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The narcissistic self-sorted phenomenon is explicitly attributed to the structural similarities in organic molecules.

Although such relevant materials are rarely explored, self-sorted structures from macrocyclic π-conjugated-based
p- and n-type organic semiconductors facilitate the increase of exciton dissociation and charge separation in bulk

heterojunction solar cells. Herein, we report two extended π-conjugated derivatives consisting of zinc-porphyrin-

linked benzothiadiazole acting as an acceptor (PB) and anthracene as a donor (PA). Despite having the same por-

phyrin π-conjugated core in PA and PB, variations in donor and acceptor moieties make the molecular packing

form one-dimensional (1D) self-assembled nanofibers via H- and J-type aggregates. Interestingly, a dissimilar

aggregate of PA and PB exists as a mixture (PA + PB), promoting narcissistic self-sorted structures. Electrochemical

impedance investigation reveals that the electronic characteristics of self-sorting assemblies are influenced by the

difference in electrostatic potentials for PA and PB, resulting in a transitional electrical conductivity of 0.14 S cm−1.

Therefore, the design of such materials for the fabrication of effective photovoltaics is promoted by these extra-

ordinary self-sorted behaviors in comparable organic π-conjugatedmolecules.

Introduction

Constructing self-sorted nanostructures from synthetic organic
molecules to mimic nature has garnered a lot of interest in
electronics and biomedical applications.1–15 A versatile tech-
nique for identifying desirable products in numerous intricate
networks and making it easier to assemble basic components
into complex structures is self-sorting.16 Besides, attraction
towards like or unlike molecules can be utilized in supramole-
cular systems to identify self-sorting; attraction towards like
molecules promotes narcissistic self-sorting, whereas affinity
towards unlike molecules encourages social self-sorting or co-
assemblies.17,18 For example, synthetic peptides,
oligophenyleneethylenes, perylene diimides, and bola amphi-
philes have shown self-sorted structures until now.1 As is
known, self-sorted structures usually follow either kinetic or
thermodynamic pathways.19 By modulating kinetic and
thermodynamic variables during self-assembly, S. J. George
and co-workers have recently reported self-sorted, block, and
random supramolecular polymers from cholesterol-linked
naphthalene diimide (NDI)-based two-component systems.20

Upon studying several alkyl chains substituted at the periphery
of perylene diimides, the Würthner group discovered that
π-stacking modes of H- and J-aggregates tend to self-sort
during copolymerization.21 Furthermore, narcissistic and
social self-sorting phenomena were observed in similar OPE
derivatives by altering concentration and solvent parameters.22
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Ajayaghosh and co-workers also reported on the self-sorted co-
axial alignment of p/n heterojunctions with strong photocon-
ductivity, which was shown by combining two distinct struc-
tural p- and n-type organic semiconductors.23 As a result, most
self-sorting assemblies were created by structural modifi-
cations or by optimizing the dynamics of assemblies.24–26

Although it is presently difficult to accomplish, the structural
similarities between p- and n-type semiconductors envision
narcissistic self-sorting, which is crucial for charge separation
and exciton dissociation to create effective bulk heterojunction
solar cells.27–30

In order to facilitate long-range ordered assemblies at the
macroscopic level, we are creating bulky π-conjugated systems
that are appended with redox-active electron donor and accep-
tor moieties.31 In this context, porphyrin is selected as an
extended π-conjugated system because of its 18 π electron
structure, planarity, and aromaticity which facilitate the for-
mation of well-defined self-assembled nanostructures.
Additionally, its strong absorption in the visible to near-infra-
red range makes it a great photosensitizer for solar cells.32–34

On the other hand, anthracene and benzothiadiazole were
taken into consideration as electron donor and acceptor moi-
eties since both of them have exceptional oxidation and
reduction capabilities.35,36 Thus, we designed two porphyrin
derivatives which are linked with anthracene (PA)/benzothia-
diazole (PB) and directional amide groups were added to the
periphery of the moieties to support the hydrogen bonding
interactions (Fig. 1a).37,38 Despite the structural similarities in
PA and PB, it can be either social self-sorting or narcissistic
self-sorting during mixing in the solution and aggregated
states.39–42 Photophysical, morphological and impedance ana-
lyses reveal that PA and PB form H- and J-aggregates and their

mixture displays a narcissistic self-sorting characteristic as a
result of their assembly dynamics. Using π–π stacking and
H-bonding interactions, long axial self-assembled nanofibers
were subsequently obtained from PA and PB. In the mixture
(PA + PB), self-sorting inhibits long axial growth, resulting in
short nanorods with an average length of 1 µm to 5 µm
(Fig. 1b).43 Comparing PA with PB, it is interesting to note that
the former shows more negative potential, which aids in
improving electrical conductivity on self-assembled nano-
fibers, while the latter shows transitional electrical conduc-
tivity, suggesting that aggregate dynamics control not only the
self-sorted phenomenon but also tune their electronic pro-
perties at the nanoscale.

Results and discussion

PA and PB were synthesized by Sonogashira and peptide coup-
ling reactions and characterized with 1H nuclear magnetic
resonance (NMR), MALDI-TOF-mass spectra and Fourier trans-
form-infrared (FT-IR) analyses (Fig. S1–S6†). Subsequently,
photophysical properties were determined to ascertain the
possibility of charge transfer from similar PA and PB while
mixing in solution. UV-visible spectroscopic analyses of PA,
PB, and PA + PB (1 : 1 M) were performed in chloroform with a
concentration of 1 × 10−5 M at 25 °C. PA showed absorption
bands at around 427 nm and 613 nm, whereas PB showed the
same at 421 nm and 621 nm, which correspond to the Soret
and Q-bands, respectively. PA + PB has demonstrated absorp-
tion bands similar to those of PA and PB in chloroform
suggesting that both molecules exist as individual monomers
in the solution state (Fig. S7†). Subsequently, fluorescence
spectra also depict that PA and PB retain their individual
characteristic features in PA + PB, which is conspicuous from
the emission peaks (Fig. S15†). Two prominent emission peaks
were observed for PA (626, 680 nm) and PB (634, 690 nm) at an
excitation wavelength of 470 nm. However, the fluorescence
intensity was quenched in PA + PB when compared to PA, indi-
cating the possibility of an inter-electron transfer mechanism
between the two molecules (Fig. S15a†). Furthermore, proton
nuclear magnetic resonance (1H NMR) and nuclear
Overhauser effect spectroscopy (NOESY) analyses were carried
out to confirm the individuality of PA and PB in the mixed
state. The resultant spectra reveal that the proton peaks in the
aromatic and aliphatic regions of PA and PB match with the
mixture without any additional chemical shifts, suggesting
that the molecules exist independently in solution (Fig. S8–
S11†). Subsequently, FT-IR analyses on PA, PB, and PA + PB
were also performed in chloroform, revealing a broad band at
3392 cm−1, which represented the N–H stretching frequency,
and bands at 2921 cm−1 and 2850 cm−1 for PA and PB, which
represented C–H stretching frequencies. Whereas PA + PB also
displayed similar frequencies, as PA and PB support the indi-
vidual behaviour in the mixture in the solution state; hence,
the charge transfer phenomenon can be ruled out from the
similar PA and PB (Fig. S12†).

Fig. 1 Molecular structures of Zn(II) metallated porphyrin derivatives
comprising (a) anthracene functioning as an electron donor in PA and
benzothiadiazole as an electron acceptor in PB. (b) Schematic represen-
tation of long axial nanofibers from PA and PB and self-sorted nano-
structures embedded in short nanorods from PA + PB upon self-
assembly.
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Nevertheless, due to the difference in electron density
between porphyrin-linked anthracene and benzothiadiazole of
PA and PB, these molecules tend to have a redox nature. Cyclic
voltammetry of three samples was recorded in chloroform
using three electrode systems and tetrabutyl ammonium per-
chlorate as a supporting electrolyte. The oxidation potentials
of PA are 0.74, 0.83 V and that of PB is 1.22 V while their
reduction potentials are −0.80 and −1.23 V, respectively. In
contrast PA + PB showed 0.71 and −0.82 V, indicating the ease
of oxidation relative to PA and PB alone, thereby promoting
efficient electron transfer between PA and PB (Fig. S13†).
Consequently, spectroelectrochemistry analyses of PA, PB, and
PA + PB depict the absorption spectral changes during the
redox process at an applied oxidation potential of 1.2 V
(Fig. S14†). PA displayed a nominal decrease in intensity at
427 nm together with a red shift at Q-bands, while PB exhibits
a significant bathochromic shift in the Soret and Q-band
regions, signifying the stability of oxidation species. Similarly,
the combination has shown a decrease in the intensity of the
Soret band along with a considerable red shift revealing that
PA and PB exist independently and uphold the stability of
redox species to facilitate more effective electron transfer than
individual molecules. Therefore, photophysical, spectroscopic,
and electrochemical data emphasize that PA and PB appear as
identical bulky π-systems but exist independently whilst
mixing in the solution, prompting the nanoscopic investi-
gation of self-sorting assemblies that could assist in develop-
ing efficient bulk heterojunction solar cells.15,23,44–47

Furthermore, utilizing the heating–cooling technique, the
assemblies of PA, PB, and PA + PB were prepared in cyclo-
hexane and examined by UV-visible absorption, emission spec-
troscopy, microscopy, PXRD and electrochemical impedance
analyses. However, PA and PB were moderately soluble in
cyclohexane and the suspension was dissolved by heating and
subsequent cooling, which facilitated aggregate formation.
The absorption spectrum of PA showed a hypsochromic shift
(∼9 nm) in the Soret band together with a shoulder band at
650 nm. This large blue shift at the Soret band suggests that
the molecules are organized into H-type aggregates. In con-
trast, assemblies of PB have shown an ∼3 nm bathochromic
shift in the Soret band region, with significant quenching in
the intensity, proposing that PB exists as J-type aggregates.
Interestingly, PA and PB possess similarities in structures, but
different types of aggregates that are distinct from each other
may have an impact on co-assembly studies. Furthermore,
aggregates of PA + PB were prepared by mixing PA and PB at a
1 : 1 molar ratio via the heating–cooling method. The absorp-
tion spectrum of PA + PB reveals a Soret band at 418 nm and
Q-bands at 650–700 nm which remain unaltered, suggesting
that PA and PB prefer narcissistic self-sorting over social aggre-
gation in the mixed state (Fig. 2a). Consequently, temperature-
dependent absorption studies confirmed that the difference in
the thermodynamic stability of aggregates of PA and PB drives
the self-sorting assemblies in PA + PB. Fig. 2d represents the
temperature-dependent absorption spectra of PA + PB in cyclo-
hexane as the temperature is raised by 10 °C increments from

20 °C to 70 °C. Upon increasing the temperature, the intensity
of the Soret band at 418 nm increases gradually with a conco-
mitant redshift to 423 nm and then moderately decreases in
the Q-band region, indicating that the aggregates deteriorate
for PA and are stable for PB until 70 °C. For comparison,
assemblies of PA and PB were also studied at regulated temp-
eratures, and it was observed that PA reached the monomeric
state at 60 °C while the aggregates of PB remained stable at
>70 °C (Fig. 2b and c). Subsequently, the fraction of aggregates
(αagg) was calculated in the Soret band region (λmax: 420 nm)
for PA, PB and PA + PB against variable temperatures revealing
that PA has shown a sigmoidal curve which follows the isodes-
mic mechanism (Fig. 2e). On the other hand, PB and PA + PB
represent a non-sigmoidal curve and abide by the co-operative
mechanism which is different from PA.48–51 Alongside, the
thermal stability of aggregates was found to be highest for PB
followed by PA + PB and PA. Despite PA and PB having similar
structures, they uphold individuality at the molecular level
which results in narcissistic self-sorting assemblies, perhaps
an intriguing phenomenon for organic solar cell applications.

In addition, temperature-controlled fluorescence spectra
revealed that, in comparison with the solution state, the inten-
sity of PA + PB was quenched more than PA and PB intensity,
suggesting that intermolecular electron transfer favors the
assembled state (Fig. S16†).26,52,53 Furthermore, a 440 nm LED
source was used for excitation during lifetime analysis in both
the aggregated and solution states. PA shows bi-exponential
decay in cyclohexane and mono-exponential decay in chloro-
form (Fig. S17 and Table S1†). The resultant lifetime values are
5.72, 4.06, and 2.14 ns for PA, PB and PA + PB in chloroform,
respectively. On the other hand, the measured bi-exponential
photoluminescence decay values of PA recorded are 0.11 and
3.13 ns whereas those of PB are 6.5 and 5.8 ns. However, PA +
PB showed lifetime values of 0.1 and 1.4 ns, suggesting that
effective inter-electron transfer occurred between PA and PB,
which is reflected in the lifetime values.

H-bonding plays a vital role during aggregation which
assists in understanding the self-sorting behaviour of PA and
PB in the mixture. According to FT-IR analysis, the aggregated
samples have shown significant changes in stretching and
bending frequencies when compared to the solution state
(Fig. S12†). PA and PB depict that the N–H stretching fre-
quency at 3322 cm−1, together with CvO stretching and N–H
bending, resulted in hierarchical nanostructures. Alongside,
C–H stretching frequencies at 2850 and 2921 cm−1 observed in
PA and PB indicate that the dodecyl chains were stretched to
assist in interdigitating with other molecules through van der
Waals interactions during assemblies. Likewise, stretching and
bending frequencies of PA + PB match well with the individ-
uals of PA and PB, suggesting that H-bonding and van der
Waals interactions remain unaltered in co-assemblies,
affirming the narcissistic self-sorting behavior (Fig. 2f).54–57

Having confirmed the self-sorting assemblies of PA and PB
in a mixture, electron microscopy analyses were established to
check the surface morphology of the three samples. Scanning
electron microscopy (SEM) images of PA showed one-dimen-
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sional nanofibers with an average diameter of 50–100 nm and
several micrometers in length (Fig. 3a). These nanofibers were
formed by utilizing non-covalent interactions like π–π stacking
from bulky π-conjugated structures, H-bonding with direc-
tional amide groups, and long alkyl chains assisting van der
Waals interactions. Transmission electron microscopy (TEM)
images also showed similar nanofibers to SEM (Fig. 3d).
However, these nanofibers do not have considerable electron
diffraction patterns. Likewise, PB formed nanofibers with an
average size of 100 nm and several micrometers in length,
respectively (Fig. 3b and e). Thus, the freshly prepared 10 μM
solutions of PA and PB comprise metastable assemblies which
reorganize to form long axial nanofibers to attain thermo-
dynamic stability. Conversely, PA + PB (1 : 1 M) in cyclohexane
illustrates short nanorod structures with an average length of
1–5 µm and a width of 0.2–0.7 µm via narcissistic self-sorting
using π–π stacking and H-bonding interactions. As a result, the
formation of co-assemblies containing two or more different
molecules is promoted by thermodynamically favourable inter-
actions (Fig. 3c, f and S18†). Moreover, the driving force for
the obstruction of the co-assembly of the molecules is the
hydrophobic collapse of their C12 (dodecyl) alkyl chain (hydro-
phobic interaction between the C12 alkyl chain and the

solvent) that constricts the PA + PB to collapse, leading to the
formation of short nanorods. Thus, these short nanorods
embedded within the self-sorted assemblies of PA and PB
hinder the extended growth of nanostructures. Besides, an
ordered diffraction pattern was observed for the nanorods,
suggesting that the PA + PB mixture is crystalline in nature.
Moreover, the elemental composition of the self-sorted assem-
blies of PA and PB in the nanorod structure was investigated
using high-angle annular dark field imaging in scanning
transmission electron microscopy (HAADF-STEM). In PA + PB,
nanorods were seen together with both elements corres-
ponding to PA and PB; however, PB assemblies are more domi-
nant and vivid than PA (Fig. 3i). Thus, elemental analysis also
correlates well with our insights because the data corres-
ponding to PB are more perceptible when compared to PA.
Parallel to this, the elemental composition of PA- and PB-
derived nanofibers was also recorded, and it was found that
the elements present in both images signify the individual
assemblies of PA and PB (Fig. 3g and h). Therefore, optical
and microscopic data adhere to the narcissistic self-sorted
assemblies of PA and PB, a remarkable phenomenon observed
in redox active systems.

To emphasize the molecular packing in individual and self-
sorted assemblies, powder X-ray diffraction analyses were per-
formed on PA, PB, and PA + PB (Fig. 4a and Fig. S19†). PA and
PB displayed similar small and wide-angle diffraction peaks
and the corresponding d-spacing values of 32.5 Å, 16.8 Å and
3.4 Å. Two intense diffraction peaks in wide angle regions of
32.5 Å and 16.8 Å represent the end-to-end molecular length
and the dodecyl chain length. An intense peak was seen for
both molecules because van der Waals interactions cause the
alkyl chains to be stretched and interdigitated. A second broad
peak that is perpendicular to the long axis of the nanofibers
appears in a small angle region of 3.4 Å, indicating the

Fig. 2 (a) Normalized ultraviolet–visible absorption spectra of PA, PB,
and PA + PB (1 : 1 M) in cyclohexane at a concentration of 1 × 10−5 M at
25 °C. The inset shows the conspicuous shift in the peaks of PA, PB, and
PA + PB. (b–d) Temperature-dependent UV-visible absorption spectra of
PA, PB and PA + PB assemblies in cyclohexane with an increment in
temperature from 20 °C to 70 °C. (e) Fraction of aggregates (αagg) of PA,
PB and PA + PB calculated from apparent absorption intensity at the
Soret band: λ = 420 nm at different temperatures. (f ) FT-IR analysis of
PA, PB and PA + PB aggregates denoting the considerable stretching
frequencies of N–H, C–H, CvO and N–H bending frequencies.

Fig. 3 (a) SEM and TEM images of an air-dried suspension of (a and d)
PA. (b and e) PB. (c and f) PA + PB. Scanning transmission electron
microscopy (HAADF-STEM) images of (g) PA, (h) PB and (i) PA + PB.
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π–π-stacking between the conjugated units.58–62 However, an
additional intense peak at 8.5 Å was observed for PB, implying
the repulsion of the lone pair on ‘S’ in benzothiadiazole units
with other molecules, resulting in the slippage of molecular
packing while being absent in PA. Thus, PA and PB exhibit two
different molecular packings via H-/J-type aggregates using π–π
stacking, H-bonding, and van der Waals interaction, leading to
the hierarchical growth of one-dimensional nanofibers (Fig. 4b
and c). On the other hand, the PA + PB mixture has shown
similar diffraction peaks to PA and PB, indicating that both
aggregate individually resulting in self-sorted behavior (Fig. 4a,
b and d). Additionally, the peak at 4.1 Å is observed specifically
in PA + PB, owing to the dodecyl chains which aid in interdigi-
tating with other molecules via van der Waals interactions
during the self-sorting process in the mixed state. Hence, the
difference in the molecular packing of molecules that governs
the dynamics of aggregates which facilitates the attainment of
narcissistic self-sorted nanostructures in a mixture is an inter-
esting route to develop bulk heterojunctions (Fig. 4d).
Nevertheless, the electronic properties of PA + PB are also
crucial for the application of photovoltaics. In this context, the
energy levels of frontier orbitals and electric potentials are sig-
nificant factors in evaluating the electronic properties of
organic materials.

Consequently, we performed density functional theory cal-
culations to estimate the energy levels over PA and PB by using
the functional basis set of B3lYP/6-31G (d,p). PA revealed the
electron density distribution of anthracene at the HOMO and
porphyrin at the LUMO but the difference is not much notice-
able due to their similarity in oxidation potentials. The resul-
tant HOMO and LUMO energy values were 4.63 and 2.19 eV,
respectively. Subsequently, electrostatic potential (ESP) data
have shown a uniform distribution of negative potentials
throughout the system, revealing that PA performs better as an
electron transporting material (Fig. 4e). Whereas in PB, the
difference in electron density distribution is clearly seen
because the HOMO is on porphyrin and the LUMO is on ben-
zothiadiazole. As a result, PB possesses an enhanced redox-
active nature, as proved by spectroelectrochemical spectra.
However, the ESP image reveals that the positive and negative
potential distributions on benzothiadiazole and porphyrin
might prefer charge recombination or an intramolecular elec-
tron transfer process (Fig. 4e). Thus, significant variations in
the electrical potential and energy levels of PA and PB may
exhibit a greater impact on the electronic properties, as con-
firmed by a detailed investigation conducted on nanofibers
and nanorods to analyze their conductivity at the bulk scale
for the future generation of photovoltaics.

Electrochemical impedance spectroscopy was employed to
estimate the bulk conductivity of self-assembled nanofibers
and nanorods.63,64 PA, PB and PA + PB aggregates were pre-
pared and drop-cast on an etched indium tin oxide plate with
dimensions measuring 1 × 1 mm (Fig. 5a). All the three
samples have shown semicircular curves in which PA has a
lower bulk resistance (Rb) than the other two samples due to the
high negative electric potential of PA, and head-to-head stacking
of molecules in nanofibers facilitates efficient intermolecular
electron transfer that leads to a high specific conductivity of
4.07 S cm−1 at 25 °C. On the other hand, PB exhibits very low
conductivity, attributed to the charge recombination and slip-
page of molecular stacking in nanofibers, which hampers elec-
tron flow and results in a lower specific conductivity of about
0.035 S cm−1. Thus, with the largest differences in the conduc-
tivity of PA and PB, mixed samples achieved transitional specific
conductivity (0.14 S cm−1), which is higher than PB and lower
than PA, suggesting that self-sorted assemblies aid in improving
the intermolecular electron transfer from PA to PB. However,
the resultant conductivity in self-sorted structures is relatively
low because PB is more predominant than PA in terms of
thermodynamic stability (Fig. 5b). Subsequently, to determine
the electrical conductivity, temperature-dependent impedance
analyses were carried out by raising the temperature from 25 °C
to 85 °C. Fig. 5c and d represent the Nyquist plot of PA + PB at
different temperatures, depicting a gradual increment in resis-
tance as temperature rises (Table S2†).

Furthermore, we computed 1000/T against log σ of PA + PB,
revealing linear growth in conductivity that falls within the
electrical conductivity regime (Fig. 5e). Similarly, PA and PB
comply with electrical conductivity behavior; however, PA exhi-
bits a linear relationship with conductivity due to efficient elec-

Fig. 4 (a) Powder X-ray diffraction analysis of PA, PB and PA + PB. (b)
Molecular packing of PA, PB, and PA + PB leading to H, J-aggregates
and self-sorted from the corresponding d-spacing values for each
length of the center to the end, π–π stacking, and H-bonding. (c)
Schematic representation of the self-assembly in PA and PB, leading to
the formation of 1D nanofibers. (d) Schematic illustration of the for-
mation of self-sorted nanostructures by mixing PA + PB via self-assem-
bly. (e) Optimized structures and the corresponding HOMO/LUMO
energy levels of PA and PB from DFT calculations. The electrostatic
potential maps of PA and PB exhibit the charge distribution.
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tron transport at controlled temperature, and the minor fluctu-
ation in the linearity of PB was ruled by charge recombination
(Fig. S20 and S21†).65 Later, activation energy (Ea) was calculated
from the above graph, and it revealed that Ea is low for PA, indi-
cating high conductivity as per the known inverse relationship
between activation energy and conductivity. Whereas for PB and
PA + PB, the values are high and medium, resulting in low and
transitional conductivity (Fig. 5f). Alongside, the bulk capaci-
tance was also estimated by meeting the specific condition
ωRCb = 1 and the resultant specific capacitance values were in
the range of 0.3–0.4 pF (Table S2†).63 Additionally, bulk relax-
ation time was evaluated from the graph log f vs. imaginary
impedance. Therefore, thorough analysis of newly designed
bulky π-conjugated systems demonstrated that molecular struc-
tures and aggregate dynamics can regulate the electrical conduc-
tivity of nanofibers and nanorods.

Conclusions

In conclusion, we demonstrated a rational approach towards
narcissistic self-sorted assemblies by mixing two similar por-

phyrin appended anthracene and benzothiadiazole derivatives.
Self-assembled nanofibers were formed via distinct H- and
J-type aggregates and their mixture remained the same but
resulted in self-sorted structures embedded in nanorods, as
confirmed by optical, microscopy, and diffraction analyses.
Electrostatic potentials suggest that the differences in electric
potentials impact efficient electron transport, and charge
recombination results in high and low electrical conductivity
for PA and PB derived nanofibers. Thereby, self-sorted struc-
tures exhibit transitional conductivity through the inter-
molecular electron transfer from PA to PB. Consequently,
similar macrocyclic π-conjugated linked donor and acceptor
systems endow the self-sorted structures with controlled
dynamics and remarkable electronic properties, promoting the
development of novel π-conjugated redox active systems that
possess the ability to improve the charge carrier separation
and transport mechanism in bulk heterojunction solar cells.
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