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ABSTRACT: We investigate the structural features of the polyaniline derivative poly(o-toluidine)(POT).
In the base form POT is amorphous, with an X-ray diffraction pattern similar to that of emeraldine base
EB-1. We estimate from the position of the broad peaks in the amorphous pattern that the interchain spacing
is larger in POT-EB than in EB-I. POT hydrochloride is partially crystalline with a diffraction pattern
resembling that of emeraldine hydrochloride ES-I. Analysis of the data shows that the crystalline part of
POT hydrochloride adopts the ES-I-like structure, with increased zigzag angle of the polymer chain and
larger interchain spacing, together with an increased disorder, possibly due to defects in the stacking of
polymer chains caused by the bulky CHj groups. Structure and percent crystallinity evolve with doping level
in the same way as in the EB-I-ES-I emeraldine system. These structural results correlate with difference
in the electronic properties of POT-ES as compared with ES-I. In particular, the 10° decrease in room
temperature conductivity of POT-ES compared to ES-I and concomitant localization of conduction electrons
in POT-ES as compared with PAN-ES are attributed to the increased separation and decreased coherence

between polymer chains leading to quasi-one-dimensional localization of conduction electrons.

1. Introduction

The polyaniline family of polymers has become a
prototype system for study of control of electronic
phenomena due to the ease of its processability and ready
derivatization.!® Recent studies have shown a 2 order of
magnitude increase in conductivity of emeraldine hydro-
chloride (PAN-ES) with increased orientation and crys-
tallinity.4#® In contrast, extensive experiments on the
methyl derivative of polyaniline, poly(o-toluidine) (POT)
(Figure 1), have demonstrated that its hydrochloride salt
(POT-ES) has the same electronic structure as PAN-ES
yet dramatically reduced conductivity.® The origin of these
contrasting phenomena has been proposed® as due to
increased conduction electron localization in POT-ES as
compared to PAN-ES caused by an increased interchain
separation and reduced interchain order. The roles of
intrachain and interchain spatial coherences have been
suggested as central to the formation of the metallic state
in polymers.®® Detailed studies of the evolution of the
structures of polyanilines are therefore essential.

The crystal structure of the parent polyaniline has
received substantial attention.113 It wasshown that there
were two distinct structural classes for emeraldine.!112
Class I materials consisted of those prepared from solution
in the conducting salt form. They have ES-I crystal
structure in their ordered regions. When dedoped, they
form essentially amorphous EB-I. Class II materials
consist of those prepared in the insulating base form. They
have the EB-II crystal structure in their ordered regions
and, when doped, have the ES-II crystal structure. A
detailed description of the differences in the ES-I and
ES-II crystal structures has been reported earlier.!?
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Figure 1. Schematic formulas of (I) POT-EB and (II) POT-ES.
Due to ring torsional motion about the N-N axis, there are two
p_ossible locations for the methyl group (a and b) on each benzene
ring.

We report here the results of a detailed structural study
of poly(o-toluidine). We find that POT is very similar to
Class I of emeraldine in the evolution of its structure from
nearly amorphous base (POT-EB) to partially crystalline
HCl salt (POT-ES) on equilibration with HCI solution of
appropriate pH. We have been unsuccessful at preparing
a POT analogue of EB-II- and ES-II-like phases. There
are significant differences between POT-EB and -ES and
PAN-EB-I and -ES-I as well. These include an average
~49% larger interchain spacing and reduced spatial in-
terchain coherence. These results support the thesis that
the dramatic differences in transport phenomena between
POT-ES and PAN-ES are due to increased localization of
conduction electrons caused by reduced interchain overlap
and spatial coherence.

2. Experimental Methods

Poly(o-toluidine) was synthesized in the HCl salt form (POT-
ES) according to the standard procedure,'® which is very much
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Figure 2. X-ray Debye-Scherrer pattern from “as-prepared”

poly(o-toluidine hydrochloride), taken at LURE (A = 1.596 A).
Dashed line shows contribution from glass sample holder.

Table I
d Spacing, Coherence Length L, and Intensity
Corresponding to Crystalline Reflections of POT-ES “As
Prepared” and Redoped to [C1]/[N] ~ 0.5
d spacing (L), A

POT-ES as prepared POT-ES redoped ES-I (from ref 12) (hkl)

~20 (60) w

9.95 (40) s 9.85(35) s 9.57 (45) s (001)
6.5(35) m 6.4 (35 m 5.94 (35) s (010)
~4.7* ~4.7* 4.26 (35) s (100)
3.61(40) s 3.61(35)s 3.51(70) vs (110)
3.38w 3.36w 3.28m (111)
~3.25 vs 3.23 vw 298 w (020)
~3.03 vw ~3.03 vw 2.85 vw 021)

~2.45 vw ~2.42 vw 2.47 vw

2.34 vw

~2.10 vw ~2.08 vw 2,10 vw

1.72vw

¢ For comparison, the ES-I data of ref 12 and (hk!) indexing with
a pseudoorthorhombic structure are given. The d spacing of
asymmetric reflections (*) corresponds to the low-26 edge of scattering.

similar to the emeraldine synthesis method.? It was then
converted to the base (POT-EB) form by washing with 0.1 M
NH,OH solution. The base form was subsequently doped by
equilibrating POT-EB powder with aqueous solutions of HCI of
various concentration. The maximal doping level of [Cl]/[N] =
0.5 was attained by stirring POT-EB with 2.5 M HCL. The [Cl]/
[N]ratios (i.e., doping levels) of doped samples were determined
by elemental analyses. Attemptsat preparing partially crystalline
POT-EB from N-methyl-2-pyrrolidone (analogous to preparation
of partially crystalline EB-II) were unsuccessful.

As in our earlier studies of the emeraldine system,!1.1214 X.ray
data were collected on photographic films fixed in a cylindrical
camera with the powder sample placed in a sealed Lindemann
glass capillary in the center of the evacuated chamber. X-ray
patterns were taken with monochromatized Cu Ko (A = 1.542 A)
radiation. Additional data were also obtained with higher
resolution X-ray synchrotron radiation (A = 1.596 A) at station
D-16 at LURE (Orsay). X-ray films were read in the equatorial
plane with a Joyce-Loeble microdensitometer.

3. Experimental Results

A Debye-Scherrer pattern of “as-prepared” POT-ES is
shown in Figure 2. This spectrum was taken with
synchrotronradiation, A = 1.596 A. Itexhibits well-defined
reflections characteristic of crystalline order on top of a
broad scattering feature from amorphous regions of the
sample and the Lindemann glass sample holder. An
asymmetric reflection with a long tail toward larger values
of 260 can also be seen at ca. 20 ~ 19°. The d spacings
calculated from the angular positions of the reflections
and the edge of this asymmetric scattering for both “as-
prepared” POT-ES and POT-ES after dedoping and re-
doping to [Cl]/[N] ~ 0.5 are given in Table I. For
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Figure 3. X-ray Debye-Scherrer pattern from poly(o-toluid-

ine) base (A = 1.542 A). Dashed line shows contribution from
glass sample holder.

Table 11
d Spacing Corresponding to Broad Peaks and a Bump (~)
Observed in the X-ray Patterns of POT-EB and EB-I*

d spacing, A
POT-EB EB-I (hkl)
4.75 4.45 (110)
3.9 ~83.75 (200)
~3.0 2.95 (020)
2.05 2.02

¢ The (hkl) indexing refers to the EB-II structure defined in ref
12.

comparison purposes, the d spacings obtained for partially
crystalline emeraldine HCI salt ES-I ([C1]/[N] ~ 0.5)12
are also presented in that table.

The rings are broader than the experimental resolution
of the apparatus (fwhm A(260) ~ 0.05° for the X-ray
synchrotron data), and from reflection broadening A(26)
the coherence length of the crystalline order in the sample
L is calculated, using the Scherrer formula:1®

—_ 09
A(26) cos 6

The L values are also given in Table I. They are of the
order of 40 A.

The sharp, crystalline rings of POT-ES disappear when
the sample is dedoped, that is, converted to the base form,
POT-EB. A typical Debye-Scherrer pattern of POT-EB
is shown in Figure 3. It was taken with Cu Ka radiation
(A = 1.542 A). Tt consists mainly of one broad reflection
centered around 26 ~ 19° (d ~ 4.75 A) and weaker broad
features at 20 ~ 23° (d ~ 3.9 A) and 20 ~ 44° (d ~ 2.05
A). There can also be seen a small bump at 26 ~ 30° (d
~ 3 A). For reference, the scattering from an empty glass
capillaryisindicated. These data aresummarized in Table
11, together with values obtained from emeraldine base
EB-I for comparison.

POT-EB when redoped with HCI becomes partially
crystalline again, with continuous evolution of the X-ray
pattern with doping level. Figure 4 shows Debye~Scher-
rer patterns for POT samples with doping levels from 0.04
to 0.5. Data were taken with Cu Ko radiation (A = 1.542
A). Reflections characteristic of crystalline order emerge
gradually as the crystallinity of the sample increases from
~0% for base sample to ~40-50% for the fully doped
sample. Their d spacings shift slightly with the increased
doping level, as can be seen clearly in Figure 5. In Figure
4 it can also be seen how, upon doping, the broad reflection
in POT-EB, corresponding to d ~ 4.75 A (26 ~ 19°),
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Figure 4. Set of microdensitometer readings of X-ray Debye—
Scherrer patterns showing the continuous evolution from POT-
EB to POT-ES as a function of the [CI]/[N] ratio (A = 1.542 A).
The various tracings are not scaled to each other.
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Figure 5. Variation of the d spacing of the (001), (010), and
(110) reflections (from top to bottom) of POT-ES as a function
of the doping level ([Cl]/[N] ratio).

transforms into the asymmetric one at about the same
angle in POT-ES.

Diffractometer tracings of as-prepared POT-ES (Figure
2) and dedoped and subsequently redoped POT-ES
(Figure 4) are almost identical, showing that there is no
significant degradation of the crystalline order in POT-
ES upon this dedoping-doping cycle. However, the long
d-spacing reflection at ~20 A (20 ~ 4.6°, Figure 2) has
disappeared.

4. Discussion of Structural Data

X-ray scattering patterns and their evolution with the
doping level of the POT are remarkably similar to that of
the EB-I-ES-I system of polyaniline—emeraldine.

4.1. Poly(o-toluidine) Base. We start our analysis
with the quasi-amorphous base form. When the positions of
the broad features of POT-EB are compared with data for
EB-I (Table II), it can be seen that there is an increase of
d spacing from EB-I to POT-EB, but general features of
scattering patterns are similar (see Figure 3 in ref 12), We
can conclude therefore that the local chain array is similar
in both materials.

If we assume that the peaks in the quasi-amorphous
spectra of POT-EB correspond to fundamental distances
d110, d200, and dggo (by analogy to EB-II), we can calculate
approximate interchain lateral distances of a ~ 7.8 A and
b ~ 6.0 A, which yields a cross-sectional area for two chains
of A = ab = 47 A2, This value can be compared to 44 A2
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Figure 6. Projection along the chain axis and side view of the
ES-Ipseudoorthorhombic unit cell (from ref12). Black rectangles
on the left drawing represent projections of polymer chains on

the (a,b) plane. Zigzags on the right drawing represent schematic
view of the polymer chain. Circles denote Cl- ion.

in EB-1 and EB-I1.12 This represents ~6% increase in A
or ~3% increase in the average POT-EB interchain
distance with respect to EB. This increase is probably
due to the bulky CHj groups in POT.

4.2. Poly(o-toluidine hydrochloride). The main
peaks in the Debye-Scherrer pattern of “as-prepared”
POT-ES (TableI) can be indexed with the ES-I-like pseu-
doorthorhombic cell, shown in Figure 6. However, there
is one additional reflection at d ~ 20 A which represents
a doubling of the chain axis periodicity. The ¢ parameter,
corresponding to one zigzag period of the POT chain, is
9.9 A. Comparing with ¢ = 9.6 A for ES-I, we conclude
that the C-N-C angle of POT-ES is larger. This increase
is likely due to steric interactions between hydrogen and
methyl groups of neighboring benzene rings. It is noted
that the ~20-A reflection disappears upon dedoping and
subsequent redoping. This suggests that this in-chain
superlattice periodicity, which is lost upon dedoping and
not regained upon redoping, could be due to the long-
range order in the methyl group orientation being de-
stroyed in this process.

The interchain order is not as well defined in POT-ES
as compared with ES-I. Anasymmetricreflection is visible
where the (100) peak is anticipated. Such a feature could
be explained by a broadening of the (100) reflection in
directions perpendicular to a*. In contrast, the (010) and
(110) reflections remain clearly defined. However, the
(110) reflection is significantly broader when compared
with the equivalent one in ES-I. The (010) reflection is
not significantly broadened. This means that there is
probably a distribution of a* direction in the diffraction
pattern, which is more likely due to shear displacements
(probably along a) of neighboring (a,c) planes of polymer
chains in the ES-I-type structure (see Figure 6). This
could be caused by disorder in the placement of Cl~ ions
due to some randomness in the position of the methyl
groups caused by ring flips. When dg;0 and d;¢ distances
of redoped POT-ES and ES-I are compared (Table I), we
notice that, as in the base form, the average interchain
spacing is larger in POT-ES by ca. 5%.

Apart from the resemblance of the Debye-Scherrer
patterns of “as-prepared” ES-1 and POT-ES, perhaps the
strongest argument for the similarity of their structures
is somewhat parallel evolution of their X-ray patterns
(Figure 4) and d spacings (Figure 5) with doping level.
Figures 4 and 5 can be compared with Figures 4 and 5,
respectively, in ref 12. In both materials the dog; and dg1o
distances increase with increasing doping level whereas
di1o decreases. However, while the d spacings of POT-ES
vary for the entire [Cl]/[N] range, it was noticed previ-
ously!? that those of ES-I saturate above x. ~ 0.2-0.3.

5. Implications for Electronic Phenomena

The structure of the POT-EB-POT-ES system is very
close to that of the EB-I-ES-I system. This similarity
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makes possible meaningful comparisons of electronic
properties between the two. In particular, the increase of
the electron localization in POT-ESS can be explained by
the increase of the interchain spacing and of the inter-
chain disorder reducing the rate of interchain electronic
transfer and by the increase of intrachain disorder reducing
the in-chain scattering time. The change of parameters
is due to the presence of the bulky CH; groups, and the
disorder is certainly caused by some randomness in their
placement. Due to this last feature correlated disorder in
the ring tilt angle and in the position of the Cl- ions will
also be present.

As discussed in the Introduction, though the electronic
structures of POT-ES and PAN-ES appear to be nearly
identical, their transport properties are dramatically
different, with POT-ES having one-dimensional localiza-
tion® and PAN-ES showing features of three-dimensional
delocalization.l” The direct similarity of the ES-I and
POT-ES structures allows conclusions to be drawn con-
cerning the criteria for truly metallic polymers. The POT-
ES structure differs from that of PAN-ES-I only in terms
of a ~5% increased interchain separation and reduced
interchain order. Thislends strongsupport for the critical
role of the relative size of the interchain conduction
electron transition rate as compared with intrachain
scattering rate. The improved order and decreased in-
terchain separation of PAN-ES-I with respect to POT-ES
are sufficient to take the former polymer to the edge of
three-dimensional delocalization within crystalline regions
while POT-ES remains one-dimensionally localized. Itis
noted that similar criteria for three-dimensional delocal-
ization to achieve the highly conducting metallic state
apply to other polymers including polyacetylene, where
recent magnetoresistance studies!® demonstrate that the
conduction electrons are only weakly localized. It was
also proposedi? that, correlated with simultaneous changes
of d spacings and transverse diffusion coefficient of the
carriers with x, ES-I undergoes a localization—-delocaliza-
tion electronic transition at about x..

6. Conclusions

The POT-EB-POT-ES system is structurally similar
to EB-I-ES-I. Thissimilarity makes possible meaningful
comparisons of transport and other properties.%!7 In
particular, the increased electron localization in POT-ES
can be explained by increased interchain spacing and
increased interchain disorder in poly(o-toluidine).
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