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Polymeric iron phthalocyanine (FePPC) and its composites with single-walled and multi-walled carbon nanotubes
(FePPC@SWCNT and FePPC@MWCNT) were synthesized. The conductivity of FePPC and its composites was then
studied and compared to pristine SWCNT, MWCNT and mononuclear iron phthalocyanine (FePC). Both FePPC and
FePC exhibited semiconductor-like behavior with sub-eV activation energies;, however, the polymer demonstrated
significantly higher conductivity than its mononuclear counterpart. In the composites, the presence of the polymer
substantially altered the conductivity. The charge transport in FePPC@CNT composites is of major importance for
electrocatalytic systems based on carbon nanotubes and conductive polymers.
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Mpvi cunmesuposanu nonumepusiii pmanoyuanunam xceneza (FePPC) u nonyuuiu eco komnosumul (FePPC@CNT) ¢
oonocmennvimu (SWCNT) u mnococmennvimu (MWCNT) yenepoouvimu nanompyoramu. Jlanee mvl uzyuuiu noseoe-
Hue npogooumocmu noaumepa ¢ SWCNT, MWCNT u komnozumamu Ha ux 0OCHOBe, a MAKICe ¢ MOHOAOEPHbIM Ppma-
aoyuanunom (FePC). Kax noaumep FePPC, mak u FePC noxazvlgaiom noaynposooOHUK080e nogedeHue ¢ IHepeUimu
axmueayuu Hudice 3B. Ilonumep nokaszvieaem 20pazdo Ooee BbICOKYIO NPOBOOUMOCb, YeM €20 MOHOAOEPHbIll aHa-
J02. B xomnozume nonumep 6bi3vidaem 8bpadiceHHble usmenenus npogooumocmu. Tpancnopm 3apsoa 6 cucmemax,
makux kax komnosum FePPC@CNT, umeem 6oavuioe 3Hauenue 8 21eKMpoKamaiumuiecKux cucmemax Ha ocHoge
VenepoonbIX HAHOMPYOOK U NPOBOOSUUX NOTUMEDOS.

KiaroueBrble ciioBa: anepoaﬂme HaHOpr6KI/I, HOJ'II/I(l)TaJ'IOIlI/IaHI/IHaT JKeJie3a, KOMIIO3UThI, IPOBOAUMOCTD.
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Introduction

Although carbon nanotubes (CNTs) possess high elec-
trical conductivity, their performance in various applica-
tions can be significantly enhanced by the addition of
functional components. One of the common ways to modify
CNTs is a polymer wrapping. The use of polymers in CNT-
based materials allows one to adjust a number of important
properties, such as conductivity, transparency and flexibil-
ity and their combinations.!"? Polymers also can be used in
creating stable suspensions of CNTs.”) Variation of the
polymer allows control of the electrical properties of such
materials. The wrapping can be implemented through dif-
ferent types of non-covalent interactions (n-n stacking, CH-
7 interaction and cation-mt interaction), which preserves the
intrinsic properties of the CNTs.

A wide range of applications for CNTs is achieved by
using polymers of different natures. One of the most prom-
ising types of CNT composites can be created by using 2D-
conjugated polymers, metal polyphthalocyanines (PPC)
(Figure 1). The m-electronic conjugation makes phthalo-
cyanines conductive. PPCs themselves are promising can-
didates for a variety of applications such as spintronics,
magnetic storage devices'™” and memristor devices.'®!
PPC@CNT composites are especially promising in
electrocatalysis!” "% and sensorics.!'"!

Both mononuclear phthalocyanines (PC) and polymer-
ic phthalocyanines are used to modify CNTs, but the poly-
mer form has a number of advantages. PPCs are expected to
exhibit higher conductivity and a lower band gap than
mononuclear PCs due to the extended m-electron conjuga-
tion in the polymer.'” While the quantum-chemical calcu-
lations estimate the band gap of PPCs to be about 0
eV,[B’H] the real bulk material has a semiconductor-like
charge transport behavior with a distinct activation energy
for the charge transport.'”’ The main advantage of PPCs
over PCs is a high chemical and thermal stability.'® This
also significantly increases the resistance of the hybrid ma-
terial to acids.”’ In another work it was shown that due to
an enhanced delocalization of n electrons in PPC conjuga-
tion system NiPPC@CNT composites show a higher activi-
ty and stability for CO, reduction comparison to
NiPC/CNT.!'® A key disadvantage of these polymers is
their poor processability, as PPCs are generally insoluble
and non-volatile. There are two possible pathways to solve
the processability problem: (1) processing PPCs into func-
tional inks for printable electronics and (2) using PPCs in
various composites (for example with CNTs). The present
work is focused on the second approach.

PPC@CNT composites can be prepared in several
ways. In the work !, the synthesis was done by microwave
heating of pre-oxidized MWCNT, 1,2,4,5-tetracyano-
benzene and FeCl, in pentanol at 180 °C. Xu and coworkers
prepared INPPC@CNT in two steps by first making InPPC
dispersion in ethanol (autoclave, 160 °C) and next adsorb-
ing InPPC on CNT in DMF.""” A similar procedure was used
by Duan and coworkers, who did the synthesis directly in
ethanol at 180 °C in presence of a catalyst (DBU)."" All
reported approaches employ low-temperature synthesis,
which likely yields a material with a low degree of polymeri-
zation. After the formation of the first PC ring, the following
steps of the chemical reaction require higher activation ener-
gy and therefore higher temperatures (above 350 °C B, It is
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interesting therefore to try a high-temperature synthesis for
making such composites. Such synthesis was one of the
aims of the present work.

In SWCNT and MWCNT-based materials, the electri-
cal conductivity depends on a number of factors: the CNT
concentration (whether a percolation network is formed),
the ratio of geometric parameters of CNT (diame-
ter/length),""™"”) morphology of the CNT network,"***"! dop-
ing;** in the polymer composites also on the type of the
polymer.'”***! Besides, even pristine SWCNTSs may exhibit
metallic or semiconducting properties depending on their
structure."” Consequently, SWCNTs can exhibit different
temperature-dependent resistance behaviors: the resistance
of metallic nanotubes should increase with temperature,
while for semiconducting it should decrease.”® The poly-
mer in composites also may have its specific conductivity
behavior.

Depending on intrinsic parameters of CNTs and the
form of the sample (powder/thin film/fiber/bulk paper), the
measured conductivity value can vary within several orders
of magnitude.””” For commercial SWCNT or MWCNT
powders typical values are 10°-10° S/m (but typically ven-
dors do not provide the conditions at which these values were
measured). As shown in the works,”®*” the conductivity has
a strong dependence on the pressure. Sometimes lower val-
ues can be found in the literature, for example upon increas-
ing pressure up to ~17 MPa the conductivity of the MWCNT
powder changes from 0.5 to 800 S/m.”* These examples
demonstrate that direct comparisons of literature data are
often meaningless. The comparison of the resistivity values is
meaningful only at comparable pressures.”” The fact that for
polymeric phthalocyanines reliable conductivity measure-
ments are practically absent in the literature was also one of
the motivations of the present work.

A typical set-up for estimation of resistivity is de-
scribed in the work B'. It basically consists of two contacts,
between which the carbon sample is pressed at some fixed
pressure. The aim of the present work was to obtain compo-
sites of iron polyphthalocyanine (FePPC) with carbon nano-
tubes and test their charge transport behavior as compared
to original CNTs, FePPC and mononuclear FePC.

Experimental
Materials

Commercial reagents 1,2,4,5-tetracyanobenzene (TCB, 97%,
Sigma-Aldrich Chemical Co, India), ferrocene (98%, Merck, Ger-
many), mononuclear phthalocyanine (FePC, 96%, Alfa Aesar,
USA), dimethyl sulfoxide (DMSO, 99.5%, EKOS-1, Russia) and
methanol (for gradient HPLC, Chimmed, Russia) were used without
additional purification. Singlewall carbon nanotubes (SWCNT)
were purchased from OCSiAl (Novosibirsk, Russia); according to
the manufacturer, the average diameter was ~1.6+0.15 nm; their
detailed characterization can be found in the literature.”* Argon gas
(99.999%), was supplied by “Linde gas” (Russia).

Synthesis

Multiwall carbon nanotubes (MWCNT) were synthesized by
chemical vapor deposition (CVD) according to the previously de-
veloped method.® Nickel nitrate hexahydrate (Ni(NOs),-6H,0)
powder was used as the catalyst precursor. The synthesis procedure
was as follows. A powder of Ni(NO;),6H,0 was ground in a
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mortar and then spread in a thin layer on the surface of a quartz
boat covered with aluminum foil. The boat containing the precur-
sor was placed in the reactor. Ethanol (96 wt.%, Russia) was used
as the carbon source. The decomposition of the catalyst precursor
was carried out in ethanol vapour. The synthesis temperature was
600 °C and the deposition time was 1 h. The process was carried
out at atmospheric pressure without using a carrier gas.

Iron polyphthalocyanine (FePPC) was synthesized by sin-
tering TCB with ferrocene via a procedure similar to the previous-
ly reported *Y. TCB and ferrocene in a molar ratio of 2:1 were
thoroughly ground and mixed in a mortar. The mixed powder in a
quartz crucible was placed in a tube furnace. The mixture was
calcined at 460 °C under a flow of argon (~1 1/hr) with a constant
injection of methanol from the top side of the reactor at a speed of
0.125 ml/min. After the methanol feed (total 20 ml) was finished,
the furnace was cooled to room temperature under a flow of argon.
The black solid was obtained. The resulting solid was ground into
powder in a mortar and washed with DMSO, methanol and water
to remove unreacted ferrocene and phthalocyanine oligomers.

Composites of iron polyphthalocyanine with SWCNT were
prepared similarly to FePPC synthesis, with addition of SWCNT
(same mass as ferrocene) to the mixture of TCB and ferrocene.

Composites of iron polyphthalocyanine with MWCNT were
prepared similarly to FePPC synthesis, with addition of MWCNT
(same mass as ferrocene) to the mixture of TCB and ferrocene.

The yield, determined from the amount of polymer formed,
was over 70% for all syntheses.

Characterization

Energy Dispersive X-Ray Spectroscopy (EDX). The meas-
urements were carried in the scanning electron microscope JSM
6490 (Jeol) equipped with the Oxford Instruments INCAx-sight
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energy dispersive system. The beam energy was of 20 keV and
the beam current about 10™'° A.

Raman spectra were measured with a Bruker Senterra mi-
cro-Raman system under 532 nm excitation and laser power 0.1
mW with 50x objective and 2x60s acquisition time.

Two-piston method. The lab-built set-up was used for con-
ductivity measurements. The scheme was similar to the one re-
ported in the work P'): setup had two cylindrical brass electrodes
(5 mm in diameter) that were linked to a Keithley 2000 digital
multimeter and contained within the ceramic tube. A spiral coil
band heater was used for heating the ceramic tube. The upper
electrode was hollow and sealed at one edge. A thermocouple
was placed in it to measure the temperature close to the sample.
The Keithley 2000 was utilized in the 4-wire resistance measur-
ing mode, which has a basic resistance accuracy of 0.008%. A
different multimeter, the AKTACOM AM-1109, was used to
record the DC voltage (accuracy of 0.06%). The samples were
put between the electrodes in powdered form (100 mg per sam-
ple). While the temperature was changing at a rate of 5 degrees
per minute, a steady pressure of roughly 0.56 MPa was main-
tained. Although the dispersity of the samples was not thorough-
ly examined, scanning electron microscopy (SEM) examinations
provide an approximate estimate that the powders are made up
of particles ranging in size from hundreds of nm to tens of mi-
crons (Figure S1, Supporting Information).

Transmission electron microscopy (TEM) images were ob-
tained from suspensions deposited on TEM grids. 3 pl of sample
suspension (with SDBS as a surfactant) were applied to the
hydrophilized lacey carbon film (TedPella, USA) and dried at
room temperature. The images were acquired with JEM-2100
transmission electron microscope (JEOL, Japan) equipped with
Orius SC200D camera (Gatan, USA) and DE-20 camera (Direct
Electron, USA).

MWCNT@FePPC

Fe @N

Figure 1. General scheme for the preparation of PPC@CNT composites. In the present work, FePPC was formed in situ from

tetracyanobenzene.
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Figure 2. TEM images of FePPC (a) and FePPC@SWCNT composite (b). The lacey carbon film is visible on the left image. FePPC with
SDBS forms a thick film that is sensitive to the electron beam. On the right image the PPC-wrapped CNTs are suspended in SDBS film.

Results and Discussion

Transmission electron imaging (TEM) shows that the
polymer (FePPC) has a layered structure (Figure 2a). For
FePPC@SWCNT, composite fibers are significantly thicker
than the original CNTs. In the centre of the fiber, a thin
CNT can be identified (Figure 2b). This suggests that dur-
ing the synthesis the nanotubes were wrapped with several
layers of polymer, and confirms the formation of a compo-
site rather than a mechanical mixture. It is difficult to con-
firm the structure of the FePPC@MWCNT composite using
TEM, since the MWCNT themselves have multiple layers,
and it is difficult to make a reliable distinction between the
CNT walls and the polymer coating.

For FePPC, EDX measurements, within the precision
limits of the method, are in reasonable agreement with the
expected structure. Values from the structural formula of
the polymer: C:N:Fe=20:8:1; found values: C:N:Fe=
=20:12.8:0.25. Due to overlapping of carbon and nitrogen
peaks and the method's intrinsic accuracy (~1%), the nitro-
gen content has additional uncertainty from peak fitting and
should be considered approximate. The metal content is
below stoichiometric values, consistent with literature re-
ports *) of partial metal vacancies in the lattice.

Raman spectra of nanotubes, composites and phthalo-
cyanines are shown in Figure 3. When comparing the spec-
tra of FePPC and FePC, it can be seen that in the case of the
polymer, the spectrum has broader bands, and less features
below 1000 cm™ (the latter are attributed mostly to mono-
meric phthalocyanine®™™). The peak at 690 c¢cm™ in both
spectra corresponds to phthalocyanine macrocycle breath-
ing mode.”® The minor peak at ~2220 cm™ in the spectra of
FePPC and composites comes from the terminal groups
(CN triple bond). The broad features in the 1000—1700 cm™
range in the polymer's spectrum are attributed to a signifi-
cantly higher degree of m-conjugation in FePPC compared
to FePC.”) In FePPC@SWCNT and FePPC@MWCNT
spectra FePPC peaks are clearly visible, but it is difficult to
detect nanotube peaks, because D and G bands of CNTs are
in the same range as the FePPC peaks, and, probably, CNTs
are screened from the excitation laser by the polymer.

Resistivity values of the studied compounds are given
in Table 1 for different temperature conditions. Tempera-
ture dependences of reduced resistances (R/R3px) and cal-
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culated E, are shown in Figure 4. Here, E, was estimated by
linearization of the plot with the following equation:
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Figure 3. Raman spectra of iron(poly)phthalocyanine, carbon
nanotubes and their composites.

Table 1. Electrical properties of the samples.

Sample R3p0x, Q R0k, Q E, eV
FePC 3.7-10° 5.6-10° 0.38
FePPC 3.9:10° 1.3-10* 0.27
SWCNT 1.7 1.4 0.03
MWCNT 8.4 2.6 0.12
FePPC@SWCNT 8.4 2.5 0.11
FePPC@MWCNT 3.2:10* 1.9-10° 0.23
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Figure 4. Temperature dependence of electrical resistance of
FePC (circle), FePPC (square), SWCNT (gray diamond),
MWCNT (black diamond), FePPC@SWCNT (cross +),
FePPC@MWCNT (cross x). Dependency points were recorded
both during heating and cooling of the samples.

The polymer (FePPC) exhibits a resistivity one order
of magnitude lower than that of mononuclear FePC at 300
K. The charge transport activation energy derived from the
Arrhenius plot is also lower for FePPC than for FePC (0.27
vs 0.38 eV).

Semiconducting behavior is common for both PCs and
PPCs, regardless of the material form (powder, thin film or
composite component), as demonstrated in a number of
works.!'>133738 Eor both monomeric®” and polymericl®”
phthalocyanines, the p-type semiconductivity was reported.
For the charge transport activation energy (£,) and the acti-
vation energy of conduction of FePC and FePPC, signifi-
cantly different values were reported in the litera-
ture,!'>'>"* ranging from 0.1 to 0.7 eV. However, lower
E, values should correspond to PPCs compared to their PCs
analogs. Energy gaps of polymers should decrease upon the
increase of the number of the conjugated rings.!*”

The powder of both CNT types is by orders of magni-
tude more conductive than FePC or FePPC, and possess
significantly lower E, values. These observations fit expec-
tations and agree well with literature data.*" For CNTs, E,
values from 0.23 eV to 0 eV were reported in the litera-
ture.l*"**?] CNTs can exhibit conductive properties close to
metals depending on the sample. In our measurements, the
E, 0f 0.12 eV was obtained for MWCNT powder, while the
resistance of SWCNT cannot be well described by the line-
ar curve on the Arrhenius plot (Figure 4), therefore the val-
ue of ~0.03 eV should be interpreted as metallic
conductivity.

The FePPC@SWCNT and FePPC@MWCNT compo-
site powders demonstrated higher conductivity than PC and
PPC but lower than that of pristine CNTs. The composites
derived from MWCNT and SWCNT exhibit significantly
different electrical properties: resistance of FePPC@
MWCNT is ~3 orders of magnitude higher than that of
FePPC@SWCNT. Interestingly, FePPC@CNT showed
charge transport properties (both £, and conductivity) very
close to those of MWCNT. Charge transport measurements
show that for both types of composites, the polymer has a
high impact on the conductivity. The composite likely pos-
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sesses a complex structure, the conductivity of which has
three major contributions: metallic-like from CNTs, semi-
conducting from PPCs and (probably, also semiconducting)
from the junctions between the macromolecules. The litera-
ture data suggest that the performance of such complex
structures is dominated by junctions and related barri-
ers.”*¥! The absence of metallic conductivity in the
FePPC@CNT composites further confirms the formation of
a composite structure in which the nanotubes are wrapped
by the polymer. Although we do not have direct evidence,
the major mechanism of the polymer/CNT interaction is
probably the enhanced n-n stacking, since both CNTs and
2D conjugated polymers have extended m-systems.

Conclusions

Polymeric iron phthalocyanine (FePPC) exhibits sem-
iconductor-like charge transport properties. FePPC has a
lower charge transport activation energy and higher con-
ductivity than its mononuclear analog (FePC), which is
interpreted as a direct consequence of extended electronic
conjugation in the polymer.

The composites likely feature a complex electronic
structure comprising CNTs, PPCs, and the junctions be-
tween the macromolecules. In composites of FePPC with
carbon nanotubes the polymer alters the conductivity, turn-
ing the charge transport to semiconductor-like behavior
with low sub-eV activation energy.

The PPC@CNT composites are highly promising ma-
terials for electrocatalysis and sensors, therefore their
charge transport behavior is of high practical importance.
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