-BTT-P (dark red),
2DPAV-BTT-P(Kn) (dark cyan), 2DPAV-BTT-BP (olive) and 2DPAV-BTT-BP(Kn)
(cyan). ¢, Frequency-resolved complex terahertz photoconductivity for
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2DPAV-BTT-BP. The solid blue and red lines represent the Drude-Smith fits
describing the real and imaginary components of the complex terahertz
photoconductivity, respectively. d, Comparison of charge carrier mobilities and
electrical conductivities of 2DPAV-BTT-BP, amorphous 2DPAV-BTT-BP(Kn) and
2DPI-BTT-BP.

duetoineffective cross-conjugation associated with the honeycomb
lattice. Asshowninthe zoom-inband structure (Supplementary Figs. 65
and 66) and partial charge distribution (Supplementary Fig. 67),
2DPAV-BTT-BP and 2DPAV-BTT-P present mi-delocalized frontier
orbitals and band dispersion intensities more than three times higher
than those of the corresponding 2D Pls. UV-vis absorption spectra
reveal an optical band gap reduction by approximately 0.05 and
0.2 eV for the above crystalline 2D PAVs compared with the amor-
phous 2D PAVs synthesized viathe Knoevenagel reaction (labelled by
Kn) and corresponding 2D Pls, respectively (see details in Fig. 6a and
Supplementary Figs. 68 and 69).

Toelucidate the charge transport properties of 2D PAVs associated
with conjugation and crystallinity, we measured the time-resolved
photoconductivity of crystalline and amorphous 2D PAVs as well as
related 2D Pls by optical-pump terahertz probe spectroscopy. As
showninFig. 6b,2DPAV-BTT-BP shows a photoconductivity intensity
atleast ten times higher than that of amorphous 2DPAV-BTT-BP(Kn),
indicating that the intrinsic charge carrier mobility of crystalline
2D PAVs is at least one order of magnitude higher than their amor-
phous counterparts (a similar trend is observed for 2DPAV-BTT-P
system). Moreover, frequency-resolved photoconductivity measure-
ments reveal an intrinsic charge carrier mobility of approximately
10 cm? Vs for 2DPAV-BTT-BP, which is nearly ten times that of
2DPI-BTT-BP (the charge carrier scattering time is 56 fs for the for-
mer and 17 fs for the latter; see more details in Figs. 5f and 6c and
Supplementary Figs. 70 and 71). Characterizing pellet samples using
the four-probe method further demonstrates an electrical conductivity

of 2DPAV-BTT-BP three times greater than that of 2DPAV-BTT-BP(Kn)
(Fig. 6d). These results underscore the crucial role of t-conjugation
and crystallinity in enhancing the charge transport properties
of 2D c-COFs.

Discussion

In conclusion, we have developed a Mannich-elimination synthetic
strategy that efficiently forms C=C bonds, as demonstrated through
multiple model reactions and theoretical calculations. Thisapproach
isgeneral to the synthesis of highly crystalline 2D PAVs in diverse lattice
structures, such ashoneycomb, square and kagome, derived from the
2D Pl precursors. The specific surface areas of these 2D PAVs can be
more than 100 times greater than those produced by the traditional
Knoevenagel reaction. We resolve the honeycomb crystal structure of
asingle-crystalline 2D PAV at the molecular level. Our results further
reveal that the crystallinity and i-conjugation of 2D PAVs significantly
impact the charge carrier transport properties of 2D PAVs. This work
not only deepens our understanding of 2D PAVs but also opens new
avenues for crafting well-defined, conjugated, highly porous crystal-
line polymer materials for robust applications.
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Methods

Synthesis of model compound 3 via Mannich-elimination
reaction

Amixture of 1(50 mg, 275.88 pmol), 2 (57.36 mg, 331.06 umol), Cs,CO,
(179.77 mg, 551.76 pmol), DMAc (3 ml) and water (0.3 ml) wasadded toa
Schlenk tube. The Schlenk tube was sealed under aninert environment
and heated at 120 °C for 8 h. After the reaction, 50 ml water was added
into thereaction mixture, which was then extracted with dichlorometh-
ane. The crude product was purified by silica gel chromatography using
hexane/ethyl acetate = 97/3 aseluent to give 3 as alight-yellow solid in
98% yield (70 mg).

Synthesis of 2DPAV-BTT-BP

A glass ampoule was charged with 2DPI-BTT-BP (7 mg),
2,2’-([1,I’-biphenyl]-4,4’-diyl)diacetonitrile (14 mg, 2 equivalents per
C=Nbond), Cs,CO, (50 mg, 4 equivalents per C=Nbond) and amixture
of DMAc/H,0 (0.7/0.3 ml). Afterwards, the mixture was sonicated for
10 min at room temperature, and the ampoule was degassed by three
freeze-pump-thaw cycles, sealed under vacuum and heated at 130 °C
for 6 days. After cooling to room temperature, the resulting powders
were filtered and sequentially washed with dimethylformamide, H,0,
ethanol and acetone. After Soxhlet extraction with tetrahydrofuran
for 18 h, the sample was collected and dried under vacuum at 100 °C
overnight, yielding 2DPAV-BTT-BP (7.4 mg) asalight-orange solid with
a96% yield. Following the same conditions, 2,2’-([2,2’-bipyridine]-
5,5’-diyl)diacetonitrile (14 mg) or 2,2’-([2,2’-bithiophene]-5,5’-diyl)
diacetonitrile (14 mg) was used to synthesize 2DPAV-BTT-BPY (7.4 mg,
red solid) and 2DPAV-BTT-BT (7 mg, dark-brown solid) in 95% and 91%
yield, respectively.

Synthesis of single-crystalline 2DPAV-DMP-TPB

A glass ampoule was charged with single-crystalline 2DPI-DMP-TPB
(5mg), 2,2’-(5’-(4-(cyanomethyl)phenyl)-[1,1":3",1”-terphenyl]-
4,4”-diyl)diacetonitrile (10 mg, 1.2 equivalents per C=Nbond), Cs,CO,
(50 mg, 8 equivalents per C=N bond) and a mixture of DMAc/H,0O
(0.5/0.1 ml). Afterwards, the mixture was sonicated for 10 min atroom
temperature, and the ampoule was degassed by three freeze-pump-
thaw cycles, sealed under vacuum and heated at 130 °C for 12 days.
After cooling to room temperature, the resulting powders were filtered
and sequentially washed with dimethylformamide, H,O, ethanol and
acetone. After Soxhlet extraction with acetone for 18 h, the sample
was collected and dried under vacuum at 100 °C overnight to give
2DPAV-DMP-TPB (2.6 mg) as a dark-orange solid in 48% yield.

HR-TEM imaging and image simulation

Experiments were performed on an image-side spherical
aberration-corrected FEI Titan 80-300 operated at 300 kV. The FEI
Titanisequipped witha CEOS hexapole spherical aberration coefficient
(C,) corrector, capable of correcting geometrical axial aberrations up to
thethird order. Theimages were acquired using a Gatan UltraScan1000
CCD camera. HR-TEM image simulations were performed with the
abTEM package* using the Quantum Expresso plane-wave DFT code
by using the GGA-PBE relaxed multilayer 2DPAV-DMP-TPB.
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