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ABSTRACT: Detailed morphological and structural character-
ization of high-aspect-ratio polyaniline nanofibers obtained
using a small amount of p-aminodiphenylamine (dimer) or p-
phenylenediamine (diamine monomer) as an initiator into a
rapidly mixed reaction is presented. Structural characteristics
have been investigated by FT-IR, UV—vis—NIR, solid-state 3¢
NMR, and "N NMR, while the morphology was examined
using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Nanofibers obtained with the
addition of an initiator appear longer and less entangled than

those obtained without any initiators. TEM analysis revealed a distinct morphological difference between the nanofibers synthesized
with different additives. The p-aminodiphenylamine-initiated polyaniline possesses an electrical conductivity of 3.0 S cm ™", while
the p-phenylenediamine-initiated counterpart has a conductivity of 1.7 S cm ™. FT-IR, "H—"C cross-polarization (CP), "°N direct
polarization (DP), and UV—vis—NIR spectroscopy confirm that a regular polyaniline structure prevails in both nanofibers.
Therefore, various initiators only result in a slight difference in the final polymer molecular structure and physical properties, but
such minor divergence dictates the subsequent chain assembly and affects the supramolecular morphology significantly.

I. INTRODUCTION

Since their discovery, conducting polymers have attracted great
interest due to their potential use as inexpensive and flexible
organic (semi)conducting layers in various applications such as
electronics, photovoltaic devices, and supercapacitors.' In recent
years, studies toward the formation of one-dimensional (1-D)
nanostructures such as fibers, wires, rods, and tubes of conducting
polymers have flourished because of the proven advantages of such
materials in many applications that lead to superior performance
characteristics compared to those of their currently used bulk
counterparts.”” > Among all the conducting polymers, polyaniline
(PANI) nanofibers are one of the most intensively studied systems
because of their remarkable propensity to form anisotropic
structures and also the unique, simple acid—base doping—dedop-
ing chemistry." Synthetic routes toward PANI nanofibers include
template-guided methods such as those using zeolites,'*"> surfac-
tants or bulky dopant acids,'*" nanowire seeding’® and
biotemplates.”" A number of techniques have also been developed
to synthesize PANI nanofibers without any external templates
such as interfacial polymerization,”>*® rapidly mixed poly-
merization,** dilute polymerization,”>*® sonochemical,”” and radi-
olytic-assisted synthesis.”® Despite the simplicity of these proce-
dures, the formation mechanisms involved in such processes are
quite complex. Although a number of theories have been proposed
to describe these processes,””* considerable work remains to be
done to achieve a better understanding.

We recently discovered that the introduction of a small
amount of p-aminodiphenylamine (dimer) or p-phenylenediamine
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(monomer) into a rapidly mixed reaction greatly improves the
quality of the PANT nanofibers.** Conventional PANT nanofibers
synthesized without such additives are typically only up to 1 um
in length. However, when an additive is incorporated, the
nanofibers produced become ultralong as on average their length
ranges from several micrometers up to ~10 um.** Such an
enhancement in aspect ratio could potentially facilitate better
postsynthetic alignment and be advantageous in single fiber
device fabrication and measurement, which is crucial for realizing
the practical use of such materials in nano- and microelectronics.
Mechanistic studies of these PANI nanofibers reveal that the
additive serves as homogeneous nucleation centers that accel-
erate the reaction rate and promote the formation of high-aspect-
ratio nanofibers. They remain in the final polymer chain without
changing the typical PANI chain structure markedly. Therefore,
the additive is considered an initiator for the polymerization and
the succeeding supramolecular assembly.>® However, current
studies of PANI nanosturctures are mostly limited to morpho-
logical observations with SEM and characterization techniques
such as UV—vis spectroscopy and cyclic voltammetry (CV) for
the determination of their oxidation states. Little is known about
precisely how PANI nanofibers are assembled from their molec-
ular chains. Thus, considerable work remains to be done in order
to elucidate the exact mechanism at the molecular level. One
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Scheme 1. Initiators Used in This Work
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representative example for the deficiency of knowledge in this
area is that it has been reported that PANI nanofibers synthesized
with either aniline dimer or p-phenylenediamine as the initiator
appear identical under SEM.>**" However, when they are
incorporated into the same rapidly mixed reactions of aniline
derivatives, the choice of initiator becomes crucial. For example,
when aniline dimer is used in the polymerization of o-anisidine,
nanofibers are obtained, whereas the analogous reaction with
p-phenylenediamine yields only granule-shaped agglomerates
that are indistinguishable from those synthesized without any
initiators.”" The effect is reversed for poly(2-chloroaniline). The
precise reason behind such effects is not clear, but the distinct
differences in morphology suggest that the minute amount of
initiators could play a significant role in dictating the structures of
PANTI at both the molecular and the supramolecular level. Here,
we seek to establish correlations between the structure at the
chain level and that at the supramolecular level for such PANI
nanofibers.

In our previous reports on standard PANI, PANI nanofibers,
and self-assembled PANI nanotubes obtained with the “falling
pH” technique, solid-state NMR has proven to be a useful and
sensitive tool to study the different PANI nanostructures at the
atomic level.***~** With the NMR information, it is possible to
develop a clearer mechanistic understanding of the formation of
PANI nanofibers using additives and their possible structural
differences at the atomic level as well as to tune reaction
conditions in order to obtain a preferred morphology. Therefore,
our goal here is to explore the structures of these nanofibers using
solid-state NMR and to relate these findings to other analytical
data including SEM, TEM, UV—vis—NIR, FT-IR, and conduc-
tivity measurements in order to gain insights into the effects of
additives on the final superstructure and the resulting structure
—property relationships.

Il. EXPERIMENTAL SECTION

Synthesis. The nanofibers were synthesized following a previously
reported method.>* 3—4 mg of p-aminodiphenylamine (aniline p-
dimer) or p-phenylenediamine was dissolved in 500 uL of methanol,
and the resulting solution added to a solution of 0.8 mmol of **N-labeled
aniline dissolved in 10 mL of 1 M HCIL This initiator-containing
monomer solution was then rapidly mixed with the oxidant solution
containing 0.2 mmol of ammonium peroxydisulfate in 10 mL of 1 M
HCI. The mixture was vigorously shaken for about S s and left
undisturbed for 1 day. The crude product was purified by dialysis against
deionized water for 3 days followed by dialysis against 0.1 M NH,OH
aqueous solution for another day to dedope the product. The purified
product was dried in a 55 °C oven and used for solid-state NMR studies.
A sample obtained from aniline polymerization initiated with p-aniline
dimer (Scheme 1A) will be henceforth referred to as the sample AD
(“AD” for aniline—dimer) as distinct from a sample obtained in
polymerization initiated using p-phenylenediamine (see Scheme 1B)

which will be referred to as the sample AP (“AP” for aniline—
phenylenediamine).

Solid-State NMR spectroscopy. All solid-state NMR experi-
ments were carried out on dry, dedoped powder of nanofibers using a
Bruker AVANCE 300 spectrometer operating at 300.13 MHz proton
frequency. Spectra were obtained by using the CP MAS (cross-polariza-
tion magic angle spinning) and direct polarization (DP)—Bloch decay
techniques. The experiments were carried out using a 7 mm Bruker
spinning probe with zirconia rotors. The magic angle was adjusted by
maximizing the sidebands of the "?Br signal of a KBr sample.

"’C CP MAS NMR Experiments. The proton 90° pulse duration was
4.2 us, and the frequency of the decoupling field was 62.5 kHz. The
contact time was 1.5 ms. The recycle delay was 1—2 s, and spectral width
was 40 kHz. Standard CP experiments were carried out with 4000—5000
scans at ambient temperature using samples enclosed in the rotors. The
3C chemical shift scale is referenced to TMS. Samples were rotated at
7000 Hz. Variable contact time (VCT) experiments were performed
with 2000—2500 scans. The 12 variable contact time periods ranged
from 30 us up to 10 ms.

"N CP and Direct Polarization (DP) MAS NMR Experiments. The
parameters for “standard” '*N CP, proton relaxation experiments with
5N detection (T,"(N)), and variable contact time (VCT) measure-
ments were as follows: all "N spectra were acquired at a spectrometer
frequency of 30.41 MHz. The sample rotation frequency was 4500 Hz.
'SN chemical shifts were measured to external **NH,Cl but are reported
relative to *NH,NO; (0 "*NH," = 0 ppm). The spectral width was
30.03 kHz. The 90° pulse was 7.3 us, and the recycle delay was 1.5—3s.
To explore the effects of T, time on the quantitative proton inver-
sion—recovery relaxation experiments, (TIH(N)) experiments were
carried out with nitrogen detection. The recycle delay for these experi-
ments was 50 s. The number of scans was as follows: CP: sample AD,
5000; sample AP, 10000. VCT: sample AD, 1300; sample AP, 2500.
T,"(N): samples AD and AP, 70. The DP experiments were carried out
using the one-pulse-and-collect approach with heteronuclear decoupling
during the acquisition interval. The recycle delay was determined from
the experiments with different recycle delay ranging from S0 up to 500's,
until the intensities remained unchanged. The recycle delay for the final
experiments was 300 s, and the spectra were obtained using 100 scans.

"H MAS NMR Experiments. In order to check T, time obtained with
SN detection and estimate recycle delay for CP experiments, proton
inversion—recovery relaxation experiments with 'H detection were
carried out with the following parameters: the recycle delay was 25 s,
the series of 12 spectra was obtained using one scan for each experiment,
and the proton 90° pulse duration was 4 us.

Electron Microscopy. Samples for scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were prepared by
drop-casting an aqueous dispersion of the doped PANI nanofibers onto
a silicon wafer and a TEM grid, respectively. SEM images were taken
with a JEOL JSM-6700-F field emission SEM microscope, and TEM
images were taken with a FEI/PHILIPS CM 120 transmission electron
microscope.

FT-IR Measurements. The spectra were obtained using a Perkin-
Elmer Spectrum 100 Series spectrometer (ATR mode, diamond/ZnSe
crystal, at 4 cm ™ resolution).

UV—vis—NIR Measurements. UV—vis—NIR (near-infrared)
spectra of the nanofiber dispersion in water were taken with a quartz
cuvette that has a 1 mm light path length on a Shimadzu UV-3101 PC
UV—vis—NIR scanning spectrophotometer.

Conductivity Measurements. Aqueous dispersions of both
samples in their protonated, emeraldine salt oxidation states were
drop-cast on SiO, substrates. Gold electrodes were sputtered on top
of the films via a patterned mask. Four-point probe sheet resistances
were measured and the thicknesses of the films were determined by a
Dektak 6 profilometer on three separate samples. Film conductivities of
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Figure 1. Scanning electron microscopy (SEM) images of (a) PANI
synthesized via a standard rapidly mixed reaction procedure, (b) PANI
synthesized via a rapidly mixed reaction but with the addition of aniline
dimer (AD), and (c) PANI polymerized via a rapidly mixed reaction but
with the addition of p-phenylenediamine (AP). Scale bar = 1 um.

Figure 2. Transmission electron microscopy (TEM) images of (a)
PANI synthesized via a standard rapidly mixed reaction without any
additives, (b) PANI synthesized via a rapidly mixed reaction with the
addition of aniline dimer (the AD sample), and (c) PANI polymerized
via a rapidly mixed reaction with the addition of p-phenylenediamine
(the AP sample). The insets offer a closer view of the individual
nanofibers from the corresponding synthetic methods. Scale bar =
200 nm for the figures and 30 nm for the insets.

the samples were calculated from the sheet resistance and the thickness
values.

Ill. RESULTS AND DISCUSSION

SEM images reveal a distinct difference between PANI
nanofibers synthesized via a typical rapidly mixed reaction with-
out any initiators and that with the addition of initiators such as
aniline dimer or p-phenylenediamine, i.e., samples AD and AP,
respectively (Figure 1). The conventional method without
initiators yields an entangled network of PANI nanofibers with
low aspect ratio (Figure 1a), whereas the same reaction with a
small amount of either initiator generates much longer and less
entangled nanofibers with much higher aspect ratios while
maintaining the diameter of the nanofibers in the same range
(Figure 1b,c). It is believed that initiators serve as homogeneous
nucleation centers, which increase the reaction rate and lead to
longer and less entangled 1-D nanostructured PAN 1>° The
extra-long PANI nanofibers are highly dispersible in water
(Figure 1b,c) and display better film-forming properties than
conventional PANI nanofibers synthesized without an initiator
(Figure 1a), which allows for easy preparation of high-quality
films from aqueous dispersions.

Despite their apparently identical morphology as observed
under SEM, the morphologies of the nanofibers from the AD and
AP samples differ significantly upon closer inspection with TEM,
as shown in Figure 2. The AD sample synthesized using aniline
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Figure 3. FT-IR spectra of PANI synthesized via a rapidly mixed
reaction with the addition of aniline dimer, sample AD (a), and PANI
polymerized via a rapidly mixed reaction with the addition of p-
phenylenediamine, sample AP (b). Solid lines represent the spectra
for the doped AD and AP samples, while the dashed lines represent the
corresponding dedoped samples.

dimer exhibits a compact and smooth, rodlike morphology
(Figure 2b) reminiscent of the nanofibers obtained without
any additives (Figure 2a) despite the much higher aspect ratio.
On the other hand, the TEM images of the sample AP reveal that
the nanofibers are, in fact, comprised of smaller nanothreads that
twist into bundles that each exhibits itself as an individual
nanofiber (Figure 2c). This significant difference in morphology
of the AP sample compared to the conventional and the AD
PANI nanofibers is likely initiated at the atomic level which
enables individual nanothreads to form coil-like structures. Since
the synthetic conditions for samples AD and AP are identical
except for the initiators incorporated, we can hypothesize that the
structural differences in these additives initiate slightly different
molecular structures of the polymer chains which subsequently
results in the morphological variations in the final products. The
para position in p-phenylenediamine is blocked, allowing this
additive only to initiate the polymerization in the meta or ortho
position. Such a mechanism initially favors the formation of
cross-linked structures as opposed to the linear structures usually
obtained due to para coupling. It is possible that these cross-
linked structures dictate the formation of the coil-like nanofibers
during the supramolecular assembly. Therefore, detailed struc-
tural analyses at the atomic level, ie., solid-state NMR studies
supported by other characterization techniques, are desirable in
order to gain a better understanding as to whether and how these
morphological differences are manifested by the molecular
structures of the AD and AP samples.

FT-IR. The FT-IR spectra of the doped and dedoped samples
of AD and AP are shown in parts a and b of Figure 3, respectively.
These spectra share many common peaks and appear to exhibit
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Figure 4. UV—vis—NIR spectra of PANI synthesized via a rapidly mixed reaction with the addition of aniline dimer, sample AD (a), and with the
addition of p-phenylenediamine, sample AP (b). Spectra for the two doped samples are combined in (c) for comparison.

bands characteristic of “conventional” PANL"** This implies a
prevalence of head-to-tail coupling, ie., a relatively regular
alternation of reduced and oxidized units. The bands at around
1580 and 1500 cm ™" can be attributed to C=C stretching in the
quinoid and benzenoid rings, respectively. The shoulder at
around 1445 cm™ ', which is clearly visible in the AP sample
spectrum (Figure 3b), could be assigned to the phenazine-like or
branched structures.*® Because of the occupancy of the para
position in the p-phenylenediamine molecule, cross-linking is
likely favored at the beginning of the synthesis, which could be
the underlying mechanism for the formation of coil-like nanofi-
bers in the sample AP (see Figure 2b). The bands at around
1290 cm™ " originate from C—N stretching of the secondary
aromatic amine. This band is more intense in the spectrum of the
AD sample, which suggests the presence of a higher amount of
amine nitrogen, i.e, benzenoid units. The shoulder (around
1240 cm ™ ') is related to the protonated C—N group. The strong
peaks that appear at ca. 1140 cm ™' are assigned to electronic
bands that are usually considered to be a measure of the
delocalization of electrons in the PANI structure.' This peak is
more prominent in the AD sample which implies a better
electron delocalization and consequently better conductivity.
This could be partly a consequence of the more compact and
homogeneous morphology as seen in Figure 2b. The bands at
around 820 cm ™~ originate from C—H out-of-plane bending in 1,4-
disubstituted ring structures (para coupling), indicating the pre-
valence of the head-to-tail coupling during the polymerization.
UV—vis—NIR Spectroscopy. The UV—vis—NIR spectra of
the AD and AP samples are shown in Figure 4 (a, sample AD; b,
sample AP). Bold spectra are from the doped samples, while the
thinner lines represent the corresponding dedoped samples. The
UV—vis—NIR spectra of the doped samples show an absorption
peak at around 370 nm, and a broad band at >800 nm with a tail
that extends into the NIR region, which is an indication of the
emeraldine salt oxidation state of PANL The first absorption
band arises from a sT—s* electronic transition within the
benzenoid segments. The second absorption band is related to
the acid-doped state and polaron formation in the PANI
structure. The spectra of the dedoped samples exhibit character-
istic absorption for polyaniline in its emeraldine base state
(Figure 4). The first band (315 nm) is assigned to w—i*
excitation of the para-substituted benzenoid segment
(—=B—NH—-B—NH), while the other (580 nm) is associated
with the excitation of the quinoid segment (—N=Q=N—).
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Figure 5. Solid-state *C CPMAS NMR spectra of (a) PANI synthe-
sized via a rapidly mixed reaction with the addition of aniline dimer,
sample AD, and (b) PANI polymerized via a rapidly mixed reaction with
the addition of p-phenylenediamine, sample AP. Samples are in the
dedoped emeraldine base oxidation state.

Scheme 2. Chemical Structure of PANI
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'3C CP MAS NMR Spectra. The solid-state *C CP spectra of
the dedoped samples AD and AP are shown in parts a and b of
Figure S, respectively. The assignment of the resonance peaks in
the "*C CPMAS spectra shown in Figure 5 is based on the data
obtained from “standard” chemically synthesized PANL>**” The
C CP spectra of the AD and AP samples (Figure Sa,b) exhibit
characteristic peaks (and intensities) similar to those seen in
standard PANT spectra.”
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The peak at 158 ppm is assigned to the nonprotonated imine
quinoid carbon (C-7, see Scheme 2). The peak at 146 ppm is
attributed to the nonprotonated carbon attached to the imine
nitrogen C-1, consistent with the presence of quinoid rings. The
peak for protonated quinoid carbon C-8 (%137 ppm for “stan-
dard” chemically synthesized PANI, according to Kaplan et al.)*”
partly overlaps with the peak at ~141 ppm due to the presence of
the nonprotonated carbons (C-4 and C-5).%” The peaks at 128
and 124 ppm are assigned to the protonated benzenoid carbons
(C-2 and C-3).*” The peak at 115 ppm is assigned to protonated
benzenoid carbon (C-6) further away from the quinoid
segment.”” There are two low-intensity peaks at 96 and 180
ppm which are not characteristic of “conventional” chemically
synthesized PANL They are usually only detected in nanostruc-
tured PANIs.**>*® The peak at 96 ppm is due to the presence of
branching in the polymer structure.” The low-intensity signal at
180 ppm could be due to the presence of carbonyl groups on the
six-membered rin}gs. This was proposed previously in studies of
similar materials.”” As mentioned above, this carbonyl group
could arise due to the presence of higher oxidation state of
aniline, i.e,, N-phenyl-1,4-benzoquinonediimine (PBQ), which
can undergo a degradation reaction to produce quinoneimine
end groups.*® The overall shape for both spectra is similar to the
spectrum of PANI and suggests the prevalence of regular head-
to-tail sequencing characteristic of the presence of quinoid and
benzenoid alternating segments and linear structures.

However, closer inspection reveals that the peak at 96 ppm is
relatively more intense in the spectrum of the AP sample. This
suggests that cross-linked structures are more favored initially,
which is in line with the FT-IR spectra. These structures,
although not present in a high amount, can serve as initial seeds
from which twisted nanothreads structures are formed in the AP
sample.

In general, it is difficult to discern slight differences in the
structure solely from the *C spectra because of the lack of
spectral resolution. Consequently, experiments using "N CP
NMR were carried out because these spectra provide much
better resolution. Usually ">N CP MAS spectra of PANI exhibit
two main peaks: amine (at ca. 65 ppm) and imine (at ca. 320
ppm). We have already applied "N CP NMR spectroscopy to
describe the antioxidant properties of standard PANI and have
correlated the results (based on the inte§ration of peaks in the
spectra) to XPS and elemental analysis.?

Since the resolution is much better, structural data obtained
from such techniques can therefore shed light on the molecular
structure—supramolecular assembly relationships of the PANI
nanofibers synthesized with different initiators.

TSN NMR Spectra. The solid-state ">N CP and DP MAS NMR
spectra of the AD and AP samples are shown in Figure 6a—d.

CP MAS Spectra. The '°N CP spectra of the samples AD and
AP are shown in Figure 6a,c. The overall features of the spectra
are different compared with the “conventional” PANI
spectrum.”” The first obvious difference is in the amine region.
There are three distinct, partly overlapping peaks at 91, 70,
and 38 ppm. These peaks are shifted downfield compared with
the amine —NH peak (65 ppm), and the peak that corre-
sponds to the —NH, end groups (ca. 30 ppm) which are
usually observed in the spectrum of “conventional” PANI.>
The two peaks at 70 and 90 ppm probably originate from the
amine nitrogens in the segments that do have a different
chemical environment or different conformations compared
with “conventional” PANIL.

?
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Figure 6. Solid-state N CP (a, c) and DP (b, d) NMR spectra of (a, b)
PANI synthesized via a rapidly mixed reaction with the addition of
aniline dimer, sample AD, and (c, d) PANI polymerized via a rapidly
mixed reaction with the addition of p-phenylenediamine, sample AP.
The samples are all dedoped. The asterisks denote spinning sidebands.

The next significant feature is the very low intensity of the imine
=N— peak at ~320 ppm in both of the CP spectra (Figure 6a,c).
Considering these results, the low intensity of the imine peak could
be attributed to a significantly underoxidized material. Usually,
determining the ratios of the amounts of different groups based
on the integrated areas or peak intensities from CP/MAS NMR
spectra is not straightforward. The enhanced signal intensity of the
rare nucleus (carbon or nitrogen) depends on the kinetics of the
transfer of magnetization from the abundant nucleus (usually 'H).
This transfer is mediated by the coupling between nuclei which
occurs via a static dipolar interaction and has a 1/° dependence
upon the internuclear distance r. The CP curve that describes a
transfer of magnetization is complex since the initial signal buildup
of the rare nucleus depends on the Tyg time, while the second,
decaying part of the curve is due to the proton relaxation in the
rotating frame, T,0"**"* Thus, the signal as a function of time
will pass through a maximum that is different for each group with a
different degree of protonation or mobility. If rare nuclei are not
protonated, ie., directly bonded to a proton, they will cross-
polarize more slowly than protonated ones. Also, the more rigid
groups will have faster signal buildup during the transfer because of
lesser averaging of dipolar interactions due to molecular motion. In
order to get quantitative data, the different affinity of various
groups toward the polarization enhancement must be taken into
account.>>**? To get the corrected imine/amine ratio, variable
contact time experiments were performed. The data are summar-
ized in Table 1. The observation of significantly longer Tys (T)
values for the imine groups compared to those of the amine groups
is attributed to nonprotonation of the former. The corrected
integrated areas (see eq 1), obtained from the spectrarecorded ata
contact time of 1.5 ms, are listed in Table 1.
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Table 1. Data from '*N Variable Contact Time, Direct Polarization (DP), and Cross-Polarization (CP) Experiments for the

Samples AD and AP

relaxation constants

integrated area (normalized)

sample Tip1 (ms) T (us) T1u(N) (ms)
AD
imine 3.0 2500 150
amine 34 5§ 250
AP
imine S.S 3000 500
amine S.1 70 490

Ta(H) (ms) DP (%) ratio CP (corr) (%) ratio
240 45 0.82 22 0.28

5§ 78
480 S0 1.0 23 0.30

S0 77

The integrated intensity for the imine peak includes the peak at
324 ppm. The integrated intensities obtained from deconvolution
have an error of ~10%. The imine-to-amine ratio (the ratio of the
corrected integrated areas for peaks at around 70 and 90 (A™")
and 320 ppm (A™) and its related sidebands) is ca. AN/AN" = 0.3
(Table 1).

However, the FT-IR, UV—vis, and "*C CP spectra suggest the
prevalence of head-to-tail coupling similar to standard PANI and
a significantly higher value for the imine/amine ratio, probably
closer to 1.0.

This is something that we have already noticed for other
nanostructured material obtained by oxidative polymerization of
aniline.*® Therefore, we want to explore these discrepancies
here.

Apart from the CP parameters, another critical factor for
quantification is the Ty relaxation time that determines the
recycle delay of the experiment. Not taking this parameter into
account could lead to spectra with distorted intensities. The T’y
relaxation times for hydrogen are obtained by means of two
different experimental approaches: proton (T (H)) and nitro-
gen (T1(N)) detection. In cases with proton detection, the
average T'1(H) time was around 240 ms for AD and 480 ms for
AP (Table 1). These are average values obtained from one broad
peak since the lack of resolution in the "H spectra did not allow
resolution of individual peaks for different structural units, such
as imine or amine. On the other hand, the experiments with "*N
detection offer much better resolution, and the relaxation times
can be obtained for different structures. Therefore, the relaxation
times for imine and amine groups can be acquired separately.
Thus, we obtained T,3;(N) times of ca. 500 ms in the AP sample
and 150 and 250 ms in the AD sample for imine and amine
groups, respectively (Table 1). Knowing that 3—S5 T, is sufficient
for a recycle delay to get quantitative spectra, we used 2—3 s. As
we took into consideration all of the relevant parameters during
the CP experiment, the only thing that could have affected
quantification is the remoteness of the hydrogen nuclei from
the nitrogen. This means that the imine/amine ratio obtained
from CP experiments on nanostructured PANI could be sig-
nificantly undervalued.

For this reason, we carried out DP experiments that are
independent of the presence of hydrogen, as shown in
Figures 6b and 6d for samples AD and AP, respectively. Although
an experimental time could be very long, these kind of experi-
ments do not suffer from the usual quantification problems often
seen in CP.*®

There are apparent differences between the spectral charac-
teristics of DP and CP spectra. Most striking is a much larger
contribution of imine groups, since the peaks at 320 ppm are

much more intense compared to their CP counterparts. The
imine/amine ratios for the samples A and B were 0.82 and 1.0,
respectively (see Table 1). These values are different to the data
obtained using the CP technique (Table 1) and closer to the ones
that can be deduced from FT-IR, UV—vis, and ">C CP experi-
ments. A possible reason for this difference could be a difference
in the proton environments of the N atoms in the different kinds
of material (e.g,, protons are more remote from the N atoms
in the nanotube material) or a difference in the proton dynamics
(e.g, fast exchange of hydrogen-bonded protons between =O and
=N and H—N in the self-assembled nanotubes*®). However, the
nucleus of interest (**N here) with intramolecular protons within
two or three bonds should usually have signal intensities in line
with atomic ratios. In other words, imine nitrogens must be four
or more bonds away from protons to be undetected.*> A further
possible explanation can be that the proton spin bath consists of
small proton domains which are somehow disconnected from
the rest of the spin bath. Some of the imine nitrogens could be
located close to these protons.

Alternatively, polarization transfer in standard PANI might be
facilitated because this material exhibits a featureless granular
morphology in which grains are packed together very closely and
randomly distributed.

This implies that special care should be taken when the CP
solid-state NMR technique is used for PANI nanostructured
materials. In other words, using only CP to quantify different
groups could be problematic. This is not the case for conven-
tional PANI where the imine/amine ratio can be determined
relatively accurately from '*N CP MAS spectra.®>*

Structural Characteristics of Ultralong Nanofibers. Poly-
aniline nanofibers synthesized with different initiators do not
vary significantly in molecular chain structure.*>*' The slight
differences observed in molecular structure likely arises from the
different oligomers formed at the initial stage of polymerization.
However, this small divergence in oligomer structure dictates the
assembly of the polymer chains and dramatically affects the
morphology, despite its minor influence on their physical
properties.

The slightly cross-linked structures of the AP sample are
evident from the FT-IR and ">C CP NMR spectra due to ortho
coupling as mentioned earlier. p-Phenylenediamine has a lower
oxidation potential than aniline and hence is more reactive and
oxidizes first.’® Since the para position is occupied, the p-
phenylenediamine molecules couple with each other along with
some aniline molecules at the ortho position and form branched
structures as a comparable study has proposed.** The effects of
mobility can be observed from the relaxation data summarized in
Table 1. The nanofibers obtained with p-phenylenediamine (AP)
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are less mobile and have longer Ty and T,y relaxation times.
This is likely due to the fact that the individual nanothreads are
twisted into bundles that exhibit as individual nanofibers, and
therefore their chain mobility is constrained (tightly packed
structure). The underlying reason can again be attributed to
the intermolecular cyclization of the initiator molecules occur-
ring at the early stage of the synthesis as the para position of
p-phenylenediamine is occupied.*

Previous studies have suggested that the cyclization reaction
leads to the formation of phenazine-like rings that are planar and
flat; hence, they tend to %ggregate through 77— stacking and van
der Waals interactions.>® This mechanism allows for the phena-
zine-like units to form a semiordered core similar to the aniline
oligomer core when aniline dimer is used as the initiator.>® Our
previous study has indeed shown that low molecular weight
oligomers can form crystalline structures that are much more
ordered than polyaniline nanofibers.*® The reaction then pro-
ceeds with the para coupling mechanism due to the high acidity
of the reaction environment. The polymer chain is likely to self-
assemble into the nanofibrillar morphology as the PANI chains
bind to the flat core in a spiral motion, guided and stabilized by
hydrogen bonding and ionic interactions, and extend along the
fiber long axis. A similar mechanism has previously been pro-
posed in studies on PANI nanotubes.*® This mechanism has
likely led to the formation of nanothreads that eventually twist
into long nanofibers. UV—vis—NIR data further support this
proposed mechanism. The asymmetric broad peak around
800 nm that extends into the NIR region in doped PANI spectra
is indicative of polaron delocalization.*’ ~* Larger broadening
and tailing effects are associated with the straightening of the
polymer chains, which can be used as a measure of their
linearity.*’~* Figure 4c combines the doped spectra for the
AD and the AP samples. The AD sample has a broader peak
around 800 nm and also exhibits a slightly stronger tailing effect.
This suggests that the polymer chain is slightly more stretched/
straighter in the AD sample than that in the AP sample. Such
observations agree with our proposed mechanism as the polymer
chain conformation is likely to be less extended in the AP sample
due to the spiral chain packing mechanism that eventually leads
to nanofibers comprised of bundles of twisted nanothreads as
observed in TEM. The minor difference in molecular structures
of the PANI nanofibers synthesized with aniline dimer and p-
phenylenediamine also have an effect on the electrical properties
of the final polymer. The AD PANI possesses an electrical
conductivity of 3.0 S cm ™', while the AP sample has a con-
ductivity of 1.7 S cm™'. The conductivity for both samples are of
the same order of magnitude, but the slightly lower conductivity
of the AP sample could be attributed to the small amount of the
cross-linked, insulating core formed during the early stage of the
polymerization that serves as a nonconjugated defect in the
polymer chain that subsequently hinders carrier transport. The
less extended chain conformation of the PANI nanofibers
synthesized with the p-phenylenediamine could have also con-
tributed to the slightly lower conductivity compared to its
counterpart synthesized with aniline dimer as the initiator.

Recently, the morphology and the formation of PANI nanofibers
were investigated in light of nucleation theory.> It was suggested
that heterogeneous nucleation during the formation of PANI
nanofibers favors agglomerated structures while homogeneous
nucleation promotes more nanofibrillar morphologies.>®

We can see how our findings further support this theory. The
additives rapidly form growth centers for polymerization since

they have a lower oxidation potential than aniline.>® Therefore,
the nucleation should be initiated simultaneously throughout the
solution (homogeneous nucleation), and the diffusion to hetero-
geneous nucleation sites should be limited.** We can hypothesize
that the different morphologies of nanofibers synthesized here
are due to homogeneous nucleation. Since the structure of the
nucleation sites depends on the structure of the additives, the
initially formed nucleation sites will determine the morphological
characteristics of later products. For example, since the para-
position in p-phenylenediamine is hindered, the polymerization
will be initiated in the meta or ortho position, which favors the
formation of cross-linked structures that further dictate the
assembly of the coil-like nanofibers.

The differences in molecular structure and assembly mechan-
ism could also explain why the choice of initiator is such a crucial
factor in PANI derivative nanofiber formation. Unlike PANI, the
nanofibrillar morphology is not intrinsic to PANI derivatives;
hence, the presence of an initiator is essential in such reactions if
nanofibers or other 1-D nanostructures are desired."” It is likely
that only one of the two reaction mechanisms is suitable for a
particular PANI derivative to form nanofibers, i.e., using aniline
dimer to form a semirigid core that can dictate the nanofiber
growth versus allowing the stacked planar, cross-linked segments
formed from the oxidation of p-phenylenediamine to cause the
polymer chains to assemble in a spiral motion. Therefore, our
study also explains why the choice of initiator plays a central role
in the supramolecular assembly of PANI derivatives.

IV. CONCLUDING REMARKS

The addition of a small amount of an initiator, p-aminodiphe-
nylamine (dimer) or p-phenylenediamine (diamine), leads to
higher aspect ratio PANI nanofibers that are less entangled
compared to PANI nanofibers synthesized without any initiators.
Careful TEM analysis reveals a striking difference in morphology
between the PANI nanofibers synthesized with the aniline dimer
as the initiator and that with p-phenylenediamine, which have
been considered identical in morphology in previous studies. FT-
IR, *C cross-polarization, '*N direct polarization solid-state
NMR, and UV —vis spectroscopy confirm that a regular head-
to-tail coupled polyaniline structure prevails in both types of
nanofibers, indicating that the nanofibers synthesized with
different initiators do not differ significantly in atomic structure.
However, the minor divergence in molecular structure, likely due
to the differing oligomer structures created as a result of the
different initiators used, has a considerable effect on the supra-
molecular assembly. On the other hand, "°N cross-polarization
solid-state NMR has shown significantly different spectral char-
acteristics from those expected for a regular PANI structure. The
imine/amine ratio obtained from integrated intensities in
"H—""N cross-polarization ex?eriments is 0.3 for both nanofi-
bers. Nevertheless, from the >N DP experiments the imine/
amine ratios are closer to 1.0, indicating head-to-tail coupling and
a standard polyaniline structure. The reason for this is probably
the greater distance of the imine nitrogens from the hydrogens as
indicated in relaxation experiments. The other explanation could
be the heterogeneous nature of the proton spin bath which
eventually causes a preferential polarization transfer. The rela-
tionship between molecular structure and assembly mechanism
also sheds light on why the choice of initiator is a crucial factor
in PANI derivative nanofiber formation, an observation that
could not be explained previously. It is likely that only one of the
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mechanisms that arise from the two different initiators is suitable
for a certain PANI derivative to form nanofibers. We believe that
homogeneous nucleation affects the morphological characteris-
tics of nanofibers obtained in the presence of additives. Exquisite
control of supramolecular morphologies should be possible for a
large number of conducting polymers by introducing a suitable
molecule as the initiator.
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