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Tetraene-linked Diketopyrrolopyrrole (DPP)-based CMPs were
developed via Knoevenagel condensation of ditopic active
hydrogen containing DPP with tritopic aryl aldehydes. The "tetra-
ene" m-arrangement in the molecular framework promotes
uninterrupted m-delocalization, resulting in near-infrared (NIR)
absorption (~red edge of 1200 nm), high electrical conductivity in
pristine (10 S/m) and doped states (0.2 S/m), and moderate
energy storage (70 F/g).

Conjugated Microporous Polymers (CMPs; 2D polymers) are an
important subclass of porous materials that integrate extended m-
conjugated framework with permanent nanopores.’? The CMPs
possess unique features such as high surface area, flexible structural
design, and intriguing optical properties, which make them suitable
for gas/energy storage,® catalysis, and semiconducting
applications.*#>678310 |n pursuit of promoting m-delocalization
within the CMPs network, several linkers, including vinylene (-C=C-
),111213.14 cyano vinylene [-(CN)C=C-],*>1617 imine (-C=N-),181%.20 gnd
keto-enamine (-CO-C=C-NH-),2%22 hydrazine, azine,2>?* etc., have
been introduced. Strong n-bond polarization in these linkers, except
for vinylene, restricts the facile electron delocalization. Thus, the
vinylene linkers have gained prominence due to their efficient -
electron delocalization and the associated high chemical stability,
leading to several CMPs' development.

Among the several strategies known for constructing vinylene
linkages, Knoevenagel condensation is found to be the most versatile
and broadly advantageous for 2D polymer synthesis due to its simple
reaction conditions, high vyields, building block scope and the
reversible covalent bonds to form ordered structures.’3%> A typical
reaction involves the addition of an active hydrogen compound to an
aromatic aldehyde. Several building blocks containing active
hydrogen compounds (Chart-1) have been designed and
incorporated into a 2D-polymer network. These polymers have
demonstrated high m-delocalization in the backbone, leading to
superior properties and functions. However, most of these building
blocks are either tritopic, resulting in cross-conjugation,?® or have
polarizable m-bonds, significantly minimizing m-delocalization. Thus,
more sophisticated building blocks are needed to benefit from the
advantage of vinylene linkages. In this line, we identified that C2
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topic dimethyl diketopyrrolopyrrole (1) would serve as an ideal
building unit which can render a unique “tetra-ene” linkage upon
integration into the polymeric network and promote m-electron
delocalization seamlessly. Colleen N. Scott and co-workers?’
reported its synthesis and explored its versatility for developing small
molecules, while our group later introduced redox-active groups and
tested them for electrochromism.28 Besides these two examples, no
other tetra-ene linked DPP containing systems have been developed.

The diketopyrrolopyrrole (DPP) is a strong electron-accepting
chromophore known for its intriguing properties, such as strong light
absorption, excellent photostability, strong fluorescence, and high
charge carrier mobility.?® It has been widely used in organic field
effect transistors, fluorescent probes, ion sensing, etc.3° Due to DPP's
extraordinary properties and functions have been widely
incorporated into various molecular frameworks ranging from small
molecules to 2D polymers, although the number of 2D polymers is
extremely small. Sabrina et al. developed a DPP containing a 2D-
covalent organic framework (COF) employing a boronate ester-
linker.31 At the same time, Xu et al. utilized an imine linker to
construct a DPP-integrated COF. The former COF (carbon nanotube
incorporated) exhibited electrical conductivity of 1.8*10°¢ S/m, while
the latter could only show 5.8 *101° S/m and a battery capacity of
8.7 mAh cm.32 Liang Luo et al. recently synthesized another imine-
linked DPP-grafted COF exhibiting ambipolar conductivity of 1.2 S/m
and supercapacitance of 384 Fg'tdue to high porosity with hexagonal
framework enhancing charge mobility.33 Shiming Bi et al. synthesized
a fluorescent 2D-polymer via Sonogashira coupling for fluoride ion
sensing.3* The linkers utilized here are weak m-communicating; thus,
the bandgap of the polymers lies around 1.8-2.1 eV, which also
dramatically moderates the conducting properties. This can be
attributed to the lower charge carrier mobilities arising from poor -
Tt interactions and charge carrier mobilities.
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Chart-1: Active methylene building blocks used in synthesizing
vinylene-linked 2D-polymers.
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Scheme 1: Synthesis of DP-P and DT-P CMPs via Knoevenagel
condensation.

Here, we report vinylene-linked DPP integrated 2D CMPs through
Knoevenagel condensation. The resulting CMPs possess tetra-ene
linkage, resulting in a unique m-electron delocalization pathway. The
polymer showed NIR absorbance with the red edge extending up to
~1200 nm and a narrow band gap as low as ~1 eV. The facile n-
electron delocalization in DT-P led to high electrical conductivity in
its pristine form (3x10-3 S/m) and doped form (0.2 S/m). Moreover,
the polymer also shows a moderate supercapacitor efficiency of 70
F/g.

The 2D polymers, DP-P and DT-P, were synthesized by knitting
dimethyl DPP (1) with benzene-1,3,5-tricarbaldehyde (2) or 4,4',4"-
nitrilotribenzaldehyde (3) through Knoevenagel condensation. In a
typical reaction procedure, the building units are reacted in the
presence of diisopropylamine and L-proline (catalyst) in ethanol
solvent at 90 °C for five days (Scheme 1). At the end of five days, the
resultant deeply coloured insoluble solids were filtered and purified
by washing with various solvents (dichloromethane, THF, methanol,
and DMF) to eliminate oligomers and subsequently dried under
vacuum to achieve the polymers (DP-P and DT-P) in 85-90% yields.
To evaluate the properties of the polymers, soluble model
compounds (DP-M and DT-M) have also been synthesized by
reacting 1 with p-tolualdehyde and 4-(diphenylamino)
benzaldehyde, respectively, in ~90% vyields by following the same
synthetic procedure.

The formation and molecular connectivity of the polymers have been
confirmed using FT-IR and CP-MAS 13C NMR. The CP-MAS 13C NMR of
the polymers shows a characteristic signal of carbonyl carbon at 165
ppm and vinylene carbons at 110 & 105 ppm, supporting the
presence of DPP and the vinylene linkers. The other DPP and aryl
signals appear at 150 ppm and 130-140 ppm, respectively. The
signals corresponding to N-alkyl appear in the up-field region
between 10 and 50 ppm (Figure-1a). FT-IR of the polymers show
bands at 1580 cm™ and 1625 cm™ (Figure-1b) corresponding to
u(C=0) and u(C=C), respectively. It is important to note that the C=0
stretching experiences a blue shift of 70 cm?® from 1650 cm
compared to 1 (Figure S1) due to extended m-delocalization caused
by the vinylene linkages. The 3C NMR and FT-IR spectra of the
polymers match closely with the corresponding soluble model
compounds, providing additional proof of the formation of the
polymers. The structural and electronic properties of DT-P and DP-P
and their model compounds DT-M and DP-M are studied by DFT
using the B3LYP-631G(d) basis set level. In the case of DT-P and DP-
P, the HOMO resides primarily on TPA and phenyl moieties with
minimal delocalization on the DPP unit. On the contrary, the LUMO
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is predominantly confined to the DPP, with negligible contributions
from the TPA and aryl units. The energies ofthe HOQA%ndLUCO i
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Figure 1: (a) 3C CPMAS spectra (b) FTIR spectra of DP-P and DT-P
along with their model compounds (DP-M, DT-M).

DT-P and DP-P were found to be -4.0 eV, -4.5eV and -3.2 eV, -3.4 eV
and band gaps 0.8 eV and 1.1 eV respectively (Figure S9, S10 & S11).
A similar observation has also been noted for their model
compounds (DT-M and DP-M), however, with significant differences
in HOMO and LUMO energy levels which are -4.8 eV, -4.5 eV and -2.6
eV, -2.5 eV with the band gap of 2.2 eV and 2.0 eV respectively
(Figure S10). A facile m-electron delocalization in the two-
dimensional plane is envisaged for narrow band gaps. DT-P
possessing strong D-A interactions between the polymers further
tunes the energy levels and displays the lowest bandgap compared
to DP-P.

Thermogravimetric analysis was done to understand the thermal
stability of the polymers. The synthesized powders of DT-P and DP-P
were found to have thermal stability upto 330 C without losing
weight (Figure S4). The polymers are also chemically stable even in
harsh conditions such as 1M KOH and 0.5 M HCI solutions for five
days. The acid or base-treated samples displayed no sign of
decomposition, as confirmed by FT-IR (Figure S2). The morphology of
CMPs investigated by field emission scanning electron microscope
(FE-SEM) revealed distinct morphology. Spherical sheets for DT-P
and fibre-like structures for DP-P at the magnitude of 500 nm (Figure
S3) have been observed. The variation in the building units and the
porous network could be the reason for such differences. It is
important to note that fibrillar morphology is quite rare.3%3> In
powder X-ray diffraction (XRD) analysis, both polymers exhibited
broad peaks, indicating the amorphous nature of the polymers
(Figure S5). The polymers have also been characterized by XPS, which
confirmed the chemical state of the polymers (Figures S6 and S7).
The porous properties of the polymers were studied by nitrogen
adsorption/desorption experiments at 77K. The Brunauer-Emmett-
Teller (BET) surface area of DT-P and DP-P was 8.7 m%/g and 8.1 m?/g

This journal is © The Royal Society of Chemistry 20xx
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with pore volume and diameter of 0.026 cc/g, 0.054 cc/g and 2.5 nm,
3.7 nm, respectively. The increased uptake of N, at the lower relative
pressure (p/po) indicates the microporous nature of the polymers,
along with the presence of the mesopores due to the hysteresis loop
at the higher p/po. Both the polymers exhibited the type-IV
adsorption isotherm (Figure S8). The low surface area of the
polymers could be attributed to the interference of alkyl chains and
their amorphous nature. The amorphosity of polymers will often lead
to the disordered arrangement of the molecular units, resulting in
the blocking of the pores.3¢

The diffuse reflectance absorption spectra of DT-P and DP-P
exhibited broad absorption spanning across the visible to NIR region,
with the red edge appearing at 1130 nm (band gap — 1.19 eV) and
784 nm (band gap — 1.60 eV), respectively (Figure 2a). Such low
energy absorption is a manifestation of facile mn-electron
delocalization enabled by the tetraene bridge within the polymeric
network. The model compounds display the red edge around 888 nm
(band gap - 1.43 eV) (DT-M) and 784nm (Bandgap - 1.63 eV) (DP-M).
It is important to note that among all the DPP-integrated CMPs/2D-
polymers reported so far, DT-P and DP-P display the lowest optical
band gap (Table S2), indicating the importance of tetra-ene based -
delocalization.
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Figure 2: Absorption spectra of model compounds DT-M, DP-M and

polymers DT-P, DP-P & and the iodine doped DT-P (DT-P-I,) (a), inset:

Kubelka Munk plot of DT-P and DP-P. (b) EPR spectra of DT-P in its

pristine and doped states.

Inspired by the low band gap and facile -electron delocalization of
the polymers, we explored the electrical conductivity of DT-P. Two-
probe electrical conductivity measurements with a cylindrical pellet
(0.15 x 0.4 cm) of the pristine polymer revealed a conductivity of 3.4
x 103 S/m (Figure 3a). The conductivity in the pristine material is
significantly high and, in fact, among the best compared to the
reported CMPs. Generally, organic polymers possess poor electrical
conductivity (insulating behaviour) in their virgin form due to a
deficiency of electronic pathways and a strong covalent nature,
leading to insufficient charge transfer.3” So far, only a few examples
have been reported with appreciable conductivity in their pristine
form (Table S3). Our polymer is superior to the reported ones.
However, introducing charge carriers into the polymeric network
boosts the conductivity manifold. Following the same trend, doping
DT-P by iodine via oxidizing TPA into TPA** increased the conductivity
of the polymer by two orders of magnitude to 0.2 S/m. This value is
comparable to the best conducting 2D polymers reported (Table S3).
Most importantly, the doped DT-P showed good stability without any
sign of dropping the electrical conductivity (0.1 S/m) for 150 Hrs
(Figure 3b). The high stability of the doped polymer can be assigned
to various resonance structures supported by vinylene linkages and
the DPP core (Figure 3d). The optimal time for doping to achieve the
best conductivity is 14 hours (Figure 3c), assigned to forming the
highest charge carriers. The successful doping and the formation of

This journal is © The Royal Society of Chemistry 20xx
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the charge carriers (radical cations) in DT-P have been confirmed by
the electron paramagnetic resonance (EPR)0. arkd/DUWEVisONIR
absorption spectroscopy, which showed a high intense signal with a
g value of around 2.0043 (Figure 2b) and a broad absorption band
with a red edge of 1700 nm (Figure 2a) respectively. Such features
indicate the presence of charge carriers and their facile

delocalization along the polymeric backbone. Interestingly, the
pristine polymer (DT-P) was also EPR-active and showed a signal;
however, it had a low intensity. This indicates that the pristine
polymer also possesses free
delocalization.

radicals due to high electron

b) [=—Conauctvity] 2.0 {=—DT-P c)

18]

B 8 10 12 14 18 18 20 22 24 26
Thm (hes) Time (Hrs)

=2 S s R =

Figure 3: The I-V plot of DT-P polymer (a); stability test of the doped
DT-P polymer (b); Conductivity of the DT-P polymer at different
doping times (c) and the proposed mechanism for the I, doped DT-P
polymer (d).

Considering the electroactive unit (TPA) in the DT-P polymer, we
studied the polymer's ability for energy storage and its potential use
as pseudo/supercapacitors. As detailed in the supporting
information, we have attempted several electrochemical testsin 1 M
KOH in three-electrode systems. Figure S15 displays the cyclic
voltammetry (CV) curves of DT-P (and Figure S16 DP-P) in its pristine
form (a); their combination with the carbon black (b) added to
observe the effect of increased electrical conductivity on the pseudo-
capacitance and with the addition of graphene oxide to seek for
possible synergistic effect between redox-active materials (DT-P) and
other capacitive components (c). A distinctive quasi-reversible redox
event is present for polymer and its combination with different
additives. DT-P showed the highest redox peak currents for the
electrode made of bare polymer. The redox signals are attributed to
the redox reactions of the electrochemically active group in a quasi-
reversible manner. We considered electrochemical oxidation to be
centred on motifs involved in chemical doping, as presented in Figure
3 d. With this in mind, we hypothesized that the electrochemical
activity is associated with oxidation steps that can be compared to
chemical oxidation by I, (Figure 3 d). CV scans recorded at 5 mV/sec
in an aqueous electrolyte were analyzed to calculate gravimetric
specific capacitance (C,, F/g) according to Equation S1. In summary,
comparing bare polymer and their mixture with conducting carbon
black, we have learned that DT-P is conducting enough to support
the electron transfer effectively and does not need additives to
improve the electrode performance. This can be seen by comparing
the values of C; presented in Table S4. This confirms that a pristine
polymer has sufficient conductivity and can be directly used as an
electrode component. This agrees with the above-presented
conductivity study. Concerning the value of C,, we compare our
performance to work demonstrated by researchers working on
similar polymers. Their C, values of DPP-TBB-COF and DPP-TPP-COF
are 227.1 and 49.8 F/g at the scan rate of 2 mV/sec, respectively, and
gradually decreased to 54.9 and 24.8 F/g as the scan rate increased.38

J. Name., 2013, 00, 1-3 | 3
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We could speculate that higher C; could be related to the higher
surface area of their materials.

It is well-established that GO can be considered capacitive at
approximately 154 F/gin 6 M KOH.3? For this reason, we introduced
a small quantity to the electrode formulation and repeated the same
electrochemical tests. In summary, as shown in Table S4, Cs have
improved due to the presence of the second capacitive component.
Electronic interaction between the carbon and the polymer can
create this capacitance improvement.

Furthermore, we quantified a diffusion coefficient (D) of ion
transport for charge compensation due to the polymer redox
activity. The analysis was carried out using CVs recorded at various
potential scan rates (Equation S2, Figures S10-13). D for DT-P is lower
than this parameter reported, for example, for polypyrrole pseudo
capacitors (10 - 10 cm?/sec). However, this is a reasonable value
because polymers presented in this work are giant molecules
compared to polypyrrole.*°

In conclusion, we introduced a novel DPP-based building block for
developing m-conjugated vinylene-linked diketopyrrolopyrrole
(DPP)-based CMPs. The backbone of the polymers consists of "tetra-
ene" m-arrangement, which is unique in terms of structural design
and contributes to near-infrared (NIR) absorption (~1200 nm) and
narrow band gap (1.19 eV). The uninterrupted m-delocalization
enabled high electrical conductivity for TPA-containing polymer (DT-
P) in its pristine (103 S/m) and doped state (0.2 S/m). In addition, the
polymer (in combination with graphene oxide) can also behave as an
electrode and exhibit moderate energy storage of 70 F/g. The
strategy reported here is novel and will offer valuable insights and
impetus to develop new polymers with improved m-delocalization,
resulting in superior properties and applications.
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