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Abstract

Inelastic neutron scattering spectra have been measured from 16 to 4000 cm ™! for various polyaniline samples at 30 K:
the emeraldine-base and the emeraldine-salt, the ring-deuterated analogues and their hydrated forms. The spectra of the
totally hydrogenated samples are dominated by bands due to protons bound to the aromatic rings. The spectrum of the
ring-deuterated base reveals that most of the remaining protons are not bound to nitrogen atoms. There is a continuum of
intensity due to the recoil of free particles with mass 1 amu. In the emeraldine-salt additional protons (H*) are trapped in
very shallow potential-wells with dissociation threshold ~ 300 cm ™. At energy transfer greater than this threshold, these
protons are free to recoil. The spectra of the hydrated samples reveal that free entities are not trapped by water molecules.
These new dynamics are tentatively related to the electronic structure and conductivity of these polymers. These are
supposed to be determined by the position of the electronic state of ““HO" entities relatively to the half-filled w-band of the
metal-like form of the pernigraniline-base. In the emeraldine-base electrons transferred from “H°"* entities to the
conduction band give an insulator with a totally-filled band and a gas of H* entities. In the emeraldine-salt the electronic
state of “"H®"" entities is lowered. The structure is that of a metal-like half-filled band with a gas of “*H°”’ entities and
weakly bound protons.
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1. Introduction understood by considering their conjugated carbon
backbones [1,2]. This is not the case for polyanilines
where protonation of the nitrogen atoms gives access
to several derivatives with changes of electronic
conductivity (o) over ten orders of magnitude, rang-
ing from insulators or semiconductors (e.g., the
emeraldine-base with ¢ < 107% S cm™ ') to metal-
like (e.g., the emeraldine-salt with o> 107" S

* Corresponding author. cm™"), depending upon the oxidation level, the pro-

Polyanilines obtained from mild oxidation of ani-
line in acidic media are unusual members of the
class of conducting polymers. For many other mem-
bers of this class (e.g., polyacetylene, polydiacety-
lene and polythiophene) electronic properties are well
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tonation degree and the hydration state [3—11]. The
metal-like form is also a proton conductor (o, ;. ~
1072 S em™ ') [7]. Various models have been pro-
posed to account for this particular behaviour [12].

The term ‘‘polyaniline’’ is descriptive of a class
of polymers derived from the virtually non-conduct-
ing base forms which are represented as mixtures of
benzoid and quinoid entities ( p-phenylenaminei-
mine) according to the general chemical formula (I)
in Scheme 1. This view is supported by experimental
techniques such as infrared and Raman [13,14] and
CPMAS NMR [15,16). The averaged oxidation state,
given by the parameter x,, depends on the synthesis
process. This can be varied from x,=0
(leucoemeraldine) to x,=1 (pernigraniline). The
polymerisation degree, n, is difficult to measure
since polyanilines are almost insoluble in organic
solvents. However, spectroscopic studies revealed no
significant contribution of end-groups [17].

The emeraldine-base consists of equal numbers of
reduced and oxidised repeat units (x, = 0.5). It has
been suggested that this polymer tends to be com-
posed mainly of alternating amine and imine units
[17,18]. Clustering of only those units which are
present in larger number occurs in samples having
oxidation states x, # 0.5.

Polyanilines are unique among conducting poly-
mers in that the base-forms (I) having x,> 0 are in
a partially oxidised-state, even though there is no
excess charge on the backbone. Thus these forms can
be doped by nonoxidising protonic-acids. Protona-
tion is supposed to increase hydrogen-bearing nitro-
gen atoms at the expense of the imine form. Imine

nitrogen atoms (N=) are protonated and positive
charge is transferred to the backbone. Mobile charge
carriers are generated after internal reorganisation of
the electron density [18]. The emeraldine-salt con-
taining a fraction p of protonated imine-quinone
groups is represented with bipolaron entities [for-
mula (II) in Scheme 1]. With strong acids, like
HCIO,, HCI or H,SQ,, all the imine-quinone groups
are protonated ( p = x,). For these emeraldine-salts
the conductivity at room temperature is increased by
~ 10 orders of magnitude and a metal-like Pauli
paramagnetic-susceptibility appears [19]. XPS, EPR
and NMR measurements [19-22] suggest that most
of the electric charges are on the N and not on the C
atoms. It has been proposed that disproportionation
of the protonated polymer (II) gives mainly the
semiquinone-radical cations or polarons. In the par-
ticular case where x,= 0.5, this can be written as
formula (III) in Scheme 1. In this formal structure,
the unpaired electron spins are believed to reside
mainly on the nitrogen atoms located near the counter
ions A~. Charge hoping among fixed polaron and
bipolaron sites could be the primary charge-transport
mechanism in the lightly protonated emeraldine-bases
[19]. At high protonation (doping) levels, polarons
are arrayed to form a lattice with metal-like transport
within the partially-filled polaron energy-band.

Amine nitrogen can also be protonated, but this
process does not contribute charge to the system
[18].

Though the key role of protonation in conducting
properties of polyanilines was largely evidenced,
studies of the proton dynamics are rather limited

{CH)—NH—CH)»—NH—], , [ «(CH,) ~N=(C;H,)=N—1,}, (0]

reduced unit

oxidised unit

{FACH)»—NB—CH)—NH], ;o[ «CeH—N 'H=(CH)=N"H—], [2A7,

[—(C6H4)’_N=(C6H4)=N"]xo.p ba an
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{—{(CH)—N"H —~CH)}—NH—CH,)—N"H (CH)—NH—}, (1

Scheme 1. Chemical formula for various polyanilines.
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[23-28]. Infrared spectra of the ~ 50% protonated
base (metal-like) revealed an intense and broad band
at ~ 1100 cm~' with sharp transmission windows
whose frequencies correspond to narrow Raman
bands [26,27]. This band was tentatively assigned to
the proton stretching-mode of a rather strong
N..H...N hydrogen bond with N..N ~ 2.5 A. This
was thought to support the polaronic model, and
systematic studies suggest that this band and the
electronic conductivity appear simultaneously. How-
ever, this band is only slightly changed upon deutera-
tion and alternative interpretations cannot be ruled
out. Besides, hydrated polyaniline (up to ~ 20
weight%) showed no significant change in the in-
frared despite a slight increase of conductivity. More
recently, it has been shown that spectra in the in-
frared are dominated by reflection rather than ab-
sorption and data were re-analysed consequently [28].
However, since the various signals cannot be distin-
guished easily, infrared spectroscopy provides am-
biguous information, that concerns primarily the sur-
face of the polyaniline samples. Raman spec-
troscopy, on the other hand, is hampered by reso-
nance effects due to the very broad electronic ab-
sorption from UV to near infrared.

Inelastic neutron-scattering (INS) spectroscopy is
the only technique which may provide clear informa-
tion on proton dynamics in polyanilines. Because the
scattering cross-section of hydrogen atoms is about
ten times greater than that for C and N atoms, the
spectra are dominated by signals due to proton mo-
tions, and totally free of side effects encountered
with optical techniques (namely, reflection or reso-
nance). This proton selectivity can be further ex-
ploited because deuterium atoms have a very much
smaller cross-section than protons. Specific deutera-
tion of the conjugated rings provides a detailed view
of the dynamics for protons involved in the conduc-
tion mechanisms. Therefore, INS is anticipated to
give simpler spectra which can be analysed with
more confidence. So far, proton dynamics in polyani-
lines have been studied only partially with INS
[29.30]. Previous spectra obtained with fully hydro-
genated samples were dominated by bands involving
the CH groups and it was difficult to identify bands
specific to mobile protons. INS spectra of partially-
deuterated materials are of great interest in this
context.

We have thus undertaken INS studies of polyani-
lines and their ring-deuterated analogues with vari-
ous protonation and hydration degrees. In this pre-
sent paper, we report spectra of the emeraldine-base
(xo=05, p=0), emeraldine-salt (x,=0.5, p=
0.5) and the hydrated analogues.

2. Experimental

The emeraldine-salt (SH) and its ring-deuterated
analogue (SD) were chemically prepared in solutions
containing sulphuric acid [31]. Aniline was purified
by trap to trap distillation under dried argon-atmo-
sphere. 12 cm® of aniline were added to 150 ml of
1.5 N HCL. A solution containing 30 g of ammonium
persulfate, (NH)S,Oq, in 150 ml of 1.5 N HCI was
added slowly at ~ 0°C. The polymer was then fil-
trated and washed with water and methanol. The
emeraldine-base (BH) and the ring-deuterated ana-
logue (BD) were obtained after neutralisation of the
corresponding salts with ammonia in aqueous solu-
tion. The salts were obtained from solutions in HCI
0.5 N. Another sample (S'H) was cast from a solu-
tion in H,SO, at 95% with CH;OH. The hydrated
samples were obtained after desiccation under static
vacuum. The dried samples were pumped under
vacuum until constant weight. The loss of weight
was ~ 60%. Elemental analyses (Table 1) are in
accord with the chemical formula of polyanilines,
within ~ 7%. For the emeraldine-salt the amounts of
ClI atoms confirm the anticipated protonation degree:
p = 0.5 £+ 0.05. The amount of water is much greater
for the salt than for the base.

INS spectra were obtained with the TFXA-spec-
trometer at the ISIS pulsed neutron-source (Ruther-

Table 1
Elemental analysis in weight % of the fully hydrogenated polyani-
lines dried under vacuum. See Section 2

Sample C H N O Cl H,O Stoichiometry
(approximated)

Salt  53.6 5.2 10.6 13.5 12.0 14.1 ~(C4H,NH-H,0),
(SH)

Salt  53.8 5.1 10.9 13.8 11.6 13.7 ~(C¢H,NH;H,0),
(S'H)

Base 75.1 50145 42 02 26 ~(C,H,NH:0.25H,0),
(BH)
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ford Appleton Laboratory, Chilton, UK). The resolu-
tion was Aw/w~ 2%. About 5 g of sample were
wrapped in aluminium foil and then loaded in a
closed-cycle refrigerator at ~ 30 K. Spectra were
converted from time-of-flight to energy-transfer ac-
cording to standard procedures. Intensities were
renormalised according to the amount of sample in
the beam.

3. INS spectra and proton dynamics
3.1. Emeraldine-salts

The INS spectra of the fully-hydrogenated
emeraldine-salts prepared by two different synthesis
routes (Fig. 1A and Fig. 2) are quite similar. They
are dominated by well defined bands between 400
and 2000 cm ™' due to CH bending (out-of-plane at
820 and 975 cm ™', in-plane at 1170 and 1275-1350
cm™!, see Table 2) and aromatic-ring modes (420,
525, 610 and 720 cm™'). Weak bands at about 1500
cm™' may correspond to CN or CC-stretching modes
mixed with CH vibrations. The CH-stretching modes
are clearly observed at ~ 3150 cm™'.

Weak bands at 280 and 345 cm ™' are assigned to
vibrational modes of the polymer chains. Below 200
cm™ ! rather broad density-of-states are observed for
the lattice modes. INS intensities for the modes of
the aromatic rings and polymer backbone are due to
dynamical coupling to proton vibrations and/or pro-
ton-riding effects. Below ~ 400 cm™' the INS spec-
tra in Fig. 1A and Fig. 2 are almost identical. Only
tiny differences are observed for the very weak

T

Intensity (a. u.)
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Fig. 1. INS spectra of the emeraldine-salt at 30 K. A: totally
hydrogenated (SH). B: ring deuterated (SD).

Intensity (a. u.)

0 1000 2000 3000 4000
Energy Transfer (cm™")

Fig. 2. INS spectrum of the emeraldine-salt (S'H), cast from
sulfuric acid, at 30 K.

bands at 280 and 345 cm™'. Structures and dynam-
ics, as revealed by INS, are almost independent of
the synthesis process.

For the ring-deuterated analogue (Fig. 1B), all the
bands due to CH-modes coupled to the ring vibra-
tions are shifted downwards below 1000 cm™'. As

Table 2

Band frequencies (cm ') and tentative assignments for the fully
hydrogenated emeraldine-base and salt (hs) and their partially
deuterated analogues (hd ) at 30 K

Salt-hs Salt-hd, Base-hy Base-hd, Assignments
90m  Ow 95m 95w lattice

380vw 385vw  380vw 380vw  chain + ring + CH bending
420m 460vw 425m  440vw  chain +ring + CH bending
525m - 530m - ring + CH bending

610w — 592vw  — ring

- - 637vw  — ring

720w — 720w - ring

- 630w - 630w yCD+H,0

820s — 830s - yCH

980s — 960s - yCH

- 845w - 830w 8CD

— - - 1035w

- - 1134m — S8CH + ring + vCN

1175s  — 1180s - 8CH +ring + vCN
1280m -~ 1300m - 8CH +ring+ vCN
1350m - 1400w — 8CH +ring+ vCN

- 1230vw  — 1230vw  H,0

1500w 1500vw 1500w 1500vw pCN+ 6CH +ring
1635m 1630m 1630w 1635w  H,0O
- 2330vw  — 2335vw  vCD
3150m - 3125 - vCH

s: strong; m: medium; w: weak; v: very.
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anticipated, intensities of CD modes are dramatically
weaker than those of CH modes. The CD-bending
modes give weak bands at 630, 845 and 1035 cm ™',
on the top of a broad band extending itself from 400
to 1000 cm™'. From the frequency point of view,
this band and weaker bands at 1225 and 1630 cm ™'
might correspond to the proton stretching and bend-
ing modes of rather strong hydrogen bonds [32,33].
However, intensities do not confirm this assignment
scheme. The broad band from 400 to 1000 cm™! is
much more intense than the band at 1630 cm™'
which is itself more intense than the band at 1225
cm™'. In contrast to this, similar intensities have
been observed for the three proton modes in hydro-
gen-bond complexes [34,35]. Finally, these bands are
more likely due to water molecules in accord with
the elemental analysis (Table 1), and, eventually, to
very small amounts of protons engaged in strong
hydrogen bonds (e.g., N..H..N). It is likely that
these features already exist in the fully hydrogenated
sample, underneath the CH-bands.

For all samples, there is a continuum of intensity
underneath the bands discussed above. By analogy to
previous works [36-39], this continuum is attributed
to the recoil of free particles with mass ~ 1 amu.
This is the most straightforward evidence for mobile
proton-like entities in polyaniline. In the observed
spectral-range, there is no visible intensity cut-off at
low frequency. Therefore, these particles are not
bound to any local potential-well with dissociation
threshold greater than ~ 20 cm™'. They behave as a
gas of free particles. However, INS does not provide
any information on the effective electric-charge of
the recoiling entities. It is not possible to distinguish
between H*, H® and H™, or any intermediate entity.

The intensity of the continuum is significantly
depressed in the ring-deuterated sample, compared to
the fully-hydrogenated one. A naive interpretation
would conclude that there are less free entities in the
deuterated sample. However, ring protons are not
anticipated to contribute to recoil. Moreover, the INS
spectra confirm that CD groups do not exchange
spontaneously with protons. Therefore, ring-deutera-
tion does not affect the amount of mobile entities. In
line with previous works [38,39], this decrease of
intensity is a consequence of the Doppler broadening
of the recoil spectrum along the momentum-transfer
coordinate (see Section 4).

Table 3

Comparison of INS integrated intensities in arbitrary units for the
emeraldine-salt. /, is the spectral intensity integrated from 16 to
4000 cm ™', normalized for 10 g of sample in the beam. /, is the
integrated intensity after subtraction of the continuum. /, is the
integrated intensity for the continuums. p, and p, are the esti-
mated numbers of protons per chemical formula units. Stoi-
chiometries are those obtained from elemental analysis (see Table

1)

Salt
(C4H,NH-H,0), (C¢D,NH-H,0),
Iy 4730+ 17 1940 + 8
Po 68(~7 28(~3)
1, 2060 + 34 750+ 16
P 63(~6) 23(~2)
1 2670 + 34 1190 + 16

For the ring-deuterated emeraldine-salt, bands that
could be attributed to protons bound to N atoms are
almost invisible. Compared to the fully-hydrogenated
analogue, 1/5 protons remains in the partially-de-
uterated sample. Therefore, if protons were bound to
N atoms, each mode intensity should be comparable
to one of those bands corresponding to the CH-bend-
ing modes in the fully-hydrogenated derivative. The
band at 1630 cm™' is too weak to correspond to a
single degree of freedom. Compared to the CH-mode
intensity, we estimate that this band would corre-
spond to only ~ 25% of protons bound to nitrogen
atoms, if the contribution of water molecules is
neglected. Consequently, the actual value is probably
very much less. Most of the protons are free and
contribute to the continuum intensity.

This is confirmed with INS intensities. The differ-
ence between intensities integrated over the whole
spectral-range (I, in Table 3) for the fully-hydro-
genated salt and its deuterated analogue corresponds
to the contribution of the four protons bound to the
aromatic rings. This gives the averaged intensity per
CH-mode of ~ 700 + 10 a.u. The amounts of pro-
tons in the samples calculated with this value (p, in
Table 3) compare very favourably to the elemental
analyses (Table 1). The same analysis was performed
with integrated intensities after subtraction of the
continuum defined as an horizontal line at the mini-
mum intensity for each spectrum (/, in Table 3).
The estimated numbers ( p, in Table 3) confirm that
only a minor fraction of protons is bound to the
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nitrogen atoms. Finally, it is confirmed that the
continuum is approximately twice more intense for
the fully-hydrogenated sample than for the ring-de-
uterated one (see below).

3.2. Emeraldine-base

The INS spectra of the emeraldine-bases (Fig. 3)
are very similar to those of the corresponding salts.
For the fully hydrogenated sample (Fig. 3A), the
main bands due to CH bending and ring modes are
slightly broader. Some of them reveal partially re-
solved structures which could be related to the mix-
ture of benzoic and quinoidal rings [see formula (I)
in Scheme 1]. However, the lack of significant fre-
quency-shift for the modes of the aromatic rings at
420, 520, 610 and 720 cm~' precludes a clear
identification of these two forms. Furthermore, it is
not straightforward to rationalise the evolution of the
proton bending-modes in terms of two distinct chem-
ical species. The CH out-of-plane bending at 955
em™! is shifted downwards by ~ 20 cm™', com-
pared to the salt, whilst the other out-of-plane bend-
ing at 830 cm™' is virtually unchanged. The CH
in-plane bending, observed previously at 1160 cm ™'
for the salt (Fig. 1A), splits into two bands at 1130
and 1185 cm™! in the emeraldine-base. On the other
hand, the doublet at 1275-1350 cm™' for the salt
merges into a single band at 1315 cm ™" for the base
(Fig. 3A). Surprisingly, the bands at about 1500
cm™! containing CC and/or CN stretching vibra-
tions are not affected by protonation. The CH

stretching is shifted downwards by ~ 40 cm™' in

[
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0 1000 2000 3000 4000
Energy Transfer (cm’')

Fig. 3. INS spectra of the emeraldine-base at 30 K. A: totally
hydrogenated (BH). B: ring deuterated (BD).
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[ntensity (a. w.)

] 1000 2000 3000 4000
Energy Transfer (cm™')

Fig. 4. Comparison of the INS spectra of the partially deuterated
emeraldine-salt (SD, curve A) and base (BD, curve B) at 30 K.

the emeraldine-base. Chain modes and lattice den-
sity-of-states below 350 cm ™' are very similar for all
samples. There is no obvious relationship between
these observations and the molecular structure (I).

The broad band between 400 and 1000 cm™',
including the weak ring-deuterated modes, and bands
at 1225 and 1630 cm ™! are similar to those observed
for the salt, but much weaker. This is in line with the
much smaller amount of water in the base (see Table
1). There is virtually no evidence for protons bound
to nitrogen atoms. The continuum of intensity due to
recoil of free particles with mass ~ 1 amu is still
clearly observed.

A detailed comparison of the spectra of the par-
tially-deuterated emeraldines (Fig. 4) reveals that the
continuum of intensity is a minimum at ~ 300 cm ™'
for the salt, whereas it is approximately a constant

Intensity (a. u.)

L

0 1000 2000 3000 4000
Energy Transfer (cm™')

Fig. 5. Difference spectrum obtained after subtraction of the
spectrum of the emeraldine-base (Fig. 3B) from that of the
emeraldine-salt (Fig. 1B).
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for the base. This view is confirmed with the differ-
ence spectrum of the two samples (Fig. 5). At ~ 300
cm™!, intensities are virtually equal for both sam-
ples. Below this frequency, the density-of-states are
superimposed to the continuum of the base. Above
~ 300 cm™', the continuum intensity remains ap-
proximately a constant for the base, whilst it in-
creases for the salt. These observations suggest that
the recoiling particles are totally free in the base,
whilst additional protons in the salt are bound in
shallow potential-wells with dissociation thresholds
of ~300 cm™' (see below).

3.3. Hydrated samples

The INS spectrum of the hydrated emeraldine-salt
(Fig. 6) is dominated by bands specific to a rather
well crystallised form of water, similar to Ice Ih
[40,41]. In the translational region (below 400 cm™1),
the acoustic modes give a very sharp peak at ~ 56
cm~! with a very weak shoulder at ~ 100 cm™ .
The weaker peaks at 141, 228 and 285-307 cm™!
have been attributed to O...0 stretching modes [40].
All these bands have counterparts in the infrared and
Raman spectra of Ice Th. At higher frequency, the
density-of-states of the optic molecular modes of Ice
Th are observed between ~ 500 and 1100 cm™' with
the very sharp low energy cut-off at ~ 550 cm ™'
and maxima at 570, 640, 830 and 960 cm™'. They
correspond to librations of water molecules. The
broad band at ~ 1600 cm™' is attributed to the
internal bending-mode of water molecules. Ill-de-

Intensity (a. u.)

[ 1000 2000 3000 4000
Energy Transfer (cm™')

Fig. 6. INS spectrum of the hydrated emeraldine-salt (SH) at 30
K. The dashed line defines the continuum of intensity tentatively
attributed to proton recoil.

6 T T

Intensity (a. u.)

0 1000 2000 3000 4000
Energy Transfer (cm™')

Fig. 7. INS spectrum of the hydrated emeraldine-base (BH) at 30
K. The dashed line defines the continuum of intensity tentatively
attributed to proton recoil.

fined broad bands above 2000 cm™' are due to
overtones and combinations. The stretching modes
are barely visible at ~ 3300 cm ™',

The spectrum of the hydrated emeraldine-base
(Fig. 7) is also dominated by bands due to crys-
tallised ice-like water. The main difference between
the two spectra is a significant decrease of intensity
above ~ 600 cm~' for the non-protonated sample
compared to the protonated one (compare Figs. 6 and
7).

Finally, these spectra reveal continuums of inten-
sity very similar to those observed for the dried
samples. Therefore, the dynamics of free particle is
not significantly changed by water molecules.

4. Proton recoil

In order to analyse the dynamics of free particles
in polyanilines, it is necessary to refer to previous
INS works with the TFXA-spectrometer on man-
ganese dioxide (y-MnO,) [36], which is also a pro-
ton conductor, and coals [37] that have revealed a
similar recoil of particles with mass ~ 1 amu. These
entities are not chemically bound to any particular
atom. Instead, they behave as gas of free particles.
Because the final state is free, neutrons are scattered
at any energy-transfer values and give a continuum
of intensity. In contrast to this, discrete energy-trans-
fer values occur for bound oscillators.

A major limitation of the TFXA spectrometer is
that momentum (Q) and energy-transfer (£ w) are
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correlated according to: fw~ 16Q° (with the en-
ergy and momentum transfer in cm™' and A
units, respectively). Q is the vector difference be-
tween the incident and scattered wave-vectors |k;| =
2m/A; and |kjl=27/A;, where A; and A; are the
incident and scattered wave-lengths, respectively.
This trajectory in the (Q,w) space, corresponds to
the maximum in the scattering-function for particles
with mass ~ 1 amu, either oscillating (bound) or
recoiling (free) and is often referred to as the *‘pro-
ton recoil line’’. However, measurements over a
large range of momentum-transfer provide a detailed
view of the dynamics of free entities [38,39]. The
variation of the INS spectral intensity with @ (i.e.,
the angle at which the scattered neutrons are mea-
sured) yields the full scattering-function S(Q,w)
which contains spatial information on the wave-func-
tion.

For free particles, the scattering function can be
calculated within the impulse approximation, [42,43]:

5(Q.o)
5?2 52
= In(p)8| kot s—pl = ——(p+0)°|dp
m 2m

(D)
The & function expresses the conservation of the
kinetic energy which applies to the collision between
the nucleus with mass m and the neutron [42]. The
kinetic-momentum distribution in the ground state is
n(p). In this section, we shall consider two models:
the gas of free particles and particles in a shallow

potential well. A more detailed discussion is pre-
sented in Ref. [39].

4.1. Gas of free particles

For a gas of free particles with the Maxwell-
Boltzmann distribution of kinetic-momentum, the
scattering-law is [42,43]:

5(Q.w)

1 1/2
=|——— — ho-Eg)’
(4wERkT) P~ agr e Ex)
(2)
where:
ﬁZQZ
Ex=thow, = 3
R g m (3)

Ey is the recoil energy. The INS spectrum of such
particles is a ridge of intensity which is a maximum
along the recoil line defined by Eq. (3). Since the
TFXA-spectrometer measures the narrow slice of
(Q,w) space along the recoil line for m =1 amu,
free protons manifest themselves as a continuum
with maximum of intensity proportional to
(EgkT)™'/2. Alternatively, for effective masses
greater than 1 amu, the TFXA-spectrometer gives
parabolic spectral profiles for recoiling entities [44].

S(Q,w) maps of intensity previously obtained for
coals [38] and y-MnO, [39] have revealed that the
width of the recoil line is more than one order of
magnitude greater than that anticipated for an iso-
lated gas of free protons at the temperature of the
sample. Different models have been considered: ideal
gas obeying Maxwell-Boltzmann or Fermi statistics,
multiple scattering, phonon wings, protons trapped in
shallow potentials and quantum correlations between
free and bound protons. None of them is satisfactory.
Finally, Doppler broadening by the zero-point mo-
tions of the lattice provides a satisfactory theoretical
framework to represent recoil spectra. Free particles
are represented as planar-waves with kinetic momen-
tum distribution n,,( py) corresponding to that of an
ideal gas at thermal equilibrium. At very low temper-
ature particles are virtually at rest with respect to the
lattice referential which is still oscillating with re-
spect to a ‘‘fixed’’ laboratory-frame. This corre-
sponds essentially to the zero-point energy of the
lattice modes. These collective oscillations are repre-
sented as phonons, i.e., planar-waves, with distribu-
tion of kinetic momentum:

€U

1/2

(o= (222) ea(-antwd) @
where (U?) is the averaged mean-square amplitude
of the lattice modes. All together, n,(p,) and
ny(py) form the total density-of-states which is
probed by neutrons. The scattering-function is merely
the convolution of the recoil spectrum for a gas of
protons with the kinetic-momentum distribution of
the lattice modes. For mkT < (U2 ))™":

2ZME,
S(Q.w) a= CXP[—2(|QI— ——ﬁ—)<U5>

X 8(hw— Eg) (5)
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The intensity at maximum is largely independent of
the energy-transfer value, in accord with the INS
spectra. This broadening mechanism can be com-
pared to the Doppler effect. The wave-vector for the
incident neutrons is defined with respect to a ““fixed”’
laboratory referential. For a given value p,, the
incoming wave-vector experienced by free protons
(k; — py) is either blue or red shifted, depending on
the mutual orientation of the two vectors. The mo-
mentum effectively transferred to free particles (Q,,
= k; — p, — k) is different from that transferred to
the whole sample: Q = k; — k;.

Within the harmonic approximation, (U?) a
(L, mv,y”", where u, and v, are the effective
masses and frequencies for lattice modes. Because C
and N atoms are much heavier than protons, the
averaged mean-square amplitude for lattice modes is
largely dominated by modes due to bound protons
and with mean square amplitude {uz) ~1X 1072
A2, Therefore, (U2) ~ (u}) ~ 1 X 1072 A2, For the
partially deuterated samples, the averaged mean-
square amplitudes for lattice modes are dominated
by deuterium atoms and (U?) is roughly divided by
a factor two. Therefore, according to Eq. (4), the
width of the recoil line is about twice larger for the
partially deuterated sample compared to the totally-
hydrogenated derivative. Consequently, the intensity
at maximum is divided by a factor ~ 2 upon deuter-
ation. This mechanism accounts for the much lower
continuum intensity for the ring-deuterated samples
compared to the fully hydrogenated analogues (see
Figs. 1 and 3, and Table 3).

4.2. Shallow potential with a single bound state

A detailed comparison of the spectra of the par-
tially deuterated samples (Figs. 5 and 6) reveals
different proton dynamics. Above 300 cm™! the
continuum intensity for the salt is approximately
twice that for the base, as anticipated if most of the
protons recoil at high energy transfer. However,
spectral intensities around 300 cm ™! are very similar
for the two samples (Fig. 5) and the difference
spectrum confirms a dip of intensity in this region
for protons added to the salt (Fig. 6). This suggests
that these protons are trapped in a shallow potential
with a single bound (ground) state located ~ 300
cm ' below the dissociation threshold (schemati-

600

Energy (cm’')

g

o .
0.8 0.4 0 (A) 04 0.8

Fig. 8. Shallow potential function with a single bound-state,
n=0: V(x)=700(1 —1/cosh®(5.5x));, V and x are in cm ! and
A units, respectively. The bound state is at ~300 cm™' and
Ep ~ 300 cm ™! is the dissociation energy.

cally represented in Fig. 8). In this case, we can
distinguish two dynamical regimes: localised protons
for #w < E, and recoil for w > Ep.

At large energy-transfer, the scattering-law for
transitions from the ground state to the continuum
can be calculated within the impulse approximation
which applies provided the final state is free [42]. In
the isotropic harmonic case:

S(Q.w)
m 172 m )
=|— -——(how-E ;
( 4mEqu’ ) CXP[ AEqu? (ho=Ey)
ho> Eg (6)

This equation is similar to Eq. (2) with u? = mkT,
where u? is the mean square-amplitude in the ground
state. At low energy-transfer (% w < E,)) a cut-off of
intensity is anticipated. The dip of intensity observed
at ~ 300 cm™' (Fig. 6) may correspond to ~ E,.
Unfortunately, this is not sufficient for a full deter-
mination of the potential function in Fig. 8 which
includes at least 2 parameters. However, the spectra
provides some qualitative information. The contin-
uum above 2000 cm™' (Fig. 5) has almost constant
intensity, whereas it should decrease at high energy
transfer as E™'/?, according to Eq. (6). This sug-
gests that the width of the recoil line is dominated by
Doppler broadening. This may occur if u#? < (U?).
Consequently the potential minimum must be rather
flat and the wave-function in the ground state rather
extended.
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5. Discussion

The existence of free particles with effective mass
of 1 amu in polyanilines is certainly one of the most
significant output of the present work. It appears that
the naive chemical formulae (I, IT and III in Scheme
1) do not reflect the real localisation and dynamics
of protons since most of the protons associated to the
averaged oxidation state x, are not bound to N
atoms. The spectra reveal that they are largely delo-
calised. It is then logical to speculate that the corre-
sponding electrons are also delocalised. This is in
line with the fact that phenyleneamine and
phenyleneimine entities cannot be distinguished on
the time-scale of INS measurements (10~ '2-10""
s).

Therefore, a major conclusion of this work is that
the emeraldine-base can be regarded as the perni-

! " }
E —_—
i —,
N 2
L,
Pernigraniline-M Pernigraniline-SC
orr 22Nz (CeHp)z=zNoo=(CeHg) ooz =+ =N-(CgHy)-N=(CgHy)= -
(a) (b)
!
E T * T *

3.8cV

| |

Emeraldine-base

Emeraldine-salt

__._.__@_—__ ______@____

wer 22=Nzzz(CeHg)zNo=o(CeHgocs oo wwe 2:Nz(CgHg)z=N2-(CgHg) == ..

_____@____ __@__

(©) (d)

Fig. 9. Schematic energy-diagrams for the electronic states of the
pernigraniline-base (a) and (b), the emeraldine-base (c) and the
emeraldine-salt (d). The dash lines represent delocalized entities.

graniline-like structure interacting with a gas of free
hydrogen atoms ‘*H°’’. The resulting electronic
structure is determined by the relative positions of
the electronic states for ““H°> and, less likely
““H™ ", entities with respect to those for the perni-
graniline base (see Fig. 9). These electronic states
might be regarded as extremely narrow band struc-
tures.

The fully conjugated form of the pernigraniline-
base is a half-filled band system with metal-like
band-structure (pernigraniline-M or P-M in Fig. 9a).
However, it is anticipated to undergo dimerisation to
a semiconducting Peierls ground-state (pernigrani-
line-SC or P-SC in Fig. 9b). Then, the half-filled
T-band of P-M, estimated to have a width of 2.9 eV,
is split by a calculated energy-gap of 1.4 eV caused
by an effective bond-length alternation analogous to
the single-bond double-bond alternation in dimerised
trans polyacetylene [45].

The emeraldine-base (Fig. 9c) can be seen as the
insulator analogue of the pernigraniline-M. The addi-
tional electrons in the now totally-filled band are
provided by the hydrogen atoms. This occurs if the
electronic state of the ““H®’’ entities is at a greater
energy than the top of the electronic band of P-M.
The conducting band is totally filled for x, > 0.5. In
the case where x,~ 0.5, the recoiling particles are
essentially H* entities and proton conduction is
possible. Therefore, within this scheme the emeral-
dine base is an electronic insulator and could be a
proton conductor. Moreover, the emeraldine-base
gives two absorption bands due to electronic transi-
tions at 3.8 and 2.0 eV, respectively [46,47]. The
former corresponds to the w—m " transition. The
band at 2.0 eV was assigned to internal charge
transfer associated with excitations from benzoid to
quinoid moieties. In the diagram presented in Fig. 9¢
it is straightforward to assign this band to the trans-
fer of electrons from the polymer conduction band to
free protons (H*) to form free hydrogen atoms
“HO.

To account for the metal-like conduction of the
emeraldine-salt, the protonation of the emeraldine-
base should lower the electronic state of *“H®”
below the top of the conduction band. Electrons are
then transferred from the electronic-band to protons
H* to give “H®” (Fig. 9d). The emeraldine-salt
(with protonation degree p = 0.5) is thus a half-filled



F. Fillaux et al. / Chemical Physics 216 (1997) 281-293 291

band system with metal-like conduction. The recoil-
ing entities correspond to a mixture of H* and
““H®" and proton conduction is allowed. Presum-
ably, free “H°” and H* entities contribute to the
observed continuum of intensity and cannot be dis-
tinguished. They form a gas with weak electrical-
charge density.

In any case, the electronic energy of H™ entities
is likely to be much greater than that of ““H°®”
entities. However, if it were lower than the bottom of
the electronic w-band, electrons should be with-
drawn from the polymer band to form H™ entities
and the emeraldine-base should be an insulator with
an empty band. Then, the metal-like conduction of
the emeraldine-salt should involve depopulation of
the o-band at lower energy to transform H™ into
“H° and/or H™ entities. It is doubtful that metal-
like conduction could occur in this case and this
scheme is unlikely.

Whereas all protons are free in the emeraldine-
base, some of the particles are trapped in shallow
potential wells with dissociation threshold ~ 300
cm™! above the ground state in the emeraldine-salt.
Presumably these are H™ entities localised by elec-
trostatic interactions nearby the heavy counter-ions
(A7). For highly protonated-salts, as those under
investigation, the counter ions are likely to be evenly
distributed in order to minimise Coulomb interac-
tions. The shallow potential-well could be a partial
view of a quasi-periodic potential extending itself
throughout the sample.

At a very low temperature, all protons in the salt
are trapped in the shallow wells. Only ““H°*’ entities
should be free and proton conduction is negligible.
At room temperature, the dissociation-threshold is
such that the continuum is populated and a signifi-
cant amount of H™ entities is delocalised (e.g.,
~ 50% at 300 K).

Beside free and thermally delocalised protons,
there may be a small amount of bound protons
trapped in the structural defects anticipated in such
disordered systems. Presumably, they do not con-
tribute significantly to the polymer conductivity.
These protons could be involved in hydrogen bonds.

A naive view is that a gas of free hydrogen-atoms
such as *“H°” entities should react rapidly to form
hydrogen molecules. However, such molecules are
not observed despite the great sensitivity of INS,

specifically to this molecule. It transpires that the
host polymer prevents the formation of H, molecules.
Consequently, ““H®*” entities are certainly quite dif-
ferent from real free hydrogen atoms.

The INS spectra of hydrated polymers reveal
continuums of intensity quite similar to those ob-
served for the dried samples. The spectra look like
that of ice and there is no evidence for protonated
water-molecules. Apparently, the recoiling entities
are specifically associated to the polymer structure
and rather insensitive to water molecules. The in-
crease of conduction with the water content could be
related to the capability of water molecules to bridge
defects in and between the polymer chains.

Different models have been proposed to account
for the large variations of electron and proton con-
ductivities in polyanilines. Photoinduced optical
studies [47-51] have revealed long-lived massive
excitations with m ~ 60 electron-mass. These masses
and their long time-scale dynamics have been tenta-
tively related to defect-states (polarons and solitons)
associated with localised changes of the ring-
torsion-angle order-parameter: ring rotation toward
planar conformations for polarons and a reversal of
the sign of the ring-torsion-angle order-parameter for
solitons. Within this general framework, more fo-
cused models have been proposed for various oxida-
tion and protonation degrees [45]. It was concluded
that both mechanisms should occur simultaneously.
The picture for proton and electron conductions in
polyanilines which emerges from the INS studies
reported above is largely at variance from these
views: there is no evidence for single-bond double-
bond alternation, as anticipated if protons and elec-
trons were totally delocalised. Further theoretical
works including the new dynamics presented above
for free protonic entities should give a more realistic
view of the electrical properties of polyanilines.

6. Conclusion

INS spectra of the emeraldine-base and salt and
their ring-deuterated analogues provide a new insight
onto various dynamics. In all samples recoiling enti-
ties with mass ~ 1 amu are evidenced. Bands antici-
pated for the N-H groups, eventually engaged in
hydrogen bonds, are not observed with intensities
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compatible with the sample stoichiometries. It is
concluded that the corresponding protons are largely
delocalised. They give the continuum of intensity
anticipated for free particles with a mass of 1 amu.

This spectacular result provides insight onto the
microscopic mechanism that determines the elec-
tronic and protonic conductivities of the emeraldine
derivatives. Instead of the conventional representa-
tion of polyanilines with mixtures of benzoid and
quinoid entities, these polymers are better regarded
as the totally conjugated pernigraniline-base struc-
ture, with a half-filled electronic conduction-band,
interacting with a gas of hydrogen atom-like entities
“H°”". In the emeraldine-base electrons are trans-
ferred from hydrogen atoms to the conduction-band.
Consequently, this polymer is a totally-filled band
insulator interacting with a gas of free protons H™.
In the emeraldine-salt electrons are transferred from
the totally-filled conduction band to protons to form
““H®> entities. This polymer has a half-filled band
electronic structure with metal-like conduction. Ad-
ditional protons due to protonation are weakly bound
in shallow potential-wells, presumably in the vicinity
of the counter-ions (A ™). At room temperature, these
protons are thermally activated and largely free.
With the free *“H®”’ entities they form a gas of
partially charged entities which may account for
proton conductivity. All these free entities survive in
hydrated polymers.

Polarons and solitons cannot be characterised eas-
ily with INS. Even though it is not possible to rule
out definitely the existence of such charged defects,
the existence of free hydrogen atoms and protons
suggests that such defects are very few. Altermative
theoretical frameworks are needed to account for the
correlations between the protonation degree and the
electronic and protonic conductivities of polyani-
lines.
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