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ing graphene-like structures from
pyrolysis of pyrimidine polymers for polymer/
graphene hybrid field effect transistors†

Samodha S. Gunathilake, Peishen Huang, Mahesh P. Bhatt, Elizabeth A. Rainbolt,
Mihaela C. Stefan* and Michael C. Biewer*
Nitrogen containing graphene like structures were obtained by the

pyrolysis of two pyrimidine polymers at 600 �C. Pyrimidine polymers

were prepared by the base catalyzed aldol condensation reactions

between 2-decyloxy-4,6-dimethylpyrimidine and two aromatic dia-

ldehydes. Pyrolyzed products were shown to have a graphitic struc-

ture by Raman spectroscopy, scanning electron microscopy, and

powder X-ray diffraction studies. The presence of nitrogen in the

graphitic structures was proved by elemental analysis and energy

dispersive X-ray analysis experiments. Fluorescence quenching

experiments with poly(3-hexylthiophene) (P3HT) showed that the

resultant graphitic material can act as an acceptor. These materials

were tested in P3HT/graphene hybrid field effect transistors which

exhibited higher mobilities and comparable on/off ratios compared to

P3HT only devices.
Graphene based carbonmaterials have received a great research
focus recently as a material for electronic devices.1 Graphene is
the strongest material ever measured,2 chemically stable, and
conducts electricity better than any previously measured
materials at room temperature.3 However, pure graphene is a
zero band gap material, which hinders the use in many elec-
tronic devices.4,5 Therefore, many research efforts are directed
towards ne tuning the band gap and thus tailoring the elec-
trical properties of graphene.5 One of the most feasible methods
to tune the band gap of graphene is the chemical modication
by doping with heteroatoms.6 Substitution of some of the
carbon atoms in graphene with boron transforms it into a p-
type semiconductor, while substitution with nitrogen trans-
forms it into a n-type semiconductor.7,8 Nitrogen is considered
to be an excellent element for chemical doping of graphene
because it has comparable atomic size and contains ve valence
electrons available to form strong valence bonds with carbon
atoms.9 Efforts to introduce nitrogen in graphene structures
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have included arc discharge method,10 chemical vapor deposi-
tion (CVD) in the presence of ammonia,11,12 nitrogen plasma
treatment of graphene,13 and CVD with pyridine or other
nitrogen containing material.14 These nitrogen containing gra-
phene materials are promising candidates for a wide range of
applications including electrochemical biosensing,13 lithium
ion batteries,14 fuel cells,15 solar cells16,17 and thermoelectric
devices.18

Another approach for nitrogen doped graphene sheets is by
graphitization of a polymer containing nitrogen.19–22 In this
paper we report for the rst time the pyrolysis of pyrimidine
conjugated polymers to obtain nitrogen containing graphene
like structures which were employed in hybrid eld effect
transistors with poly(3-hexylthiophene) (P3HT). To show the
general applicability of pyrimidine conjugated polymers to
obtained nitrogen doped graphitic materials two different
pyrimidine polymers were employed and they were synthesized
by base catalyzed aldol condensation reactions between 2-
decyloxy-4,6-dimethylpyrimidine and terephthalaldehyde and
isophthalaldehyde, respectively. We reported the synthesis of
polymer P1 in our previous paper.23

Scheme 1 shows the synthetic route used to synthesize
polymers P1 and P2. The synthesized polymers had limited
solubility in common organic solvents such as chloroform,
chlorobenzene, toluene, and tetrahydrofuran. The soluble
Scheme 1 Synthetic route for pyrimidine polymers.
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Fig. 1 Raman spectra at (a) 600 �C, (b) 500 �C, (c) 450 �C, (d) 350 �C
and (e) room temperature (25 �C) for P1.

Fig. 2 SEM of (a) G1, (b) G2, (c) P1 and (d) P2.
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fraction was used to characterize the polymers and the insol-
uble high molecular weight fraction was used for pyrolysis.
Polymers were characterized by using 1H-NMR and UV-visible
spectroscopy. The molecular weights of the polymers were
measured by size exclusion chromatography (SEC). The number
average molecular weight (Mn) of P1 was 7500 g mol�1 with a
polydispersity index (PDI) of 1.6. Polymer P2 had a Mn of
5540 g mol�1 with a PDI of 2.7. The NMR spectra of monomers,
polymers and the UV-visible spectra of polymers in chloroform
solution are given in ESI.†UV-visible spectra of polymers P1 and
P2 in chloroform solution showed one absorption maximum
centered at 385 nm and 329 nm for P1 and P2, respectively. This
is due to p–p* transition along the backbone of the polymer.
Absorption maximum of P1 was red shied as compared to P2
which was attributed to the higher molecular weight of P1.
Thermogravimetric analysis (TGA) was carried on P1 and P2 and
both polymers showed thermal stability up to �300 �C. A 5%
weight loss at 334 �C and 310 �C was observed for polymers P1
and P2, respectively. Aer studying the thermal stability of
polymers, they were pyrolyzed by placing a known amount of
the polymer in a vertical silica furnace and raising the
temperature to the required temperature under nitrogen. The
desired temperature was maintained for 3 hours, aer that the
samples were cooled down to room temperature under
nitrogen. Temperature studies on pyrolysis were carried out by
using Raman spectroscopy with excitation laser wavelength of
632 nm. Since polymers are thermally stable up to 300 �C, as
determined by TGA analysis, temperature studies were carried
out at temperatures above 300 �C. Temperature range studied
was 300–600 �C and the resultant Raman spectra were
compared to that of original polymers before pyrolysis. Char-
acteristic Raman D (1330 cm�1), G (1580 cm�1) and 2D (2800
cm�1) bands were not observed at temperatures below 450 �C
and started to appear at temperatures above 450 �C for both
polymers. Polymers before pyrolysis show a broad peak
centered around 2800 cm�1 as all kinds of sp2 hybridized
carbon materials exhibit. This could also be due to sp3 C–H
stretching in alkoxy substituents attached the polymer back-
bone. We speculate that due to the high temperature treatment
these alkoxy groups were removed, therefore, as the tempera-
ture increased, the intensity of 2D peak decreased. When the
temperature is increased above 450�, this peak is associated
with D and G bands and is called 2D band.24,25 Raman spectra at
different temperatures for polymer P1 are shown in Fig. 1.

Polymer P2 showed the same behavior and the Raman spectra
are given in ESI.† The intensity of the D band of these Raman
spectra is high compared to G band, possibly due to the intro-
duction of nitrogen. This suggests the doped nitrogen could be
either pyrrolic or pyridinic. The broad 2D band of these Raman
spectra could be due to the strain induced by the high temper-
ature treatment during pyrolysis process.27 The 2D band of
graphitic materials is sensitive to temperature and upon
increasing the temperature, the intensity of 2D peak decreases
because of the doping effect induced by temperature.28 Pyrolyzed
product from P1 at 600 �C for 3 hours (G1) and pyrolyzed product
from P2 at 600 �C for 3 hours (G2) were used for further char-
acterizations and fabrication of hybrid eld effect transistors.
41998 | RSC Adv., 2014, 4, 41997–42001
Powder X-ray diffraction measurements were conducted for
polymers P1 and P2 and for the graphitized materials G1 and G2
on Rigaku Ultima IV X-ray diffractometer with Cu-Ka radiation
and scan rate of 1 degree per min. Broad peaks at 2q ¼ 19.9� for
P1 and 2q ¼ 20.5� for P2 correspond to d-spacings of 4.45 Å and
4.32 Å respectively. These halo-like broad peaks indicate that P1
and P2 are amorphous.26 Upon pyrolysis these broad peaks were
shied to higher 2q values with 2q ¼ 24.0� for G1 and 2q ¼ 23.7�

for G2. These are corresponding to d-spacings of 3.70 Å for G1
and 3.74 Å for G2. The calculated d-spacing values strongly
suggest a 2-D layering similar to graphene sheets. The formation
of graphene sheets was further proved by scanning electron
microscopy (SEM) analysis performed with a Zeiss-LEO model
1530 SEM instrument. Transformation from granular
morphology of P1 and P2 to layered morphology of G1 and G2
clearly showed the layer formation as shown in Fig. 2. The esti-
mated layer thickness from the SEM images was �28 nm.
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 SEM of G2 where EDS was performed (a), EDS spectrum (b),
elemental mapping for carbon (c) and elemental mapping for
nitrogen (d).
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Electron accepting behavior of G1 and G2 was studied by
uorescence quenching experiments on Perkin-Elmer LS50 BL
luminescence spectrometer with p-type polymer
poly(3-hexylthiophene) (P3HT) (Mn ¼ 51 840 g mol�1, PDI ¼
2.1). Solution of P3HT in chlorobenzene was prepared with a
concentration of 0.01 mg mL�1 and G1 (or G2) was dispersed in
polymer solution by varying P3HT/G1 (or G2) weight ratios
ranging from 1 : 5 to 1 : 45. A control solution was prepared by
dispersing G1 (or G2) in chlorobenzene with a concentration of
1 mgmL�1. Excitation wavelength was determined to be 458 nm
from UV-visible spectroscopy. Emission peak was obtained at
575 nm and as can be seen from Fig. 3 the intensity of emission
peak decreased as the amount of G1 (or G2) increased and no
emission peak was observed for the control experiment at the
same excitation wavelength. These results indicate that G1 and
G2 behave as electron accepting materials.

The presence of nitrogen in the pyrolyzed products was
conrmed by energy dispersive X-ray (EDS) experiments quali-
tatively and by elemental analysis by combustion method
quantitatively. In EDS spectrum peak for carbon Ka at 0.2774 eV
and peak for nitrogen Ka at 0.3924 eV are overlapping as shown
in Fig. 4(b) and elemental mapping for carbon and nitrogen is
shown in Fig. 4(c) and (d). Pyrolyzed product G2 showed similar
results (ESI†).

According to the elemental analysis by combustion method,
G1 contained�6.98% nitrogen which is slightly larger than that
of G2 which contained �6.10% nitrogen.

The use of this nitrogen containing graphene like materials
in polymer/graphene hybrid eld effect transistors resulted in
increase in mobility and comparable on/off ratios compared to
control P3HT eld effect transistors. Polymer/graphene hybrid
eld effect transistor devices offer advantageous characteristics
from both polymer and graphene, that is, high conductivity of
graphene and solution processability and exibility of poly-
mers. To investigate the effect of polymer molecular weight on
the hybrid eld effect transistor performance, P3HT with two
different molecular weights were employed. One set of hybrid
eld effect transistor devices were prepared by using P3HT with
Mn¼ 51 840 gmol�1, PDI¼ 2.1 and the second set was prepared
by using P3HT with Mn ¼ 13 600 g mol�1, PDI ¼ 1.3. Concen-
tration of P3HT was kept constant at 1 mg mL�1 for both P3HT
and P3HT/G1 (or G2) blend solutions. G1 (or G2) dispersions
were prepared by solution sonication method. Briey, G1 (or
Fig. 3 Fluorescence quenching of P3HT with G1 (a), G2 (b).

This journal is © The Royal Society of Chemistry 2014
G2) (10 mg) was added to chlorobenzene (2 mL) for a concen-
tration of 5 mg mL�1. The mixture was sonicated for two hours.
Aer sonication, dispersions were le to stand for 1 hour to
allow the large particles to settle down. Top portion of the
dispersion was separated from the large particles settled at the
bottom of the vial. The concentration of G1 (or G2) in disper-
sions were measured by adding a known volume of the
dispersion onto a heated glass substrate. Aer the complete
solvent evaporation mass change was obtained and the
concentration was calculated to be 1 mg mL�1. To make P3HT/
G1 (or G2) composites, 1 mg of P3HT was dissolved in 1 mL of
the resultant G1 (or G2) dispersion. The mixture was heated to
allow the polymer to dissolve completely and cooled down to
room temperature before depositing on the eld effect tran-
sistor devices. P3HT/G1 (or G2) composites had a dark brown
color compared to orange color of P3HT solution. Field effect
transistor device measurements were performed using bottom
gate bottom contact device conguration.

Highly doped, n-type silicon wafers with a resistivity of
0.001–0.003 U cm were used as substrates. Thermal oxide (SiO2)
was thermally grown at 1000 �C on silicon substrate to obtain a
200 nm thickness. Chromium metal (5 nm) followed by 100 nm
of gold was deposited by E-beam evaporation as source–drain
contacts. The source–drain pads were made by photolitho-
graphically patterning themetal layer. The SiO2 on the back side
of the wafer was etched with buffered oxide etchant (BOE from
JT Baker) to generate the bottom-gate. The resulting transistors
had a channel width of 475 mm and channel lengths varying
from 2 to 80 mm. The measured capacitance density of the SiO2

dielectric was 17 nF cm�2. Before deposition of the samples, the
substrates were cleaned by UV/ozone for 10 minutes. The
devices were then rinsed in air with water, methanol, hexane,
chloroform, and dried with nitrogen ow followed by vacuum
for 30 minutes at 80 �C.

Hybrid eld effect transistors were fabricated by drop casting
P3HT/G1 (or G2) composite solutions on heated substrate at
40 �C. Control devices were fabricated by using the same
RSC Adv., 2014, 4, 41997–42001 | 41999
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Table 1 Mobility and on/off ratio for control and hybrid field effect
transistor devices

Material

Mobility (cm2 V�1 S�1)

On/off ratio rmscAverage Maximum

(1)a P3HT 3.3 � 10�3 3.9 � 10�3 102 4.0
P3HT/G1 2.5 � 10�2 5.4 � 10�2 102 4.3
P3HT/G2 1.1 � 10�2 1.4 � 10�2 102 4.9

(2)b P3HT 4.35 � 10�4 5.48 � 10�4 101 1.9
P3HT/G1 1.02 � 10�3 1.34 � 10�3 101 2.2
P3HT/G2 1.14 � 10�3 1.56 � 10�3 101 2.3

a P3HT with 51 840 g mol�1, PDI ¼ 2.1. b P3HT with 13 600 g mol�1,
PDI ¼ 1.3. c Root mean square roughness of thin lms.
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procedure with pure P3HT in chlorobenzene. The devices were
annealed at 120 �C for 30 minutes before taking measurements.
Transfer characteristics and output characteristics of the hybrid
eld effect transistors and controlled polymer eld effects
transistors with P3HT of Mn ¼ 51 840 g mol�1, PDI ¼ 2.1 are
shown in Fig. 5. The corresponding plots for the hybrid eld
effect transistors with P3HT of Mn ¼ 13 600 g mol�1, PDI ¼ 1.3
are given in ESI.†

Table 1 summarizes the mobility and on/off ratios of the
hybrid devices and control devices. Compared to control P3HT
eld effect transistor devices, P3HT/G1 and P3HT/G2 hybrid
eld effect devices show higher mobilities and similar on/off
ratios in both cases. These values are from the measurements
performed in ambient air and the on/off ratio can improve if the
measurements are performed under nitrogen. Higher mobility
of hybrid devices compared to control devices can be explained
as graphitic structures G1 and G2 provide a good connectivity
between the crystalline domains of P3HT lm.29 This was
further conrmed by tapping mode atomic force microscopy
(TMAFM) analysis which was performed on channel region of
the eld effect transistor devices. The surface roughness of the
P3HT/G1 and P3HT/G2 composites increased as compared to
the control P3HT devices (Table 1 and Fig. 6). A granular
morphology was observed for both P3HT and P3HT graphene
devices. Granular morphologies for P3HT devices have been
shown to give relatively highmobilities.30 The observed increase
in surface roughness (rms) (Table 1) for the hybrid devices could
indicate larger granular domains which in turn resulted fewer
Fig. 5 (Left) Transfer characteristics of FETs (a) P3HT, (b) P3HT/G1, (c)
P3HT/G2, (right) output characteristics of FETs (d) P3HT, (e) P3HT/G1
and (f) P3HT/G2 with P3HT of Mn ¼ 51 840 g mol�1, PDI ¼ 2.1.

42000 | RSC Adv., 2014, 4, 41997–42001
grain boundaries between adjacent nanobers of P3HT to
obtain increased mobility for the hybrid devices as compared to
P3HT. Our data are consistent with previous report in which it
was shown that the grain boundaries between polycrystalline
domains of P3HT resulted in increased resistance for charge
carriers which in turn gave lower mobilities.31–33 Further the
high charge carrier mobility of hybrid devices compared to
control devices can be also due to the doping of P3HT by n-type
nitrogen doped G1 and G2. These nitrogen doped G1 and G2
can partially oxidized P3HT to give high charge carrier mobil-
ities. Threshold voltages of the devices were relatively high
which could be due to the doping effect induced by air (all the
OFET measurements were carried out in ambient air).

The XRD analysis showed that the d-spacing of second order
diffractions of P3HT were slightly decreased in the P3HT/G1 (or
G2) blends. Especially the diffraction peak at 16.0� for P3HT has
been shied to higher 2q value in both composites. Largest shi
was observed for high molecular weight P3HT/G1 composite,
which also showed the highest increase in mobility. The
intensity of second order diffractions and p–p stacking peaks
Fig. 6 3D TMAFM images of the channel region in FET devices (a)
P3HT (Mn¼ 51 840 gmol�1), (b) P3HT (Mn¼ 13 600 gmol�1), (c) P3HT/
G1 (Mn ¼ 51 840 g mol�1), (d) P3HT/G1 (Mn ¼ 13 600 g mol�1), (e)
P3HT/G2 (Mn ¼ 51 840 g mol�1), (f) P3HT/G2 (Mn ¼ 13 600 g mol�1).

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra06498d


Communication RSC Advances

View Article Online
were decreased in P3HT/G1 (or G2) blends as compared to that
of the polymers. This could be interpreted as indicative of
formation of larger granular domains of P3HT that were also
suggested by the TMAFM studies. (The XRD patterns and
calculated d-spacing values are given in ESI†).

Conclusions

In conclusion, nitrogen doped graphene-like structures were
obtained by pyrolysis of pyrimidine conjugated polymers
synthesized through base catalyzed aldol condensation reac-
tions. The graphitized products contained�7% nitrogen. These
graphene-like materials increased the mobility of polymer/
graphene hybrid eld effect transistors. These results show
that pyrimidine polymers are a good source to generate nitrogen
doped graphene materials. The structures of pyrimidine
conjugated polymers can be further tuned to obtain more
ordered graphene materials which are expected to generate
improved optoelectronic properties. In addition, this method
can be tailored to create graphene-like materials with a
systematic control of nitrogen content within the graphitized
structure.
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