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Highly stabilized molecular interactions and bulk transport characteristics are achieved through the synthesis of
ultrathin 2D nanowall network of pyrediyne
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Palani Prabakaran, Sitakanta Satapathy, Edamana Prasad* and Sethuraman Sankararaman*

Synthesizing graphdiyne analogues with a well-defined structure and desirable band gap is a challenging task. Herein, we
present a novel, well-defined and highly structured crystalline π-conjugated nanowall framework, named as pyrediyne
(pyrene+diyne=pyrediyne), with large in-plane periodicity. The bulk synthesis of the two-dimensional (2D) ultrathin
polymeric framework of pyrediyne is achieved via a modified-Glaser-Hay coupling reaction using 1, 3, 6, 8tetraethynylpyrene. The ultrathin π-conjugated crystalline pyrediyne nanowall is well characterized by Raman, SEM, AFM,
HR-TEM and XPS techniques. Electronic structure information reveals the π-conjugated framework to be completely planar
with Cs point group, where a tunable band gap of Eg ~1.17 eV can be achieved depending upon the number of pyrene
units. The electrostatic potential maps reveals a complete π-delocalization of the electron cloud throughout the
framework with high electronegative potential at the acetylenic linkages. This through-bond charge coupling via the
conjugated network which in conjunction with the charge delocalization via π⋅⋅⋅π interactions in space accounts for the
significant electrical conductivity {σ = 1.23(±0.1)×10−3 S m-1} in the organic material.
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Experimental
Materials
1,3,6,8-Tetraethynylpyrene (TEP) was synthesized according to
reported procedure.43 Acetone, Tetrahydrofuran (THF), tetra
methyl ethylene diamine (TMEDA) were purchased from
Spectrochem chemicals and used without further purification.
Pyridine, phosphoric acid and nitric acid were purchased from
Merck, India. Hydrochloric acid was purchased from Fisher
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Copper plates (2 × 2 cm) were ultrasonically cleaned with
phosphoric acid, 1M HCl, water and acetone to make surface
smoother. Washed copper plates were dried under the flow of
N2. Copper plates were placed in the mixed solution of acetone
(50 mL), pyridine (2.5 mL), and tetra methyl ethylene diamine
(TMEDA) (0.5 mL). TEP (20 mg) was dissolved in 200 mL of
acetone and the solution was added drop wise into the
reaction mixture as mentioned above. Then the mixture was
warmed at 50 ⁰C under N2 atmosphere for 1 day. The reaction
flask was covered by Al foil and protected from light. Finally,
the copper plates were washed with acetone and THF to
remove unreacted TEP followed by drying under nitrogen.
Nanowalls grown over copper plates were further taken for
characterization.
Bulk Synthesis of Pyrediyne Powder
After successful synthesis of pyrediyne (PDY) nanowalls, we
have utilized 1,3,6,8-tetraethynylpyrene to synthesize the PDY
powder in bulk. Copper powder (400 mg) was added in the
mixed solution of acetone (100 mL), pyridine (5 mL), and tetra
methyl ethylene diamine (TMEDA) (1 mL). TEP (40 mg) was
dissolved in 400 mL of acetone and added into the reaction
mixture as mentioned above. Then the reaction mixture was
constantly stirred at 50 ⁰C under a N2 atmosphere for 2 days.
The reaction flask was covered by Al foil to protect from light.
After completion of the reaction, the crude product was
filtered and washed with acetone and water to remove
pyridine and TMEDA. The washed crude product was added
slowly to 20 mL of concentration nitric acid (18 M) to remove
the copper powder. This was followed by dilution with water
and subsequent filtration to form the pure product (~38 mg).
Techniques
The morphology of pyrediyne nanowalls were examined using
scanning electron microscopy (SEM) (FEI quanta FEG 400 at 5
kV). Smaller quantities of nanowalls were grown over the
copper plate and then directly carried out for the SEM analysis.
Aqueous dispersion of nanowalls was drop casted over silicon
wafer (111) for SEM (Inspect F at 20 kV) imaging. The as
prepared samples were kept under vacuum desiccator for 24
hours for drying. All of the sample gold sputter coated 30 s and
then imaged under SEM. The morphology analysis of the
pyrediyne was done using transmission electron microscopy
(TEM) (JEOL JEM-2000 at 200 kV). For TEM, water dispersed
pyrediyne solution was drop casted on carbon coated copper
grid (200 mesh) and kept for drying for 24 hours under
vacuum. A similar sample preparation procedure over glass
substrate was employed for OM studies using optical
microscope (Nikon Eclipse LV 100 POL). AFM studies
experiments were performed using Park systems XE 100 and
the height image analysis was carried out using XEI imaging
software. Raman spectra were collected using MultiRAM FTRaman spectrometer (Germanium detector with the resolution

1

of 4 cm− ). Powder-XRD patterns of pyrediyne were recorded
using Bruker D8 Advance X-ray diffractometer using CuKα radiation (λ=1.54 Å). UV spectra were recorded using JASCO
V-660 spectrophotometer. IR spectrum was recorded using
JASCO FT/IR-4100 spectrometer. X-ray photoelectron
spectroscopy (XPS) measurements was carried out using
Omicron ESCA probe spectrometer with polychromatic Mg Kα
X-rays (hν = 1253.6 eV).
Conductivity Measurement
Impedance spectroscopy of the solid powder was recorded
using Bio-Logic SP-150 instrument at 25 ⁰C over the frequency
range from 100 kHz to 10 mHz with an AC perturbation of 10
mV at the 0V DC level. The solid powder was made into pellet
of area (a = 1.2474 cm2) using a hydraulic press and was then
placed in a cylindrical cell having two stainless steel
(electrodes) stoppers at both ends. The Nyquist plot semicircle
was then fitted to obtain the resistance value using the Z-view
software (Version 3.2c, EC lab) of the instrument. The
electrical conductivity was calculated using the following
equation.

σ
where, ‘l’ is the thickness, ‘R’ is the resistance and ‘a’ is the
area of the solid pellet. The experiment was repeated three
times and the average of all the resistance value is considered
for the above equation.

Results and discussion
Synthesis and Molecular Symmetry of Highly Planar Pyrediyne
Nanowalls
The schematic illustration of the synthesis process of
pyrediyne nanowall (scheme 1), DFT optimized molecular
geometry with energy and point group symmetry is depicted in
figure 1. The π-conjugated 2D framework is fully flat and highly
44
planar as a result of Cs point group symmetry.
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Figure 1. Grimme’s dispersion corrected B3LYP-D/6-31G (d) optimized geometry,
energy and point group symmetry of pyrediyne are shown (Top and side views).

The synthesis of the pyrediyne was carried out using copper as
catalyst. Copper powder was used for the bulk synthesis of
pyrediyne. It has been observed that polymeric 2D nanowall
framework of pyrediyne can be developed upon replacing
copper powder by copper plates. Briefly, Copper plates were
placed in a solution of acetone (50 mL), pyridine (2.5 mL), and
tetra methyl ethylene diamine (TMEDA) (0.5 mL). 1,3,6,8Tetraethynylpyrene TEP (20 mg) was dissolved in 200 mL of
acetone and the solution was added drop wise into the
reaction mixture. Copper gets easily converts to Cu2+ ions in
the presence of a catalytic amount of base, where a
Glaser−Hay reacSon can take place eﬀiciently with the aid of
TMEDA (See Experimental Section for Details).
Microscopic Observation of Multilayer Pyrediyne Growth and Its
Reproducibility
It was observed that the reaction was stopped upon the
formation of a few multilayers on the Cu surface. Since most of
the reactants are still present in the reaction mixture, reusing
the reaction mixture resulted in the formation of the
nanowalls over the newly added copper plates. Figure 2a
shows the scanning electron microscope (SEM) image of
pyrediyne nanowalls on the copper plate.
It can be seen that the π-stacked sheets were sufficiently
transparent and freestanding to traverse the holes in the
carbon matrix. The pyrediyne nanowalls on copper foil with
the element content mapping are given in the supporting
information (Figure S1). The cyan colored particles indicate
copper (Cu), while the red ones accounts for the uniform
distribution of carbon (C) throughout the π-conjugated
framework. The intact growth of the nanowalls is further
characterized by SEM experiments as shown in Figure 2b-d,
which also accounts for the high reproducibility of the method
used in the case.

Figure 2. SEM images recorded over the Cu surface accounting for the growth of the 2D
pyrediyne nanowalls from the reaction mixture after a) 1st cycle b) 2nd cycle, c) 3rd
cycle and d) 4th cycle. The reaction mixture was re-used four times, and each time, a
new Cu plate was used.

Figure 3. a) SEM, b) AFM image (semi-contact mode) studies on Si(111) wafer and c)
OM image of the transparent 2D nanowall recorded over glass substrate.

(OM) {over glass substrate} studies. The SEM image in Figure
3a indicates the layered structure of the transparent
nanowalls, π-stacked over one another. The ultrathin layered
2D framework of pyrediyne exclusively composed of carbon
material is then characterized from the energy dispersive x-ray
spectrometry (EDS) which confirmed the carbon content along
with a few peaks vouching for the silicon and oxygen content
arising from silicon substrate Si(111) used to record the SEM
image (Figure S2, Supporting Information). The AFM image in
Figure 3b further confirmed the sheet morphology of height
1.4 ± 0.3 nm with lateral size of 600 ± 35 nm. Optical
microscopy image also confirms the sheet morphology of
pyrediyne, vide Figure 3c.
2D Periodicity and High Crystallinity of Multilayered Pyrediyne
Figure 4 shows the transmission electron microscopy (TEM)
studies which are consistent with the other microscopic
results. Figure 4a shows TEM images of transparent π-stacked
pyrediyne nanowalls. A typical low-magnification TEM image
of the π-stacked pyrediyne nanowalls, separated by a distance
of 0.48 nm, is given in Figure 4b. The selected area electron
diffraction (SAED) image followed by TEM, confirmed the
highly ordered in-plane periodicity and crystallinity of the welldefined ultrathin 2D lattice framework of pyrediyne.

This journal is © The Royal Society of Chemistry 20xx
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High-resolution TEM (Figure 4b) showed lattice fringes with an
interval of 0.48 nm, which was further confirmed by XRD
(figure 7). In the SAED assignment, we also accounted for the
(222), (521), and (400) reflections accounting for the body
centred cubic (BCC) lattice structure of the crystalline

Figure 5. Raman spectra vibration peaks from pyrediyne confirming the acetylenic
linkage connecting the pyrene network.

Bulk Pyrediyne; Morphology and Microarchitectures

Figure 4. HR-TEM images of a) π-stacked sheets of pyrediyne nanowall, b) lattice fringe
spacing (red encircled) between the nanowalls, c) SAED pattern and d) XRD results from
the pyrediyne nanowall.

pyrediyne. Further evidence suggesting high crystallinity for
the material has come from the appearance of several sharp
peaks in the x-ray diffraction pattern as shown in Figure 4d.
The calculated d values of 5.42, 3.85, 3.11, 2.75, 2.46, 2.26Å
from the XRD results correspond to (110), (200), (211), (220),
(310), and (222) reflections of a BCC lattice for the pyrediyne
nanowall along with high periodicity along with the lattice
parameter of a=7.7 Å.

Copper plates were used to synthesize the nanowalls while
copper powder was used to synthesize bulk pyrediyne in
powder form (See Experimental Section for Synthetic
Procedure Details) with high scalability. Figure 6 shows the
electron microscopy studies for bulk pyrediyne. The size data
was evaluated from 106 independent nanodomains, where the
average size of the flakes varied from 60-200 nm, as shown in
Figure 6c. The average size of the flakes were found to be 120±
10 nm. The pyrediyne powder characterized from the energy
dispersive x-ray spectrometry (EDS) which confirmed the
carbon content along with a few peaks vouching for the
indium, tin and oxygen content arising from indium tin oxide
(ITO) glass used to record the SEM image (Figure S3,
Supporting Information). Bulk Pyrediyne is further
characterized by TEM which revealed the layered sheet nature
of the nanowall as shown in Figure 6d. The selected-area
diffraction pattern (SAED) indicates the semi crystalline nature
with lesser number of diffraction spots as shown in Figure 6e.

2

The Diacetylenic Linkage/The Carbon-Carbon Bond (sp -(sp-sp)22
sp )
Raman spectra of pyrediyne in Figure 5 indicates two weak
1
bands at 460 and 614 cm− and six strong bands positioned
1
around 1240, 1364, 1604, 1986, 2125 and 2195 cm− . The band
−1
at 460, 614, 1240, 1364 and 1604 cm indicate the presence
46-49
1
The 460 and 614 cm− bands are assigned to the
of pyrene.
stretching vibrations arising from the pyrene skeleton. The
1
band at 1240 cm− is due to the CH in-plane bending, while the
1
strong band at 1364 cm− is from the C-C stretching coupled
1
with weak ring-breathing vibrations. The peak at 1604 cm− is
the characteristic band for the C-C stretching vibration. 1,3,6,81
tetraethynylpyrene (TEP) shows sharp peaks around 2100 cm−
that could be due to the carbon-carbon triple bond stretching.
1
The band underwent a hypochromic shift to 2125 cm− upon
41
This hypochromic shift
reaction with a diyne linkage.
suggests the formation of acetylenic linkages (−C≡C−C≡C−)
architecting the 2D nano network as shown in Figure 5. From
Raman spectra, we conclude that the pyrene moieties in the
nanowall are tethered with diacetylenic linkages.

Figure 6. SEM images of bulk pyrediyne at a) low and b) high magnification, c) Size
distribution and it’s Gaussian fitting (red line). (A total of 106 independent flakes were
considered for averaging), d) High resolution TEM micrograph confirming the
nanosheet structure and e) selected area diffraction (SAED) image from the pyrediyne
nanosheet.

4 | J. Name., 2012, 00, 1-3
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Figure 8. XPS spectra for the pyrediyne nanowalls deconvoluted for C 1s.

Figure 7. Powder X-ray diffraction pattern from the bulk pyrediyne.

Figure 7 shows the powder x-ray diffraction results, recorded
from the bulk pyrediyne. As evident, the peak intensities for
bulk pyrediyne are relatively lesser (zoomed view, Figure 7) as
compared to the previously observed intensities for the
nanowalls, accounting for a relatively lesser crystallinity. This is
also evident from lesser spots in the corresponding SAED
image for the bulk pyrediyne (Figure 6e). The diffraction peak
at 2θ = 26.75°, indicates an interlayer π⋅⋅⋅π spacing of 0.33 nm.
Thermogravimetric analysis (TGA) was performed to
understand the thermal stability of the newly synthesized
pyrediyne (Figure S4, Supporting Information). In the
derivative plot, we have found two major peaks at 345.55 ⁰C
and 584.04 ⁰C. Among the two step degradation process, the
1st peak at 345.55 ⁰C was assigned to the degradation of the
terminal ethynyl pyrene units in the nano-sheet, whereas the
2nd peak at 584 ⁰C was due to the degradation of the 2D
polymeric framework. Minor contributions at 220 ⁰C can be
assigned to the release of moisture content.
In bulk synthesis of pyrediyne, concentrated nitric acid was
used to remove the copper powder from the reaction mixture.
FT-IR spectra for the pyrediyne nanowalls and pyrediyne
powder recorded after washing with nitric acid (Figure S5,
Supporting Information). The intactness of almost all the
stretching vibrations confirms its high chemical stability, where
the structural integrity remains unaffected in response to
strong oxidizing agents, i.e., conc. HNO3.
Uniform Chemical Composition and Bonding
In addition, the elementary composition and bonding structure
is studied systemically using high-resolution X-ray
photoelectron spectroscopy (XPS), in order to discern the
chemical environment of each element involved in the
formation of pyrediyne nanowall network, vide Figure 8. The
spectra of XPS indicate that the pyrediyne nanowalls were
mainly composed of elemental carbon, which was identical to
the result of energy-dispersive spectrometery (EDS) (Figure S3,
Supporting Information).

Moreover, carbon was distributed uniformly across the whole
sheet, indicating the uniform chemical composition of the
sheet. X-ray photoelectron spectroscopy (XPS) shows C 1s
binding energy profile of pyrediyne (Figure 8). The peak at
285.2 eV showed essentially identical binding energy for the C
1s orbital. In detail, C 1s peak can be deconvoluted into four
sub-peaks with major contributions from C≡C and C=C species.
2
The abundance ratio of the sp/sp carbons was 1.03, which
was in quite good agreement with the chemical composition of
pyrediyne. No copper trace was detected therein, which was
also confirmed by high-resolution XPS focusing on the Cu 2p
region (Figure S6, Supporting Information). The first peak at
248.3 eV corresponds to sp2 hybridization while the second
peak at 285.2 eV corresponds to sp hybridization of
pyrediyne.50,51 Hybridization of sp and sp2 confirms that the
well-defined 2D structure of pyrediyne nanowall network was
composed of pyrene linked with two acetylenic linkages. Minor
contributions to the C 1s envelope was ascribed to C−O and
C=O species at 286.7 eV and 288.6 eV, respectively. The
calculated oxygen/carbon ratio was very minute, i.e., 0.3 and
their presence might be due to the adsorption of O2 when
pyrediyne was exposed to air.42
Electronic Structure and Density of States
Since, pyrediyne is a newly constructed nanowall network, it
becomes utmost important to shed light on its electronic
structure which can be correlated with its potential to depict
transport abilities in organic electronics. Figure 9a depicts the
DFT computed electrostatic potential surface (ESP maps) of
pyrediyne which infers high delocalization of π-electron cloud
throughout the conjugated 2D framework.
The careful analysis of the ESP maps further gives us a clear
picture of high delocalization of the electron densities at the
diacetylenic linkages as compared to the peripheral pyrene
surfaces. This confirms the significantly high coupling of charge
densities through bond along the acetylenic linkages that
connects the peripheral pyrenes.

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. The MM+ optimized π-stacked dimers of pyrediynes with a) lesser
conjugation (Pyrediyne-1), b) increased conjugation (Pyrediyne-2) and c) conjugation
dependent molecular interaction energies /1D potential surface of the corresponding
pyrediyne dimers. ∆E
E bound dimer
2 × E monomers .

3
>=
('' &''
"
Figure 9. a) Electrostatic potential map (Grimme’s dispersion corrected B3LYP-D/6-31G
(d)) depicting the highly π-rich aromatic acetylenic linkages w.r.t that of the pyrene
surfaces. The red and the blue part on the scale denote the electronegative and
electropositive potentials. (isovalence = 0.002), b) The density of states (DOS) for the
highly delocalized optimized geometry of single pyrediyne nanowall as shown in the
box, c) The HOMO and LUMO isodensity surfaces and d) the solid state UV-Visible
absorption spectra for the fine powder of pyrediyne.

The density of states (DOS) calculations, as shown in Figure 9b
further accounts for a reasonable direct band gap of Eg = 1.17
eV. This is an advantage over the indirect band gap of Si (Eg
=1.29 eV) and is also comparable to the theoretical band gap
52-55
employing similar level of
of graphdiyne (Eg =1.1 eV),
theory. From Figure 9b, it can be seen that the densities of the
virtual and the occupied states are much high due to high
delocalization of π electron cloud throughout the network and
further the densities of the virtual states are much higher as
compared to that of the occupied states, which provides a
much better pathway for tunneling of charge within the two
states.
The
enhanced
coulomb
interactions
in
reduced
44,45
mainly affect the Eg as the columbic force of
dimensionality
attraction for a quassiparticle (electron-hole pair) which is
mainly given by,
4 εε
Where, Ec is the columbic force, e is the electron charge ε is
the dielectric constant and r is the exciton radius.
Hence we went on to compare the DOS of two different
pyrediynes on the basis of number of pyrene rings (Figure S7,
Supporting Information). The Eg value for the framework with
9 pyrene rings is 1.17 eV while for the one with 4 pyrene rings
is 1.52 eV, estimated by using the same level of theory (B3LYPD/6-31G(d)). Clearly the DOS became much improved in the
network with more number of pyrene rings due to high
delocalization and π-conjugation. Hence, we suggest that the
direct band gap of pyrediyne network with pyrenes as the core
is a much improved one compared to that of graphdiyne with
relatively less delocalized benzene rings as cores. Figure 9c
depicts the HOMO and LUMO isodensity surfaces of pyrediyne

>= =
&

Improved Inter-Molecular Interactions in Pyrediyne
In order to account quantitatively for the molecular
interactions providing additional stability to the pyrediyne
nanowalls, we computed the interaction energy profiles
(potential energy curves) for both the pyrediyne dimers using
molecular mechanics simulations (MM+)56, vide Figure 10. The
MM+ optimized pyrediyne dimers are bound via π⋅⋅⋅π
interactions as shown in Figure 10a and Figure 10b. The
potential energy curves are obtained by plotting the
interactions energies obtained by varying the π⋅⋅⋅π distances
from 2 Å to 8 Å, Figure 10c. Consequently, the interactions are
found to be much more stable in both the dimer’s cases
accounting for the high through space contributions. Clearly,
the 1D potential energy surface of the pyrediyne nanowalls
1
with increased conjugation (E = −75.4 kcal mol− , pyrediyne-2)
-1
is found to be 26.8 kcal mol more stable in comparison with
1
the one with the lesser conjugation (E = −48.6 kcal mol− ,
pyrediyne-1).
Charge Transport Characteristics
Carbon materials show good conducting behaviour due to
57
extended π-conjugation. To understand the charge career
mechanism, we have employed a non-destructive
characterization of pyrediyne nanowalls via AC-impedance
58
spectroscopy. Figure 11a represents the Nyquist plot of bulk
pyrediyne in which the real part of the complex impedance (Z')
is plotted against its imaginary part (-Z''). An equivalent circuit
model to understand the Nyquist plot is carried out using the
Z-fit program (version 3.2 c). The semicircular behaviour in the
fitted plot indicates the Debye behaviour which signifies a
single conduction mechanism, where the career hopping
mechanism through the conduction channel controls the
58,59
charge transport.
Also, it implies the coexistence of both
capacitance and resistance nature of pyrediyne. The
-10
capacitance value is estimated to be 1.6 × 10 F, exhibiting
bulk contribution only. The moderate value of capacitance
arises due to the resonance stabilization of highly delocalized
charges throughout the highly conjugated framework as
inferred from the esp maps (Figure 9a). However, the
contributions from the high through bond and through space
coupling of π-electrons generate the conduction pathways as

6 | J. Name., 2012, 00, 1-3
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Figure 11. a) Nyquist plot of bulk pyrediyne at 25 °C with equivalent R−C circuit (inset)
and b) Hypothetical conduction channel formed via through space interactions of
pyrediyne molecules.

shown in Figure 11b resulting in high delocalization of charges
within the channel. The electrical conductivity value is
estimated to be σ =1.23(± 0.1)×10-3 S m−1, approximately one
order higher than that of graphdiyne (2.516×10-4 S m−1).40
Although our preliminary computational results account for an
improved electronic structure and intermolecular interactions
for the pyrediyne monomer, a full band structure/mobility
calculation on such molecules would further extend the scope
to derive additional mechanistic insights into the carrier
mobilities and electronic structure of this system.60,61
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CONCLUSIONS
A new ultrathin, highly planar π-conjugated framework named
pyrediyne is synthesized by employing a modified-Glaser-Hay
coupling reaction using 1,3,6,8-tetraethynylpyrene as
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