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Abstract: Vinylene-linked two-dimensional covalent or-
ganic frameworks (V-2D-COFs) have shown great
promise in electronics and optoelectronics. However,
only a few reactions for V-2D-COFs have been
developed hitherto. Besides the kinetically low reversi-
bility of C=C bond formation, another underlying issue
facing the synthesis of V-2D-COFs is the attainment of
high (E)-alkene selectivity to ensure the appropriate
symmetry of 2D frameworks. Here, we tailor the E/Z
selectivity of the Wittig reaction by employing a proper
catalyst (i.e., Cs2CO3) to obtain more stable intermedi-
ates and elevating the temperature across the reaction
barrier. Subsequently, the Wittig reaction is innovatively
utilized for the synthesis of four crystalline V-2D-COFs
by combining aldehydes and ylides. Importantly, the
efficient conjugation and decent crystallinity of the
resultant V-2D-COFs are demonstrated by their high
charge carrier mobilities over 10 cm2 V� 1 s� 1, as revealed
by non-contact terahertz (THz) spectroscopy.

As a new class of two-dimensional (2D) conjugated
polymers (CPs), fully carbon-conjugated V-2D-COFs with
extended in-plane conjugated skeletons hold great promise
for opto-electronics,[1–4] photoluminescence,[5]

photocatalysis[6,7] and energy storage,[8,9] etc. V-2D-COFs
synthesized by Knoevenagel polycondensation display sig-
nificantly enhanced conjugation and chemical stability
compared to analogous COFs with imine linkages,[1,10, 11] as
stimulates the development of this class of materials.[10–12]

However, the poorly reversible nature of C=C bond
formation makes the synthesis of V-2D-COFs quite chal-
lenging, limiting the feasible strategies to only a few
reactions, including the Knoevenagel reaction,[3,8, 10, 11] Aldol-
type reaction[13a,b,c,14] and Horner–Wadsworth–Emmons
(HWE) polycondensation,[15,16] with a small number of
available monomers.[1,4, 17] Thereby, it is highly desirable to
explore novel synthetic methods for developing crystalline
V-2D-COFs. Besides, effective stereoselectivity tuning of
trans/cis- (E/Z) C=C bond conformation is important from
the standpoint of organic chemistry,[18a,b,19] and it is a
prerequisite for achieving well-ordered crystalline V-2D-
COFs (Figure S1). Nevertheless, it remains challenging to
achieve high E selectivity for these reactions with intrinsi-
cally low E/Z selectivity due to the decrease in entropy from
a stereoisomerism mixture to a single configuration.

Herein, we report a new protocol for synthesizing
unsubstituted V-2D-COFs using the base-catalyzed Wittig
reaction between aryl triphenyl phosphonium ylides and aryl
aldehydes. The Wittig reaction (Wittig olefination) has been
extensively used in organic chemistry to introduce C=C
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bonds.[20a,b,21] However, the E/Z selectivity of aryl ylide-
based Wittig reactions is generally poor.[21, 22] To control the
stereoisomerism of the Wittig reaction, we tailor the high E
selectivity through (i) elevating temperature as an additional
energy source to provide the thermodynamic driving force;
(ii) screening proper catalyst to obtain more stable inter-
mediates with preferred geometry and associated facial
selectivity during C=C bond formation. The optimized
Wittig reaction is then performed for 2D polymerization,
and four different V-2D-COFs are successfully synthesized
by combining 2,3,8,9,14,15-hexa(4-formylphenyl)di-
quinoxalino [2,3-a : 2’,3’-c]phenazine (HATN-6CHO) and
four ylides. The resultant V-2D-COFs present crystalline
dual-pore structures and robust unsubstituted vinylene-link-
ages with high chemical stability. V-2D-COFs synthesized
by the Wittig reaction method show comparable crystallinity
to their counterparts prepared by the widely used Knoeve-
nagel reaction. Remarkably, ultrafast THz spectroscopy
reveals excellent charge transport properties at the micro-
scopic level, such as long scattering times (�40–110 fs) and
high charge mobilities (0.6–10.3 cm2 V� 1 s� 1) in V-2D-COFs.

The Wittig reaction generally occurs under strong basic
conditions such as n-butyl lithium (n-BuLi) or sodium
hydride (NaH) at low temperatures (below 0 °C), resulting
in mainly (Z)-alkenes due to unstable intermediates.[23] It
was reported that Cs+ stabilizes the intermediates by
forming a five- or six-membered cyclic transition state.[9,15, 16]

Thus Cs2CO3 was implemented in a model Wittig reaction
between benzaldehyde (1) and [(1,1’-biphenyl)-4,4’-
diylbis(methylene)] bis(triphenylphosphonium chloride)
(BDMBT) (2) to synthesize 4,4’-di((E)-styryl)-1,1’-biphenyl
(3) with high yield at 130 °C in the solvent mixture of 1,3-
dimethyl-2-imidazolidinone (DMI) and mesitylene (Mes)
(Figure 1a). The mass spectrometry (MS) (Figure S2) and
1H NMR spectrum (Figure 1b) confirmed the formation of
compound 3 with trans C=C configuration.[15, 23]

To gain insight into the (E/Z) selectivity, in situ time-
dependent 1H NMR studies of model reaction were carried
out in DMSO-d6. From the peak area ratio between 7.1–

7.3 ppm (E) and 6.6 ppm (Z), the high trans-selectivities of
model reaction (1+2) were achieved with Cs2CO3 as catalyst
at 80 °C (83.3 %) and 100 °C (89.1 %), while no considerable
product was observed at 50 °C (Figure 1c, S3 and S4). This
result suggests that elevated temperature is necessary to
provide energy to impart reaction directionality (kinetic) to
achieve high selectivity. Moreover, high trans-selectivities of
88.5 %, 83.0 % and 90.1 % were also observed for other
model reactions between benzaldehyde (1) and different
triphenyl phosphonium ylides such as 1,4-xylylenebis (tri-
phenylphosphonium chloride) (XTPC, 9, Supporting Infor-
mation), (2,5-dimethyl-1,4-phenylene)bis(triphenyl-
phosphonium chloride) (DPBTC, 11, Supporting
Information) and 1,1’-[[2,2’-bipridine]-4,4’-diylbis(meth-
ylene)]bis[1,1,1-triphenylphosphonium bromine]
(BPDMBT, 7, Figure S5–7), respectively (see Figure S8–
S11). In contrast, the model reactions using NaOH as
catalyst at 80 °C presented only ca. 20 % trans-selectivity
(Figure S12). Thus, both the proper catalyst and elevated
temperature are crucial to impart high trans-selectivity to
the aryl ylide-based Wittig reaction.

The energy profiles had been calculated to provide
insight into the thermodynamically favorable reactions by
comparing various reaction conditions (Figure S13–
S16).[24, 25] Comparing the trans and cis pathways in the case
of Cs2CO3, the most important reaction is step III, in which
the C� C bond formation occurs and it determines the
preferred geometry and associated facial selectivity. In the
case of the trans configuration, this step is an exothermic
reaction, while for the cis configuration it is an endothermic
reaction. This means the C� C bond formation for the trans
configuration is thermodynamically more favorable than the
cis configuration under Cs2CO3 catalysis.[19] And we presume
that our reaction at elevated temperature is more of a
thermodynamic control than kinetic control (Figure S17).

Next, we synthesized the linear conjugated polymer
poly(p-biphenylenevinylene) with a high yield (87%) using
Wittig polycondensation by combining terephthalaldehyde
(4) and compound 2 (Figure 2a). The m/z ratio with one
repeating unit of 280 and detectable molecular weights of
5463 gmol� 1 from the MS spectrum (Figure S18) indicate an
efficient Wittig polymerization.[25] The chemical structure of
the linear polymer was further confirmed by Fourier trans-
form infrared (FTIR) spectroscopy (Figure S19). The strong
intensity of the peak at 968 cm� 1 in the FT-IR spectrum of
the CPs also suggested the dominant trans C=C.[26] Notably,
linear polymers have also been synthesized in the past
(starting from 1960s) using Wittig reaction, further demon-
strating the validity of Wittig polycondensation.[27]

Moreover, we had synthesized 2D CPs using the Wittig
polycondensation. Interestingly, ultrahigh E selectivity (
�100 %) was observed for the 2D polymerization reaction
between HATN-6CHO and compound 2 at 100 °C, which
was identified by in situ time-dependent NMR study (Fig-
ure S20). Afterward, four vinylene-linked V-2D-COFs,
namely V-2D-COF-W1 (V-2D-COF-HATN-BD), V-2D-
COF-W2 (V-2D-COF-HATN-XT), V-2D-COF-W3 (V-2D-
COF-HATN-DP) and V-2D-COF-W4 (V-2D-COF-HATN-
BP) were synthesized between HATN-6CHO and four

Figure 1. a) Schematic diagram of the model reaction to obtain product
3. b) 1H NMR spectrum of model product 3 (C2D2Cl4, 80 °C). c) In situ
high-temperature NMR study of the model reaction (1+2) at different
temperatures (50 °C, 80 °C and 100 °C) and reactions between 1 and
various ylides (7, 9, and 11), respectively, at 100 °C after 2 h reaction.
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various ylide salts including BDMBT(2), XTPC(9), DPBTC-
(11) and BPDMBT(7), respectively (Figure 2b, S21–S24).
The optimized synthesis of representative V-2D-COF-W1
was carried out by Cs2CO3-catalyzed Wittig condensation in
a mixture of DMI/Mes=1/1 at 150 °C. Tables S1–S4 summa-
rize the reaction conditions.

The chemical structures of V-2D-COFs were examined
by multiscale analytical methods. The signals at δ�138 and
132 ppm in 13C cross-polarization magic angle spinning (CP-
MAS) NMR spectra illustrate the vinylene-linkage forma-
tion in V-2D-COFs (Figure 3a).[14] Only very weak peak

signal of � CHO group at around 180–200 ppm indicated a
high conversion efficiency of � CHO from the HATN
monomer.[15] With increasing the contact time, the C=O
peak can be observed but the intensity remains low. This
result suggests a relatively low density of C=O groups
(Figure S25). Of note, there is no occurrence of [2+2]
photocycloaddition between the COF layers, which is
evidenced by the absence of significant signal around 40–
50 ppm.[28] A characteristic band ranging from 1600–
1650 cm� 1 in both Raman (Figure 3b) and FTIR spectra
(Figure S26 and 27) of V-2D-COFs further confirmed the
formation of C=C bonds in their skeletons.[8, 15, 29] No P
element from triphenylphosphine oxide or halide counterion
elements was detected by X-ray photoelectron spectroscopy
(XPS) (Figure S28).

The layered crystalline structures of V-2D-COFs were
assessed by powder X-ray diffraction (PXRD). The first
explicit reflection peaks of (100) (3.3–3.8°) and the addi-
tional peaks of (110) (6–7.5°) of the V-2D-COFs manifest a
decent crystallinity of V-2D-COFs (Figure 4a–d). As an
indicator of the average crystallite size, the full-width half-
maximum (FWHM) of the (100) peaks of V-2D-COFs are
ca. 0.96–1.03 (Figure S29), which are smaller than the same
COF polymers (1.28–1.37) synthesized by HWE polycon-
densation, and well comparable with the counterpart of 2D-

Figure 2. Synthesis of four V-2D-COFs through the Wittig 2D polycondensation.

Figure 3. a) 13C CP-MAS NMR spectra acquired at 2 ms contact time
and b) Raman spectra of V-2D-COFs.
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CN-PPQV1 (1.06) synthesized by Knoevenagel
polycondensation.[8,15] Moreover, Pawley refinement was
performed (Table S5), and the crystal cell parameters of V-
2D-COFs are shown in Table S6. High-resolution trans-
mission electron microscopy (HR-TEM) image (Figure 4e)
of representative V-2D-COF-W1 revealed a 2D stacking
structure (ca. 0.38 nm) corresponding to the layer distance
of V-2D-COF-W1, which is consistent with the simulated
model. Of note, the (001) peaks of V-2D-COFs are not
apparent in both the simulated and experimental PXRD
spectra due to their slightly in-planar waved structures.

N2 adsorption-desorption measurements examined the
permanent porosity and surface area of V-2D-COFs at 77 K.
A rise in the low-pressure range (P/Po =0–0.1) in the
isotherm plots (Figure 4f) manifests a typical type-I N2-
sorption isotherm due to microporous structures of V-2D-
COFs. The Brunauer–Emmett–Teller (BET) surface areas
and the corresponding Langmuir surface areas of V-2D-
COFs were concluded to be 118–333 m2 g� 1 and 237–523 m2/
g, respectively (Table S7). Nonlocal density-functional
theory (NLDFT) calculations (Figure 4g) disclose their dual-
pore structures (Table S7). Although the simulated slipped
AA (AAs) and AB stacking models show similar PXRD
patterns, the AAs stacking model is considered to be
energetically more favorable than the AB stacking model in
all the V-2D-COFs due to its lower energy. (Table S8).
Combining stabilized energies of different stacking modes
and BET pore size measurements, we reasonably infer that
our V-2D-COFs follow AAs stacked modes with a small slip
between layers because of the aromatic ring (Figure S30 and
S31).[15] Besides, the representative V-2D-COF-W1 shows
outstanding chemical stability in strong acid, strong base and

organic solvents owing to the robust vinylene linkage (Fig-
ure S32).

The optoelectronic properties of V-2D-COFs were
studied by ultraviolet-visible (UV/Vis) absorption and
fluorescence (FL) spectroscopy. Optical band gaps ranging
from 2.10 to 2.26 eV are derived for these V-2D-COFs
(Figure S33a). Besides, Figure S34 shows that the in-plane
structure is fully conjugated with delocalized electrons in the
valence band maximum (VBM) across the vinylene linkage
and a bit distorted benzene rings. Moreover, the electronic
structures (Table S9) and corresponding density of state
(DOS) of V-2D-COFs with slipped AA stacking (Fig-
ure S35), monolayer (Figure S36) and AB stacking (Fig-
ure S37) are calculated by DFT method.[30] The evident
emission (Em) peaks (628.3–591.7 nm) of V-2D-COFs are
observed (Figure S33b). Apparently, the relatively smaller
band gap (2.18 eV) and significantly longer wavelength of
emission peak (628.3 nm) of V-2D-COF-W1 compared to
the counterpart COF (2D CCP HATN)[8] containing a
twisted pendant � CN group on the vinylene linkage (band
gap=2.39 eV and Em=564 nm) synthesized by Knoevena-
gel polycondensation underscores the enhanced π-electron
delocalization of the unsubstituted vinylene-linkage.[8,15]

The delocalized orbitals render V-2D-COFs with poten-
tially excellent charge transport properties (Figure S38–
S40). We investigated the microscopic electrical transport
properties of V-2D-COFs via optical-pump THz-probe
(OPTP) spectroscopy.[31,32] Due to the transient nature of the
electric field in the THz probe pulses (with a duration of
�1 ps), photogenerated charge carriers are driven only over
10s of nm. As such, OPTP spectroscopy characterizes the
charge transport properties of materials at the microscopic
level.[30] This is in contrast to conventional electrical
measurements (e.g. using field effect transistors), in which
macroscopic electrical properties are provided. I2-doping
was applied to V-2D-COFs to enhance the electrical proper-
ties of COFs.[33, 34] Following optical excitations, both pristine
and I2- doped V-2D-COFs exhibit very similar dynamics,
with a rapid rise due to the free carrier injection followed by
a quick decay (within 2 ps), presumably as a result of charge
localization and/or electron-hole recombination (Figure 5a).
We have measured the frequency-resolved THz photo-
conductivity of bare and I2-doped V-2D-COF-W1 as
representative examples, which can be well-described by the
Drude–Smith (DS) model (see details in Supporting In-
formation), as shown in Figure 5b. The fitting yields
scattering times (τ) of 49�8 and 110�12 fs for the bare and
I2-doped V-2D-COF-W1 respectively.[33] With knowing the
reduced electron-hole effective masses m*=0.63m0 (1/m*=

1/me +1/mh) from the DFT calculation (Table S10),[35] we
estimate the charge mobilities (μ=eτ/m*(1+c)) of bare and
I2-doped V-2D-COF-W1 in the dc limit to be
�1.4 cm2 V� 1 s� 1 and 3.1 cm2 V� 1 s� 1, respectively. Note that
the estimated mobilities show the same trend as the photo-
conductivity. This method to infer mobilities has been
widely used in various nanomaterial systems[35] and is in
good agreement with device-based characterizations.[36]

Moreover, I2-doping enhanced photoconductivity was
observed for various V-2D-COFs (Figure S41). The highest

Figure 4. PXRD patterns of a) V-2D-COF-W1, b) V-2D-COF-W2, c) V-2D-
COF-W3 and d) V-2D-COF-W4 with experimental (black) and Pawley-
refinement (red), difference plot (blue), simulated PXRD with AAs
stacking (pink) and AB stacking (green) modes. e) HR-TEM images of
V-2D-COF-W1. The inset shows the side view of V-2D-COF-W1. f) N2

adsorption and desorption isotherm curves and g) the pore size
distribution profiles of V-2D-COFs.
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mobility of �10.3 cm2 V� 1 s� 1 was achieved for V-2D-COF-
W3 (Figure S42). Overall, the V-2D-COFs show τ and μ in
the ranges of �37–110 fs and 0.6–10.3 cm2 V� 1 s� 1, respec-
tively (Figure 5 c, Table S11 and S12), which are among the
state-of-the-art conjugated COFs characterized by the same
technique.[7,32–34, 37] To establish the charge transport proper-
ties of our V-2D-COFs, we compare the photoconductivity
of V-2D-COF-W1 to that of the same COF (2D PPQV2 in
the original paper) prepared by other methods (e.g. via the
HWE polycondensation[15]) and the counterpart COF (2D
CCP HATN) by Knoevenagel polycondensation. Our V-2D-
COF-1 shows higher THz photoconductivity than counter-
part COFs by other synthesis routes (for both before and
after of I2 doping (Figure S43)), which may be tentatively
attributed to lower crystallinity in 2D PPQV2 and decreased
conjugation in 2D CCP HATN, respectively.

In conclusion, we demonstrated a novel synthetic
strategy towards crystalline unsubstituted vinylene-linked
2D conjugated polymers using the Wittig reaction of aryl
aldehydes with ylides. The attainment of the Wittig
reaction’s high (E)-alkene selectivity was confirmed by in
situ/ex situ high-temperature NMR measurements and DFT
calculations of model reactions. The chemically stable V-
2D-COFs displayed moderate band gaps and red
fluorescence. Ultrafast THz spectroscopy discloses state-of-
the-art charge-transport properties in as-prepared and I2-
doped V-2D-COFs as a result of electron delocalization in
the fully conjugated frameworks. More importantly, the V-
2D-COFs synthesized by the Wittig reaction are character-
ized with higher charge carrier mobilities and thus a higher
conjugation degree compared to their counterparts synthe-
sized by the Knoevenagel and HWE reactions. We antici-
pate this work will inspire the development of novel 2D

conjugated polymers with high charge-carrier mobilities,
which holds great promise for the next-generation elec-
tronics and optoelectronics.
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Vinylene-Linked 2D Conjugated Covalent
Organic Frameworks by Wittig Reactions

The Wittig reaction is demonstrated as
novel synthetic strategy for the synthesis
of crystalline unsubstituted vinylene-
linked 2D conjugated covalent organic
frameworks through the attainment of
high (E)-alkene selectivity. Ultrafast THz
spectroscopy discloses state-of-the-art
charge-transport properties of as-pre-
pared V-2D-COFs as a result of electron
delocalization in the fully conjugated
frameworks.
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