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Herein, we first report a tunable organic magnetoresistance (OMAR)
effect in polyaniline (PANI) coated acid treated poly(p-phenylene-
2,6-benzobisoxazole) (t-PBO) short fibers. This unique OMAR is
interpreted using the paramagnetic nature of PBO molecules combined
with the localization length a, calculated from the wave-function
shrinkage model and forward interference model.

Giant magnetoresistance (GMR), as the birth of spintronics, is a
quantum mechanical effect that is related to different spin energy
states of electrons at the Fermi level arising from spin splitting
between spin-up and spin-down electrons after applying an external
magnetic field." Recently, due to the weak spin-orbit coupling and
hyperfine interaction of carbon, organic semiconductors have been
considered as new spintronic materials.>” As a result, they are also
recognized as having organic magnetoresistance (OMAR) and as
organic spintronics.” In general, the OMAR phenomenon is asso-
ciated with the paramagnetic species in the organic semiconduc-
tors including electrons and holes, triplet excitons, or bipolarons.”
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Correspondingly, the mechanism of the OMAR effect is commonly
explained by the electron-hole (e-h) recombination model,® exci-
tonic pair mechanism model,” and bipolaron model.® Polyaniline
(PANI) is one of the most investigated conducting polymers in
applications such as anti-fog coatings, supercapacitors, energy and
environmental remediation due to its low cost, easy synthesis
process, environmental stability, high electrical conductivity and
high pseudo capacitance.”'® For example, Gu et al.'" discussed the
electrical transport in disordered PANI nanostructures and critically
reviewed the recently discovered OMAR phenomenon in PANI and
its nanocomposite systems. They not only observed positive OMAR
in PANI systems,">"® but also reported a unique high negative
OMAR in CoFe,0,/PANI nanocomposites.** The addition of differ-
ent nanofillers could significantly alter the OMAR effect of PANI by
enhancing or reducing its OMAR values."

High-performance poly( p-phenylene-2,6-benzobisoxazole) (PBO)
is a heterocyclic aromatic polybenzoxazole with rigid-rod conjugated
molecular configurations, where the conjugated benzoxazole and
phenyl rings in its polymer backbone lead to an extended = electron
delocalization.'® Therefore, it has many outstanding properties
like mechanical properties’” and dielectric properties'® as well as
thermal stability and photoluminescent properties.'® PBO fibers can
be applied in organic light-emitting diodes, electroluminescent
devices and textiles such as firefighters’ protective clothing, bullet-
proof vests, and cables requiring stiffness and strength in tension as
an ideal reinforcement.?*** Nevertheless, the lack of functional
groups on the surface of PBO fibers makes them chemically inert.
Accordingly, surface treatment, including oxidation, plasma treat-
ment, physical radiation and so on,** of PBO fibers is commonly
required to achieve a good compatibility and adhesion with the
polymer matrix. Moreover, it is reported that PBO polymer structures
possess intrinsic paramagnetic properties. It would be interesting to
explore the possible OMAR effect in composites composed of PBO
fibers and PANIL However, there is no related report yet.

In this work, we comprehensively investigate the OMAR effect
in PANI coated acid treated PBO (t-PBO) fibers synthesized by a
surface initiated polymerization (SIP) method. Interestingly, this
OMAR phenomenon is capable of being tailored from positive

This journal is © The Royal Society of Chemistry 2019
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(up to 65.6% for a 10 wt% loading of t-PBO fibers) to negative
(the maximum value is —34.8% for a 60 wt% loading of t-PBO
fibers). Later on, we have explained this effect based on the
paramagnetic nature of PBO molecules combined with the
localization length a, calculated from the wave-function shrinkage
model and the forward interference model.

The scarcity of functional groups on the surface of PBO fibers
makes it difficult to adsorb anilines for further polymerization to
form a PANI structure on the surface of PBO fibers. Since aniline can
be easily adsorbed by acid functional groups on a substrate due to
the electrostatic attraction, concentrated nitric acid (68.0-70.0 wt%)
was used to treat the PBO fibers (named as t-PBO) as mentioned in
the experimental section, ESL{ The acid treatment process does not
significantly alter the thermal properties and structures of the PBO
fibers as confirmed respectively in the TGA curves (the 10 wt% loss
decomposition temperature for the t-PBO fibers is 624 °C, Fig. 1B-b,
which is only a little bit lower than that of the as-received PBO fibers
(635 °C), Fig. 1B-a), and SEM images in Fig. 2A and B (the surface of
t-PBO is as smooth as the as-received PBO fibers without any obvious
damage and the average diameter of the t-PBO fibers (around
11.5 pum) is similar to that of the as-received PBO fibers (approxi-
mately 12.0 pm), demonstrating the high structural stability of the
PBO fibers). In addition, the acid treatment process favors the
affinity of aniline to the t-PBO fibers, forming a uniform coating
of PANI on the surface of the t-PBO fibers, Fig. 2C and D. On the
contrary, the PANI coating cannot be achieved on the surface of
as-received PBO fiber without acid treatment, Fig. S1A and B
(ESIt), affirming the significance of acid treatment in the con-
struction of PANI coated t-PBO fibers.

Moreover, in the FT-IR spectra of the as-received PBO (Fig. 1A-a)
and t-PBO (Fig. 1A-b) samples, the peak at around 1620 cm ™ is
attributed to the C=N stretching vibration of the benzoxazole
ring.*® The peak at around 1050 cm ' corresponds to the
=C-0-C stretching vibration.**** The absorption peak at around
1700 cm™ ", as highlighted in the magenta rectangle, for the t-PBO
fibers is assigned to the O-C—O stretching vibration in the
carboxylic groups and is not obvious in the as-received PBO fibers,
inset of Fig. 1A. The characteristic absorption peaks of pure PANI
(1550, 1470, 1290, and 802 cm™'),”® Fig. 1A-c, are all observed in
the PANI coated t-PBO fibers with different loadings of t-PBO
fibers, verifying the presence of PANI on the surface of the t-PBO
fibers. In addition, different from the as-received PBO fibers and
the tPBO fibers, in which the thermal decomposition mostly
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Fig. 1 (A) FT-IR spectra and (B) TGA curves for (a) PBO, (b) t-PBO, (c) pure
PANI, and PANI coated t-PBO with a t-PBO loading of (d) 5, (e) 10, (f) 30,
and (g) 60 wt%.
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Fig. 2 SEMimages of the (A) as-received PBO short fibers, (B) t-PBO short fibers,
and PANI coated t-PBO fibers with a t-PBO loading of (C) 30 and (D) 60 wt%.

occurs within a very narrow temperature interval (around 650-
700 °C), the PANI coated t-PBO fibers combine the degradation
profiles of the t+PBO fibers and PANI together, exhibiting three weight
loss stages corresponding to the elimination of moisture and dopant
anions (from room temperature to 300 °C), thermal degradation of
PANI (400-600 °C),”” and decomposition of PBO (650-700 °C), as
shown in Fig. 1B-d-g. The thermal stability of the tPBO/PANI
nanocomposites increases on increasing the t-PBO loading.

Furthermore, it turns out that the surface of the t-PBO fibers
becomes rougher after the formation of the PANI coating and
the PANI on the t-PBO fibers reveals a wrinkle-like microstruc-
ture, Fig. 2C, D and Fig. S2 (ESI{), compared with that of the
as-received PBO and t-PBO (Fig. 2A and B) fibers. After decora-
tion with PANI, the average diameter of the t-PBO fiber is
respectively increased from 11.5 to 14.5, 14.0, and 12.5 pm
for a t-PBO fiber loading of 5, 30, and 60 wt%.

The temperature dependent resistance of PANI covered
t-PBO fibers with different t-PBO fiber loadings is measured
from 100 to 290 K, Fig. 3A. In Fig. 3A, all the PANI coated t-PBO
fibers exhibit a semiconducting behaviour within the measured
temperature range and the resistance decreases with increasing
temperature. Normally, the PBO fibers are insulating in nature
and the electrical conductivity of PANI coated t-PBO fibers is
dominated by the PANI layer. Consequently, a higher loading of
t-PBO fibers, i.e., a lower amount of PANI, leads to a higher
resistance. The increased resistance is attributed to the fact that
the insulating PBO can influence the interaction between PANI
and doped acid PTSA, which partially blocks the charge trans-
port pathway.>®

To better investigate the electrical transport behaviour of
PANI coated t-PBO fibers, the electrical conduction mechanism
is elucidated from Fig. 3A using a variable range hopping (VRH)
approach,® eqn (S1) (ESIT), which is represented as eqn (1):*°
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0 = oy exp
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Fig. 3 (A) Resistance as a function of temperature, and (B) In o vs. T-2 for
the PANI coated t-PBO fibers with a t-PBO loading of (a) 5, (b) 10, (c) 30,
and (d) 60 wt%.

where the constant ¢, stands for the conductivity at the infinite low
temperature, which includes tunnelling through the high barrier
created by the organic capping layer and accounts for the attempt
frequency of charge carriers trying to escape the nanocrystal; 7' (K) is
the Kelvin temperature; and constant Ty, (K) is the Mott characteristic
temperature, which is related to the energy needed for the hop of
charge carriers.”® In the VRH mechanism, Mott et al.** derived an
n = 3 law for 3-d systems and Efros and Shklovskii (ES-VRH) showed
that the density of states at the Fermi level (N(Eg)) vanishes quad-
ratically at the Fermi level with an n = 1 law for 1-d systems
after considering the Coulomb interaction. The best linear fit of
In(0) ~ T~V for each sample achieved from Fig. 3A is shown in
Fig. 3B. The obtained n = 1 in the temperature range of 100-290 K
indicates a quasi 1-d ES-VRH electrical conduction mechanism. The
corresponding ¢, and Ty are listed in Table S1 (ESIY).

In this ES-VRH model, the characteristic temperature T, is
predicted as T, ~ 2.8e*/4nee,agks, where e is the electron charge, a,
is the localization length, kg is the Boltzman constant, ¢ is the
permittivity of the material and &, is the vacuum permittivity.**>
Normally, the permittivity refers to the nature of electrostatic energy
savings and losses under the action of an alternative electric field
and is usually expressed in terms of real permittivity (¢'), imaginary
permittivity (¢”) and dielectric loss tangent (tan d) and the corres-
ponding results for PANI covered t-PBO fibers with t-PBO fiber
loadings of 5, 10, 30, and 60 wt% and pure PANI within the
frequency range of 100 Hz to 2 MHz at room temperature are
shown in Fig. 4.>*** It is obvious that &’ of PBO is almost a constant
with a value around 1.5, Fig. 4A-a, whereas PANI displays a negative
permittivity over the measured frequency range especially at low
frequencies (around —9.8 x 10" and —1.4 x 10° respectively),
Fig. S5 (ESIt). As the t-PBO fiber loading rises from 5 to 30 wt%,
¢ turns from negative to positive, Fig. 4A-b-d (refer to the inset of
Fig. 4A). However, when the loading of t-PBO fibers is up to 60 wt%,
the PANI coated t-PBO fibers exhibit a positive permittivity with a
value from 7.7 x 10° to 9.2 x 10> over the measured frequency
range. These results illustrate that the decoration of PANI on t-PBO
fibers could control the permittivity of the t-PBO fibers. Generally,
the peak in the dielectric loss (tan ¢) curve is due to the resonance
effect, in which the frequency of the system tends to oscillate with a
larger amplitude than others, especially in materials with a negative
permittivity. It turns out that PANI has a large tand peak with a
value of around 1.1 x 10* at a low frequency of 500 Hz, whereas
PBO possesses a very small tan § value of appropriate 1.2 x 10”2, As
the loading of t-PBO fibers grows, similar to PANI, Fig. 4B-c-e, tan d
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Fig. 4 (A) Frequency dependent real permittivity (¢’) of (a) PBO fibers, and
PANI coated t-PBO fibers with a t-PBO fiber loading of (b) 5, (c) 10, (d) 30,
and (e) 60 wt%; (B) frequency dependent dielectric loss tangent (tan ) for
(a) PBO fibers, PANI coated t-PBO fibers with a t-PBO fiber loading of (b) 5,
(c) 10, (d) 30, (e) 60 wt%, and (f) PANI.

also shows a peak at a frequency that corresponds to the switching
frequency, at which the permittivity changes from negative to
positive, Fig. 4A-b-d. However, when the loading of t-PBO fibers
increases to 60 wt%, the tan ¢ of the material is observed to exhibit
a small value (about 87.7 at 100 Hz to 0.5 at 2 MHz) over the
measured frequency range, Fig. 4C-f.

More interestingly, our PANI coated t-PBO fibers reveal a
tunable MR property, in which the MR values can be altered by
adding different loadings of t-PBO fibers. As displayed in Fig. 5
and Fig. S3 (ESIt), the MR value of pure PANI is up to 53.0% at a
magnetic field of 9 T, Fig. S3-b (ESIt), whereas the MR for the
PANI coated t-PBO fibers with a t-PBO fiber loading of 5, 10, 30, and
60 wt% is 1.2, 65.6, 5.1 and —34.8%, respectively. This may be due
to the fact that the rigid-rod polymer PBO has an intrinsic para-
magnetic property because of the existence of soliton and anti-
soliton as reported previously.> Generally, in a paramagnetic
material (in which the material possesses unpaired electrons), each
electron has a magnetic moment and spin angular momentum
S = 1/2 with a spin quantum number of mg = +1/2 and m, = —1/2."
Upon exposure to a magnetic field H, the magnetic moment of
the electron aligns itself either parallel (g = —1/2) or antiparallel
(ms =+1/2) to H, which is called the Zeeman effect and expressed as
the equation: E = mgg.usH,’® where mg is the spin quantum
number, g. is the Zeeman g-factor, and yg is the Bohr magneton.
In the absence of a magnetic field, due to the spin degeneracy, the
two quantum states with spin quantum numbers of m = +1/2 and
mg = —1/2 are recognized to have the same energy level, whereas

0 20000 40000 60000 80000
H(O¢)

Fig. 5 Room temperature MR of PANI coated t-PBO fibers with a t-PBO
loading of (a) 5, (b) 10, (c) 30, and (d) 60 wt%.
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under a magnetic field separation between the upper and lower
energy states takes place because AE = hv = g.upgH for the
unpaired free electrons, in which hv is the phonon energy
relating to the frequency of the electromagnetic wave. After
applying the magnetic field to the PANI coated t-PBO fibers, the
electron spins in the paramagnetic PBO polymer could align
with the magnetic field, leading to the resistance change of the
PANI coated t-PBO fibers.

With the purpose of puzzling out this controllable OMAR
effect in the PANI coated t-PBO fibers, the wave-function shrink-
age model and forward interference model are introduced.
Normally, in the VRH regime there is a parameter called a
localization length (a,) of the wave function for the localized
charge carriers in the disordered system. The a is related to the
hopping distance Ryop by the expression Rpop = (3/8)(To/T)"*ao. As
reported previously,'"'? the applied external magnetic field could
result in a change of a,, further leading to a change in the
resistance of PANI and its nanocomposites. Since in our work
the electrical transport mechanism confirms that our PANI coated
t-PBO fibers follow the ES-VRH model, the wave-function shrinkage
model is introduced to analyze the positive OMAR values and the
forward interference model is exploited for the negative OMAR
values as indicated in the supporting materials eqn (S1)-(S9) (ESIt)
and the calculated q, at different magnetic fields is depicted in
Table S2 (ESIT). It is concluded that when the OMAR value is
positive, the a, is pretty small. For example, the a, for PANI coated
t-PBO fibers with a 10 wt% loading of t-PBO fibers is 1.547, 0.718,
and 0.536 nm for magnetic fields of 1, 5, and 9 T, respectively.
However, as the OMAR value switches to negative for the PANI
coated t-PBO fibers with 60 wt% t-PBO fibers, the q, is very large
and is 348.664 nm at a magnetic field of 1 T. In this situation, the q,
is meaningless for the negative OMAR, and the effect of interfer-
ence among various hopping paths plays the important role.>”

In summary, non-magnetic PANI coated poly (p-phenylene-
2,6-benzobisoxazole) (PBO) fibers have demonstrated a control-
lable OMAR effect. The electrical transport mechanism of the
PANI coated t-PBO fibers obeys a 1-d ES-VRH system. By
integrating a positive dielectric constant of PBO and negative
permittivity of PANI, the permittivity of PANI coated t-PBO
fibers is altered from negative to positive. The OMAR effect of
PANI coated t-PBO fibers changes from 1.2, 65.6, 5.1 to —34.8%
for a t-PBO fiber loading of 5, 10, 30, and 60 wt%, respectively.
The paramagnetic nature of the PBO fibers combined with the
calculated a, from the wave-function shrinkage model and the
forward interference model explain well this controllable
OMAR effect in the PANI coated t-PBO fibers.
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