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The multi-walled carbon nanotubes (CNTs) and reduced graphene oxide (rGO) nanosheets were 
functionalized with 2-hydroxymethyl thiophene (CNT-f-COOTh) and 2-thiophene acetic acid (rGO-f-TAA) 
and grafted with poly(3-dodecylthiophene) (CNT-g-PDDT and rGO-g-PDDT) to manipulate the orientation 
and patterning of crystallized regioregular poly(3-hexylthiophene) (P3HT). Distinct nano-hybrid structures 
including double-fibrillar (5.11−5.18 S/cm), shish-kebab (2.19−2.28 S/cm), and stem-leaf (6.96−7.51 S/cm) 
were developed using modified CNTs and P3HT. The most effective parameter on morphology of donor-
acceptor supramolecules was the surface functionalization and grafting. The electrical conductivities of 
supramolecules based on P3HT and rGO, rGO-f-TAA, and rGO-g-PDDT ranged in 3.81−3.87, 3.91−3.95, and 
10.67−10.70 S/cm, respectively. P3HT chains preferred to interact with their thiophene rings with bared 
rGO and CNT surfaces, resulting in a conventional face-on orientation. In P3HT/rGO-f-TAA and P3HT/CNT-f-
COOTh supramolecular nanostructures patterned with P3HT, the orientation of P3HT chains changed from 
face-on to edge-on, originating from the strong interactions between the hexyl side chains of P3HTs and 
functional groups. Nano-hybrids based on grafted rGO demonstrated a patched-like morphology composed 
of flat-on P3HTs with main backbones perpendicular to the substrate. Based on the ultraviolet-visible and 
photoluminescence analyses, the flat-on orientation was the best for P3HT chains assembled onto CNT and 
rGO, which was acquired for CNT-g-PDDT and rGO-g-PDDT nano-hybrids.

1. Introduction
The common orientations for poly(3-

hexylthiophene) (P3HT) chains are the edge-on 
(with the main backbones parallel with and side 
chains perpendicular to the substrate) and face-
on (with both main backbones and side chains 
parallel with the substrate). Another orientation 
called flat-on with the backbones perpendicular 
to the substrate and the highest conductivity and 

hole mobility was obtained with some especial 
protocols. Among the mentioned orientations, the 
edge-on has the highest potential in the field effect 
transistors, due to their horizontal configuration 
with in-plane charge mobility. On the contrary, 
the photovoltaic devices such as solar cells with 
the vertical configuration and out-of plane 
charge mobility further benefit from the face-on 
orientation [1−9].
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Graphene is one of carbon allotropes which 
is composed of two dimensional carbon 
arrangements with sp2 hybridation in the form of 
hexagonal honeycomb. The unique structure of 
graphene leads to a charge carrier independent 
of temperature around 104 cm2/V.s, which is four 
order of magnitude larger than that of phenyl-
C-butyric acid methyl ester (PCBM) at room 
temperature [10−22]. The carbon nanotubes could 
be also considered as a roll of graphene, thereby 
with a similar electrical, mechanical, and thermal 
characteristics but possessing different surface 
area and energy. Graphene for the high electron 
mobility, conductivity and elasticity and facile 
inclusion into the polymeric matrix has attracted a 
great attraction [23−25]. Reduced graphene oxide 
(rGO) is a cheap alternative for graphene whose 
production in nano-scale and high contents is 
difficult [10,26]. Graphene for having a high surface 
area could be employed as an ideal substrate to 
attach the functionalized materials and fabricate the 
hybrid structures. Moreover, the unique electrical, 
thermal, and mechanical properties of graphene 
provide an opportunity to utilize it in the high 
efficient electronic devices such as photovoltaics, 
sensors, etc [27−37]. The transparency of single 
and also multilayer graphenes is an advantage in 
the optoelectronic applications, in which the light 
diffuses into the inner layers [3,38]. Recently, it 
has been proved that graphene can be used as 
an electron acceptor in the photovoltaic devices 
[2,13,39,40]. The field effect transistors and solar 
cells based on graphene have been also reported in 
the literature [15,36,37].

Based on conducted studies on the induced 
crystallization of poly(3-alkylthiophene) (P3AT) 
onto graphene [26,41,42] such as well-oriented 
ultrathin P3HT films on graphene having face-
on and edge-on orientations [3], connecting the 
individual rGO monolayers with P3HT nanowires 
[26], semi-spherulites composed of nanoribbons 
prepared by aging the GO/P3BT mixture [27], etc, 
a gap is sensed in the oriented crystallization of 
P3HT on the functionalized and grafted graphenes.

Carbon nanotubes (CNTs) are one-dimensional 
(1D) nanostructured carbon allotropes with high 
carrier mobility and unique ballistic conduction 
pathways [43]. The band gap of CNTs can be 
adjusted by controlling the diameter and chirality 
[44–46]. They are classified as single-walled 
(SWCNT) and multi-walled (MWCNT) nanotubes 
depending on the number of folds present in 

the tube [47–50]. Owing to their extraordinary 
electrical and mechanical properties, CNTs are 
extensively employed as charming nanomaterials 
[51,52]. The CNTs have a wide range of applications 
including photovoltaic devices, sensors, and 
field-effect transistors [53–58], because of their 
unique electrical, mechanical, high electrical 
conductivity, large specific surface area, and 
high charge capacitance properties [59]. Thanks 
to their high hydrophobicity, the CNTs are not 
easily processed [60]. The surface carbon atoms 
in nanotubes present an excellent platform for 
chemical functionalization, and have been utilized 
to address the processability issue. The direct 
polymerization of monomers in CNT-dispersed 
medium through functionalization of CNT has 
achieved great attention to prepare polymer 
wrapped CNTs [61–63]. Various polymers were 
successfully grafted onto CNT to develop CNT-
polymer composites with an improved dispersion 
[64–68]. Some technical analyses including grazing 
incidence wide angle X-ray scattering (GIWAXS) 
[69], in situ  small angle X-ray scattering (SAXS) 
[70], and plasmon resonance [71] are also applied 
for characterizing the carbonic colloids and the 
other colloidal nanoparticles.

In the current work, the donor-acceptor nano-
hybrids were designed by functionalization and 
grafting of CNT and rGO surface with thiophenic 
adducts. Distinct well-oriented nano-hybrids 
comprising double-fibrillar in unmodified CNTs, 
shish-kebab in functionalized CNTs (CNT-f-
COOTh) and stem-leaf in grafted CNTs (CNT-
g-PDDT) were designed and compared with the 
corresponding rGO nanostructures. Despite the 
fact that the P3HT orientations depended on the 
surface modification, their morphologies were 
altered in rolled (CNT) and flat (rGO) carbonic 
surfaces.

2. Experimental
2.1 Thiophene functionalized carbon nanotubes 
(CNT-f-COOTh)

Functionalization of MWCNTs was carried out 
via oxidation method with sonication of sulfuric 
acid (15 mL, 95–97 %) and nitric acid (45 mL, 65 %) 
having a ratio of 1:3 v/v for 6 h at 50 °C. A five-fold 
dilution was then applied to the mixture for stopping 
the oxidation reaction. Stirring and decantation 
were performed for five times and finally washed 
with deionized water by filtration until the water 
pH reached 7. The precipitate was finally dried in 
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vacuum oven at 60 °C. The CNTs-COOH with high 
oxidation  was synthesized by the same procedure 
for 9 h at 60 °C. The 2-hydroxymethyl thiophene 
(CNT-COOH-f-HMTh) macroinitiator was 
synthesized by the esterification of CNT-COOH 
with 2-hydroxymethyl thiophene in the presence 
of p-toluenesulfonic acid (p-TSA) as a dehydrating 
agent (5 wt% of acid). In brief, a three-neck flask 
equipped with a dean-stark trap, gas inlet/outlet, 
and a magnetic stirrer was charged with CNT-
COOH (0.5 g), 2-hydroxymethyl thiophene (1 g) 
and anhydrous dimethyl sulfoxide (50 mL), and 
then was sonicated with a bath type sonicator for 
40 min to produce a homogeneous suspension. A 
catalytic amount of p-TSA as a dehydrating agent 
was added to the flask, and the reaction mixture 
was de-aerated by bubbling highly pure argon for 10 
min. Thereafter, the flask was placed in a silicon oil 
bath at 140 °C and the reaction mixture was stirred 
for 6 h under argon atmosphere. The reaction water 
was removed as an azeotrope until no more water 
was formed. The suspension was then centrifuged 
and washed several times with methanol for remove 
of remaining 2-hydroxymethyl thiophene. The 

CNT-COOH-f-HMTh powder (CNT-f-COOTh) 
was obtained after drying in reduced pressure 
at 60 °C. FT-IR spectrum of CNT-f-COOTh is 
depicted in Figure 1(a). In FT-IR spectrum of the 
thiophene functionalized carbon nanotubes (CNT-
f-COOTh), the vibrational peaks originating from 
the stretching of C−S and C=O were observed at 
around 715 and 1656 cm−1, respectively. The most 
important bands in FT-IR spectrum of CNT-g-
PDDT were the weak aromatic α and β hydrogens 
of thiophene rings at 3000−3100 cm−1, γ(C–H) in 
the aromatic ring at 719 cm−1, the aromatic C=C 
stretching vibration at 1423, 1512 cm−1 and C−S 
stretching vibration in thiophene rings at 702 cm−1. 
Further vibration from the CH-aliphatic bonds 
could be detected at around 2800−2950 cm−1.

2.2 Chemical oxidative graft polymerization of 
3-dodecylthiophene from multi-walled carbon 
nanotubes (CNTs-g-PDDT). 

A 100 mL flask equipped with a condenser, 
dropping funnel, gas inlet/outlet and a magnetic 
stirrer was charged with CNTs-COOH-f-HMTh 
(0.5 g) and dried CHCl3 (30 mL), and then was 
sonicated with a bath type sonicator for 40 min 
to reach a homogeneous suspension. Hereafter, 
3-dodecylthiophene monomer (1.5 g) was added 
and the reaction mixture was deaerated by bubbling 
highly pure argon for 5 min. In a parallel system, 
5 g of anhydrous ferric chloride was dissolved in 
20 mL of dried acetonitrile. This solution was also 
deaerated and then slowly added to the reaction 
mixture at a rate of 5 mL min−1 under an argon 
atmosphere. The reaction mixture was refluxed 
for about 24 h at room temperature under an 
inert atmosphere. The reaction was terminated by 
pouring the flask content into a large amount of 
methanol. The product was filtered and washed 
several times with methanol. The dark color solid 
was dried in vacuum at room temperature. The 
crude product was extracted with CHCl3 in a Soxhlet 
for 24 h to remove pure poly(3-dodecyl thiophene). 
The polymer solution was filtered, precipitated into 
excess methanol, and dried in reduced pressure 
to reach a dark color powder. The CNTs-g-PDDT 
possessing a high density of grafted thiophene (HD 
GCNT) was synthesized by the same method but 
with appropriate amounts of HD CNTs-COOH-
f-HMTh (0.5 g), 3-dodecylthiophene monomer 
(3 g), and anhydrous ferric chloride (10 g). FT-IR 
spectrum of CNT-g-PDDT is depicted in Figure 
1(a). After graft polymerization of thiophene 
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Figure 1. FT-IR spectra of CNT-f-COOTh and CNT-g-PDDT (a); rGO-f-TAA and rGO-g-PDDT (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1- FT-IR spectra of CNT-f-COOTh and CNT-g-PDDT (a); rGO-
f-TAA and rGO-g-PDDT (b).
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derivatives onto functionalized CNTs (CNT-g-
PDDT), an increase was observed in the intensity 
of bands related to the polythiophene derivatives; 
however, the intensity of peaks attributed to 
MWCNTs decreased due to their low concentration 
in the grafted hybrid.

2.3 Functionalization of rGO with 2-thiophene 
acetic acid (rGO-f-TAA) 

The rGO-f-TAA was synthesized by the 
esterification of rGO with 2-thiophene acetic acid 
in the presence of p-TSA as a dehydrating agent. 
Briefly, a three-neck flask equipped with a dean-
stark trap, gas inlet/outlet, and a magnetic stirrer 
was charged with rGO (0.2 g), 2-thiophene acetic 
acid (2.1 g), and anhydrous dimethyl sulfoxide (100 
mL), and then was sonicated for 40 min to produce 
a homogeneous suspension. A catalytic amount of 
p-TSA (0.2 g) as a dehydrating agent was added 
to the flask, and the reaction mixture was de-
aerated by bubbling highly pure argon for 10 min. 
Thereafter, the flask was placed in a silicon oil bath 
at 140 °C, and the reaction mixture was stirred for 
6 hours under argon atmosphere. The water of the 
reaction was removed as an azeotrope until no 
more water was formed, indicating the completion 
of reaction. Then, the suspension was centrifuged 
and washed several times with methanol to remove 
the remaining 2-thiophene acetic acid. The rGO-f-
TAA powder was obtained after drying in reduced 
pressure at 60 °C. FT-IR spectrum of rGO-f-TAA 
is reported in Figure 1(b). The successful synthesis 
of rGO-TAA was verified by the appearance of 
new bands including the stretching vibrations of 
aliphatic and aromatic C–H at 3050–2800 cm–1, 
γ(C–H) in the aromatic ring at 669 and 783 cm–1, 
unreacted hydroxyl end groups as a broad strong 
band centered at 3427 cm–1, and the aromatic C=C 
stretching vibration at 1546 cm–1. Moreover, the 
band at 1662 cm–1 may be attributed to the carbonyl 
stretching vibration of 2-thiopheneacetate groups 
(Figure 1(b)).

2.4 Synthesis of rGO-g-PDDT via chemical 
oxidation polymerization

 A 100 mL three-neck flask equipped with a 
condenser, dropping funnel, gas inlet/outlet, and a 
magnetic stirrer was charged with rGO-f-TAA (1.0 
g) and dried CHCl3 (90 mL), and then was sonicated 
for 40 min to produce a homogeneous suspension. 
Hereafter, the synthesized 3-dodecylthiophene 
monomer (3.5 g) was added and the reaction 

mixture was deaerated by bubbling highly pure 
argon for 10 min. In a separate container, 10.0 g of 
anhydrous ferric chloride was dissolved in 30 mL 
of dried acetonitrile. This solution was deaerated 
by bubbling highly pure argon for 10 min, and 
then slowly added to the reaction mixture at a 
rate of 5 mL min-1 under an argon atmosphere. 
The reaction mixture was refluxed for 24 h at 
room temperature under an inert atmosphere. The 
reaction was terminated by pouring the content 
of the flask into a large amount of methanol, and 
the product was filtered and washed several times 
with methanol. The dark solid was dried in vacuum 
at room temperature, and the crude product was 
extracted with CHCl3 in a Soxhlet apparatus for 
24 h to remove pure poly(3-dodecyl thiopene). 
Synthesized rGO-g-PDDT was not soluble in hot 
CHCl3, while pure poly(3-dodecyl thiopene) was 
soluble in this solvent. The polymer solution was 
filtered, precipitated into excess methanol, and 
dried in reduced pressure to give a dark powder. FT-
IR spectrum of rGO-g-PDDT is reported in Figure 
1(b). The most important bands in FT-IR spectrum 
of rGO-g-PDDT consisted of the weak aromatic α 
and β hydrogens of thiophene rings at 3050 to 3000 
cm–1 region, γ(C–H) in the aromatic ring at 775 
cm–1, the aromatic C=C stretching vibration at 1423 
cm–1, and C–S stretching vibration at 678 cm–1 in 
thiophene rings. The successful grafting of PDDT 
onto rGO-TAA was verified by the appearance of 
new bands such as stretching vibration of carbonyl 
group at 1710 cm–1, C–O stretching vibrations at 
1209 cm–1, and the stretching vibrations of aliphatic 
and aromatic C–H at 3050 to 2800 cm–1.

2.5 Synthesis of regioregular P3HT via Grignard 
metathesis polymerization

 Highly regioregular P3HT (> 99%) with 
the molecular weight (Mn) of 30 kDa and the 
polydispersity index (PDI) of 1.18 was synthesized 
through Grignard metathesis polymerization [54].

2.6 Sample preparation
 The derivatives of CNTs comprising bared 

CNT, CNT-f-COOTh, and CNT-g-PDDT were 
mixed with DMF and toluene and subjected 
to different steps of dissolution, stirring, and 
crystallization. After addition of regioregular 
P3HT (RR-P3HT) chains to the vial, purging with 
high pure nitrogen, and performing the dissolution 
and stirring steps, the color of vial content turned 
to light orange for DMF and dark orange for 
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toluene. The concentration was 0.01 wt% and the 
ratio of P3HT:CNT, P3HT:CNT-f-COOTh, and 
P3HT:CNT-g-PDDT was 5:1. First, a primary 
dissolution was conducted at Td1 = 70 °C for 20 min 
(td1). The sonication step was then performed at 75 
°C for 3 h using a Cup Horn Ultrasonic Convertor 
to yield the homogeneous dispersions. A secondary 
dissolution was carried out at 100 °C (Td2) for 20 
min (td2) in DMF to eliminate the probable effect 
of stirring on the P3HT crystallization. Finally, 
the vials were switched to 30 °C for 1 and 20 h to 
complete the crystallization. 

Prepared materials including bared rGO, 
rGO-f-TAA, and rGO-g-PDDT were mixed with 
various solvents of DMF and toluene in a vial and 
subjected to distinct steps, i.e., dissolution, stirring, 
and crystallization. After addition of P3HT to 
the vial, purging with high pure nitrogen, and 
performing the dissolution and stirring steps, the 
color of vial content turned to light orange for 
DMF and DMF/toluene solvents and dark orange 
for toluene. The concentration was 0.01 wt% and 
the ratio of P3HT:rGO, P3HT:rGO-f-TAA, and 
P3HT:rGO-g-PDDT was 5:1. First, a primary 
dissolution was conducted at Td1 = 70 °C for 20 min 
(td1). Stirring was then performed at 75 °C for 3 h 
to yield the homogeneous dispersions. A secondary 
dissolution was carried out at 100 ° for 20 min in 
DMF to eliminate the probable effect of stirring 
on the P3HT crystallization. Finally, the vials were 
switched to 30 °C for 1 and 20 h to complete the 
crystallization.

2.7 Characterization
 The donor-acceptor supramolecules were 

characterized with Lambda 750 ultraviolet-visible 
(UV-Vis) spectrometer, photoluminescence 
optistatDry-BLV model, atomic force microscope 
(AFM Nanoscope), transmission electron 
microscope  (Philips  CM30  TEM) equipped with 
the selected area electron diffraction (SAED) and 
grazing incidence wide angle X-ray scattering 
(GIWAXS) for the in plane (IP) and out of plane 
(OOP) states by a CMOS flat panel X-ray detector 
(C9728DK).

3. Results and discussion
The functionalized and grafted CNTs and rGO 

nanosheets were prepared to deeply study their 
effect on the orientation of P3HT chains while 
crystallization onto the rGO surface. Three types of 
orientations including face-on, edge-on, and flat-on 

were detected separately in various systems. When 
the bared CNT and rGO were utilized to develop 
the supramolecular donor-acceptor structures, 
the P3HT chains preferred to interact with their 
thiophene rings with the CNT and rGO surfaces 
(Figure 2). In these structures, a conventional face-
on orientation was detected. The morphology of 
P3HT/CNT nano-hybrids was entitled as double-
fibrillar (Figure 2(b)). The P3HT/rGO nano-hybrid 
structures developed in toluene within 6 h after 
filtration from the solution demonstrated a face-
on orientation having the growth prisms of (002) 
in the backbone longitude and (100) in the hexyl 
side chains direction in the selected area electron 
diffraction (SAED) patterns. The fibrillar P3HT 
crystals having an edge-on orientation with the 
growth fronts of (020) in π-π stacking direction 
and (002) in the P3HT backbone longitude were 
constructed on the rGO during 20 h. Figure 2(a) 
shows TEM image accompanied by SAED pattern 
in the inset panel for P3HT/rGO supramolecule 
developed in toluene within 20 h. It was probable 
that further growth of P3HT nanofibrillar crystals 
in π-π stacking direction within a longer growth 
time led to the longer P3HT nanofibers on the 
rGO surface. After solvent evaporation, the P3HT 
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Figure 2. TEM image with SAED pattern in the inset for P3HT/rGO supramolecule developed in toluene within 20 h (a); TEM image 
with SAED pattern in the inset panel for P3HT/CNT hybrid prepared in toluene within 20 h (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2- TEM image with SAED pattern in the inset for P3HT/
rGO supramolecule developed in toluene within 20 h (a); 
TEM image with SAED pattern in the inset panel for P3HT/CNT 
hybrid prepared in toluene within 20 h (b).

http://www.innovationlabs.philips.com/images/pdf/MaterialAnalysis/material-analysis-tem.pdf
http://www.innovationlabs.philips.com/images/pdf/MaterialAnalysis/material-analysis-tem.pdf
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nanofibrils inclined onto the rGO surface, thereby 
the face-on orientation turned to the edge-on one. 
The face-on P3HTs having the alkyl chains parallel 
with the substrate depicted (100)IP and (020)OOP 
peaks (Figures 3(a) and (b)) and the edge-on P3HTs 
having the alkyl chains perpendicular to the 
substrate represented (100)OOP and (020)IP peaks 
(Figures 3(c) and (d)) in GIWAXS analyses.

As shown in Figure 4(a), for P3HT/rGO nano-
hybrids, A0–2, A0–1, and A0–0 peaks in UV-Vis spectra 
appeared at about 475, 530, and 575 nm, respectively. 
For P3HT/CNT nano-hybrids, the characteristic peaks 

were detected at 478, 550, and 581 nm, respectively. 
The P3HT/CNT structures represented a small red-
shift as well as a conspicuous enhancement in the 
peak intensities. The exciton diffusion efficiency 
was also examined by photoluminescence (PL) 
spectroscopy. The PL mainly occurs when the 
excitons recombine emissively before splitting 
[72]. The PL spectra were collected in the range 
of 550−900 nm. As depicted in Figure 4(b), a 
higher PL quenching was detected for the P3HT/
CNT supramolecular structures, reflecting further 
growth of P3HT nanocrystals. A quenching in 
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  (g) (h) 
Figure 3. GIWAXS plots of (a) short fibrillar P3HT/rGO with face-on orientation; (b) short fibrillar P3HT/CNT with face-on 
orientation; (c) long fibrillar CNT/P3HT with edge-on orientation; (d) long fibrillar rGO/P3HT with edge-on orientation; (e) shish-
kebab P3HT/CNT-f-COOTh with edge-on orientation; (f) delicate patched sheet P3HT/rGO-f-TAA with edge-on orientation; (g) stem-
leaf P3HT/CNT-g-PDDT with face-on orientation; (h) coarse patched sheet P3HT/rGO-g-PDDT with flat-on orientation. 

 
 

 

 

 

Fig. 3- GIWAXS plots of (a) short fibrillar P3HT/rGO with face-on orientation; (b) short fibrillar P3HT/CNT with face-on orientation; 
(c) long fibrillar CNT/P3HT with edge-on orientation; (d) long fibrillar rGO/P3HT with edge-on orientation; (e) shish-kebab P3HT/
CNT-f-COOTh with edge-on orientation; (f) delicate patched sheet P3HT/rGO-f-TAA with edge-on orientation; (g) stem-leaf P3HT/
CNT-g-PDDT with face-on orientation; (h) coarse patched sheet P3HT/rGO-g-PDDT with flat-on orientation.
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the PL spectra intensity demonstrated the donor-
acceptor nature of nano-hybrids.

By functionalizing the CNTs with 
2-hydroxymethyl thiophene (CNT-f-COOTh) and 
rGOs with 2-thiophene acetic acid (rGO-f-TAA), 
the orientation of P3HT chains changed from face-
on to edge-on with main backbones parallel with 
and hexyl side chains perpendicular to the CNT 
and rGO surfaces. This phenomenon was ascribed 
to the strong interactions between the hexyl side 
chains of P3HTs and functional groups. Actually, 
the attachment of P3HT chains changed from the 
thiophene rings directly onto the rGO or CNT 
surfaces to the interaction of hexyl side chains 
with functional groups. Regardless of the growth 
time and solvent quality, the edge-on orientation 
was dominant in all functionalized nano-
hybrids. Figures 5(a) and (b) display TEM images 
accompanied by SAED pattern in the inset panels 
for P3HT/rGO-f-TAA and P3HT/CNT-f-COOTh 
supramolecules developed within 20 h, respectively. 
In these systems, the growth fronts of (020) in p-p 
stacking direction and (002) in the longitude of 
P3HT backbones appeared in SAED and (100)OOP 
and (020)IP peaks were also detected in GIWAXS 

patterns, demonstrating an edge-on orientation 
(Figures 3(e) and (f)). The morphology acquired 
for the P3HT/rGO-f-TAA hybrids was a short 
fibrillar pattern composed of P3HT nanocrystals 
and called delicate patched sheet (Figure 5(a)). The 
dimensions of these short fibrillar P3HT crystals 
increased in the poorer solvents and also during 
the long periods of growth time. In P3HT/CNT-f-
COOTh nano-hybrids, the shish (CNT-f-COOTh)-
kebab (RR-P3HT) structures were originated, as 
depicted in Figure 5(b).

In UV-Vis spectra reported in Figure 6(a) for 
P3HT/rGO-f-TAA and P3HT/CNT-f-COOTh 
nano-hybrids a small red-shift (475, 540, and 
590 nm) and also an increase in the peaks intensity were 
observed for CNT based supramolecules. Figure 
6(b) also displays the PL spectra of respective 
supramolecular donor-acceptor structures. In 
conclusion, the face-on nano-hybrids demonstrated 
their identifying A0–2, A0–1, and A0–0 peaks at the 
higher wavelengths in UV-Vis spectra compared 
to the edge-on ones. In addition, the PL quenching 
further occurred in the face-on hybrids compared 
with the edge-on ones. The face-on orientation 
was a better orientation for the P3HT chains in the 
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Figure 4. UV-Vis (a) and PL (b) spectra of P3HT/CNT and P3HT/rGO nano-hybrids. 
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Figure 5. TEM image accompanied by SAED pattern in the inset panel for P3HT/rGO-f-TAA supramolecule developed in toluene 
within 20 h (a); TEM image accompanied by SAED pattern in the inset panel for P3HT/CNT-f-COOTh hybrid prepared in toluene 
within 20 h (b). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5- TEM image accompanied by SAED pattern in the inset 
panel for P3HT/rGO-f-TAA supramolecule developed in toluene 
within 20 h (a); TEM image accompanied by SAED pattern in 
the inset panel for P3HT/CNT-f-COOTh hybrid prepared in 
toluene within 20 h (b).

Fig. 4- UV-Vis (a) and PL (b) spectra of P3HT/CNT and P3HT/rGO 
nano-hybrids.
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patterns onto the rGO.
The rGO surface was grafted with poly(3-

dodecylthiophene) (rGO-g-PDDT) to manipulate 
the orientation and patterning of P3HTs. The surface 
of grafted rGO with poly(3-dodecylthiophene) was 
patterned by the rectangular patches composed 
of the flat-on oriented P3HT chains, in which the 
main backbones were perpendicular to the rGO 
surface. The growth prisms of (100) in the hexyl 
side chains direction and (020) in π-π stacking 

direction were detected in SAED pattern of 
Figure 7(a). Irrespective of the solvent quality and 
growth period of time, the P3HT/rGO-g-PDDT 
supramolecular structures were patterned by the 
rectangular P3HT patches composed of flat-on 
backbones perpendicular to the rGO surface called 
coarse patched sheet. The dominant parameter in 
these systems was the grafting of rGO surface. In a 
deeper perspective, the grafted oligomers onto the 
rGO surface provoked the P3HT chains to attach 
perpendicularly onto the rGO, and develop the 
flat-on oriented rectangular patches. Arrangement 
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Figure 6. UV-Vis (a) and PL (b) spectra of P3HT/CNT-f-COOTh and P3HT/rGO-f-TAA nano-hybrids. 
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Figure 7. TEM image accompanied by SAED pattern in the inset panel for P3HT/rGO-g-PDDT nano-hybrid developed in toluene 
within 20 h (a); TEM image accompanied by SAED pattern in the inset panel for P3HT/CNT-g-PDDT nano-hybrid prepared in toluene 
within 20 h (b). 
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Table 1. The structural characteristics of different designed nano-hybrids. 

 

Sample Morphology 
type Orientation Crystal scale (nm) 

P3HT/CNT double-fibrillar face-on/ 
edge-on 7−15 

P3HT/CNT-f-COOTh shish-kebab edge-on 8−50 

P3HT/CNT-g-PDDT stem-leaf flat-on 10−80 

P3HT/rGO fiber-sheet face-on/ 
edge-on 6−12 

P3HT/rGO-f-TAA Delicate patched 
sheet edge-on 15−55 

P3HT/rGO-g-PDDT Coarse patched 
sheet flat-on 90−210 

 
 

Table 2. The electrical conductivity values of different nano-hybrids. 

 

Sample Run 1 
(S/cm) 

Run 2 
(S/cm) 

Run 3 
(S/cm) 

CNT 4.15 4.13 4.16 
P3HT/CNT 5.13 5.14 5.18 

CNT-f-COOTh 0.57 0.59 0.58 

P3HT/CNT-f-COOTh 2.24 2.19 2.20 
CNT-g-PDDT 2.89 2.89 2.84 

P3HT/CNT-g-PDDT 7.50 7.45 7.39 

rGO 0.33 0.35 0.30 

P3HT/rGO 3.87 3.81 3.84 

rGO-f-TAA 0.56 0.58 0.59 

P3HT/rGO-f-TAA 3.95 3.94 3.91 

rGO-g-PDDT 1.38 1.35 1.38 
P3HT/rGO-g-PDDT 10.67 10.70 10.69 
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Fig. 6- UV-Vis (a) and PL (b) spectra of P3HT/CNT-f-COOTh and 
P3HT/rGO-f-TAA nano-hybrids.

Fig. 7- TEM image accompanied by SAED pattern in the inset 
panel for P3HT/rGO-g-PDDT nano-hybrid developed in toluene 
within 20 h (a); TEM image accompanied by SAED pattern in 
the inset panel for P3HT/CNT-g-PDDT nano-hybrid prepared in 
toluene within 20 h (b).
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of next P3HT backbones in the vicinity of attached 
chains gradually resulted in a patched-like pattern 
on the rGO-g-PDDT (Figure 3(g)). 

When the surface of CNTs was grafted with 
PDDT, the stem (CNT-g-PDDT)-leaf (RR-P3HT) 
configurations were detected. The length of P3HT 
leaves was partly equal to the extended length of 

P3HT chains having the molecular weight of 30 
KDa (75 nm). This phenomenon was detected in 
all growth systems with either toluene of DMF. 
The variation in the preparation time (2  to 20 h) 
did not also change the length of P3HT  leaves 
(75 nm). Indeed, the RR-P3HT chains were 
extendedly attached to the CNT-g-PDDT surface, 
albeit with the help of PDDT grafts. After solvent 
evaporation, the P3HT leaves were inclined onto 
the substrate with either edge-on or face-on (insets 
of Figure 7(b) and Figure 3(h)) orientations. The 
structural properties of designed nano-hybrids 
are tabulated in Table 1. The conductivity values of 
supramolecular nanostructures are also reported in 
Table 2.

The UV-Vis spectra of supramolecular structures 
are reported in Figure 8(a). The A0–2, A0–1, and A0–0 
peaks appeared at around 480, 544, and 588 nm for 
P3HT/rGO-g-PDDT nano-hybrids and at around 
482, 556, and 590 nm for P3HT/CNT-g-PDDT 
supramolecules. Figure 8(b) also represents the 
corresponding PL spectra. The higher quenching 
in the PL spectra was a fingerprint of the stronger 
donor-acceptor supramolecular structures. 
As an interesting point, the UV-Vis spectra of 
P3HT/CNT-g-PDDT and P3HT/rGO-g-PDDT 
supramolecules demonstrated the most intensified 
A0–2, A0–1, and A0–0 peaks, and also the highest red-
shifting. The flat-on chains having the backbones 
perpendicular to the substrate resulted in the 
highest conductivity and hole mobility. The highest 
quenching values in the PL spectra were detected 
for P3HT/CNT-g-PDDT and P3HT/rGO-g-PDDT 
structures.

4. Conclusions
Different nano-hybrids with double-fibrillar, 

shish-kebab, and stem-leaf configurations were 
prepared for the unmodified, functionalized, 
and grafted CNTs using regioregular P3HTs. The 
functionalized (rGO-f-TAA) and grafted (rGO-
g-PDDT) rGO nanosheets were also prepared 
to investigate the differences in CNT and rGO 
nano-hybrids. The most effective parameter on the 
morphology and orientation of donor-acceptor 
nano-hybrids was the chemical modification of 
surface. The fibrillar morphology and face-on 
orientation of P3HT assemblies were detected 
onto unmodified CNT and rGO nanostructures. 
The shish-kebab and nanocrystal decorated 
configurations were obtained for functionalized 
CNT and rGO, respectively; however, the 
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Figure 8. UV-Vis (a) and PL (b) spectra of P3HT/CNT-g-PDDT and P3HT/rGO-g-PDDT nano-hybrids. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8- UV-Vis (a) and PL (b) spectra of P3HT/CNT-g-PDDT and 
P3HT/rGO-g-PDDT nano-hybrids.
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orientation of P3HT chains was edge-on in both of 
them. In CNT-g-PDDT/P3HT and rGO-g-PDDT/
P3HT nanostructures, the P3HT chains were 
extendedly assembled onto the grafted carbonic 
materials, whereas their different natures led to the 
stem-leaf and patched morphologies, respectively. 
The flat-on orientation reached for CNT-g-PDDT/
P3HT and rGO-g-PDDT/P3HT systems was the 
best for P3HT assemblies.
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