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Polarized vibrational density of states of polyaniline from incoherent neutron scattering:
Measurements of the phenyl-ring dynamics
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Incoherent inelastic-neutron-scattering data from stretch-aligned polyaniline (half-oxidized emeral-
dine base) films yield information on the polarized density of vibrational states in the 0—200-meV energy
range. The spectra at low frequency are dominated by phenyl-ring librational dynamics; peaks that ap-

pear in the 7—10-meV range are assigned to this kind of motion, strongly supported by polarization
analysis. These results should be pertinent to the problem of determining the nature of the ground and
charge-defect states of polylaniline.
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FIG. 1. Chemical structure of the (a) leucoemeraldine-base,
(b) emeraldine-base, and (c) pernigraniline-base forms of po-
lyaniline.

Conducting polymers are of interest because of their
electronic states and for the high conductivities attain-
able upon doping. ' Polyaniline is one of the most versa-
tile conjugated polymers. The basic chain structure ex-
ists in three insulator states: the fully reduced leucoem-
eraldine base polymer and the two oxidation states of the
basic chain, the fully oxidized pernigraniline polymer and
the intermediate oxidation level emeraldine base polymer
(Fig. l). Protonation of emeraldine base, oxidation of leu-

coemeraldine base and reduction of pernigraniline base
all result in formation of the conducting emeraldine salt
polymer. Recently the role of phenyl (C6H4)-ring tor-
sion in determining the nature of the ground and charge-
defect states was explored. Coupling of the transfer in-
tegral between nitrogen atoms and phenyl-ring constitu-
ents of the polyaniline chain to the dihedral angle of the
rings competes with a substantial steric repulsion be-
tween adjacent rings. Significant consequences of the
ring-rotational degrees of freedom exist for the electronic
structure and defect states of polyaniline. In particular,
polaronic and solitonic ring-angle-alternation defect
states may be relevant in describing the charged states in
polyaniline. With regard to this model, it is important to
obtain information about the phenyl-ring librational dy-
namics in the different states of polyaniline. The main
purpose of the present work is to provide quantitative in-
formation about the phenyl-ring dynamics, and more
generally about the lattice dynamics of the emeraldine-
base polymer. To this end, incoherent inelastic-neutron-
scattering investigations have been performed on
stretch-oriented films of polyaniline, and polarized vibra-
tional densities of states have been derived.

In previous papers, we demonstrated the feasibility of
using incoherent inelastic-neutron-scattering from
stretch-oriented cis-(CH) and trans-(CH) films to ob-
tain both polarization and energy information about the
lattice modes, even when the mosaic distribution of chain
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axes is relatively large. ' The possibility to discriminate
between modes polarized parallel and perpendicular to
the chain axis (the c axis) was established. A brief sum-
mary of the method is given here. Incoherent inelastic-
neutron-scattering is very sensitive to hydrogen motions
because of its huge cross section relative to others atoms:
o;„,(H. ) = 80 barns, rr;„,(C)=0.01 barns and o;„,(N) =0.6
barns. Thus the (C6H4)-ring motions in polyaniline con-
tribute strongly, and the polymer appears to neutrons as
a system of identical (hydrogen) atoms. In this case the
one-phonon incoherent neutron differential scattering
cross section is given by:

d cr;„,Id A d co = [o.,„,(H) /4~M]k&! k, exp [
—2 Wi ]

XS;„,(Q, c0),

where Q =k&
—k; is the wave-vector transfer (k; and k&

being the incident and scattered neutron wave vectors, re-
spectively), kii the Boltzmann constant, W, the Debye-
Waller factor and M the mass of hydrogen. Here co) 0
corresponds to neutron energy gain.

The scattering function S;„,(Q, co) contains the product

Qej (q) where ej (q) is the normal mode displacement vec-
tor of the dth hydrogen atom in the mode j for a wave
vector q in the first Brillouin zone. This product leads to
a selection rule specifying the polarization of the modes
contributing to S;„,(Q, cu), depending on the orientation
of Q with respect to the chain axis (the c axis) of the
stretch-oriented polymer. By using two distinct experi-
mental geometries, called in the following C~ and C~~, it is
possible to discriminate in the density of states between
vibrational modes polarized along the chain from those
with transverse polarization with respect to the chain
axis. In the first geometry, referred as Cz, the c axis is
normal to the plane [Fig. 2(a)] and the Q vector is always
normal to the c axis for all scattering angles 20 (Qi
configuration). Consequently, information about the dy-
namics of transverse modes is uniquely derived and the
incoherent spectra are independent of scattering angle.
In the other geometry, the c axis lies in the scattering
plane and it is 135' away from the incoming beam [Fig.
2(b)]. In this geometry (referred to as C~~), motions polar-

FIG. 2. Experimental geometries (incident wave vector K;,
scattered wave vector K~). (a) C& geometry, the average c chain
axis is normal to the figure thus Q is perpendicular to the chain
axis. (b) C~~ geometry, Q is quasinormal to the chains for small
scattering angles, but it is parallel to the chains for large scatter-
ing angles.

ized along the c axis can be observed for large scattering
angles (20=90'—110',

Q~~ configuration) and transverse
motions with respect to the chain axis are observed for
small scattering angles (29=20', Qi configuration). For
very large energy transfer, strong mixing of longitudinal
and transverse excitations occur in the C~~ geometry at
large scattering angles. However, since the C~
configuration gives only a Qi response, comparison of the
two spectra still permits a separation of the two polariza-
tions at large E.

In the incoherent approximation, S;„,(Q, ro) is related
to a generalized density of vibrational states G(E) as
shown in Ref. 7. In the following, we focus on the anisot-
ropy of G(E), a generalized density of states corrected
for multiphonon processes. ' We analyze in detail the
dependence of G(E) on scattering angle for each experi-
mental geometry.

Spectra were recorded at T =295 K and T = 150 K at
the Institut Laue Langevin (ILL, Grenoble, France) with
the IN6 time-of-Right spectrometer. The incoming neu-

0

tron wavelength was 5.12 A. The instrumental resolution
was about 100 peV for small energy transfer, but rapidly
decreased with energy transfer.

Stretch-oriented polyaniline films were prepared using
the procedure described in Ref. 8. The c-axis mosaic full
width at half maximum of individual film was about 7',
(the a and b axes were randomly oriented in a plane nor-
mal to c). In order to obtain about 150 mg of polyaniline,
about 50 films were assembled into a cylindrical container
fitted with an indium gasket in such a manner as to not
seriously degrade the mosaic. To improve the signal to
noise ratio, spectra measured for scattering angles in the
range [

—10', 10'] around an average scattering angle 20
have been summed. With regard to the sample mosaic,
this summation does not affect the anisotropy of the spec-
tra (this summation gives the same effect as oscillating a
perfect crystal).

In the following we discuss data obtained for three
average scattering angles 20, referred to as

a ~20=20, b ~20=45, and c ~20=92

In Fig. 3(a) are displayed the elastic parts (neutron
diffraction) of the spectra in the Ci and C~~ geometries, re-
spectively. A comparison is made with x-ray diffraction
from an individual film [Fig. 3(b)]. In agreement with the
x-ray data, two distinct peaks are observed in the C~
geometry, at 1.35 A and 1.61 A '. They can be as-
signed to the (110) and (200) Bragg peaks, respectively.
In this geometry, due to the isotropic distribution of a
and b axes in the scattering plane, the Bragg condition is
always satisfied for the elastic part of the neutron scatter-
ing, analogous to diffraction from a two-dimensional (2D)
powder. In contrast, in the C~~ neutron geometry the
Bragg condition is not satisfied for the (002) peak
(Q = 1.26 A ') which is observed in the x-ray profile
[Fig. 3(b)]. Indeed in the neutron experiment the sample
is fixed, the angle between K; and c is 135', and the

0

Q = 1.26 A peak corresponds to a scattering angle
20=61'. Then the related Q transfer vector does not lie
along the e axis, violating the Bragg condition for the
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TABLE I. Energies (meV), wave numbers (cm ') of peak maxima
in G(E).

)&
0 ~ 0350 T= 150 K

meV cm

7.0
10.0

56.0
80.0 Phenyl-ring librations

0.0175

19.0 152.0 N-H. . .N stretching mode?

53.5
67.0

428.0
536.0 in-plane ring deformations

E
T

0.0000

0 ~ 0350

to C Hout--of-plane bending modes (transverse motion
with respect to the chain axis) while the band around 150
meV corresponds to C Hin-pl-ane bending modes (longi-
tudinal motion with respect to the chain axis).

In Fig. 5 the low-frequency part of G (E) is more clear-
ly displayed. In contrast to the high-frequency region, no
polarization dependence is evident. More precisely,
changes in the G(E) profiles with scattering angle are ob-
served in the two geometries, however for a given scatter-
ing angle 20 the G (E) measured in C~ and C~~ geometries
are very similar. The breaking of the selection rules dis-
cussed above (and confirmed in the high-frequency range)
clearly mean that the low-frequency densities of states
cannot be attributed to purely transverse or longitudinal
modes. The frequencies of the different peaks are sum-
marized in Table I.

In Fig. 6 are displayed the low-frequency G (E) spectra
(normalized at 100 meV) measured at 150 K for two
scattering angles (20' and 92') in the C~~ and C~
configurations. No significant changes are observed; only
the lowest frequency peak is slightly shifted (from 7 meV
at room temperature to 6 meV at 150 K), all other peaks
appearing at the same energy. We thus find no evidence
for a phase transition in this temperature range.

In order to explain these results we assume that the
low-frequency G (E) is dominated by (C6H4)-ring dynam-
ics. It is very important to note that ring deformations
and ring librational motions occur, respectively, along
and around the N-N direction and not around the chain
axis (Fig. 1). This feature explains in part our observa-
tions. Concerning ring deformations, it is clear that the
displacement [e"(q)] has components both parallel and
perpendicular to the chain axis, thus these motions are
active in both C~ and C~~ geometries. Therefore the peaks
at 53.5 and 67 meV can be assigned to in-plane ring de-
formations (in agreement with Raman data [10]). More
interesting are the intense low-frequency peaks at 7 meV
(56 cm ') and 10 meV (80 cm '), in the range of ring li-
brations. While it is similarly obvious that ring libra-
tions should also be active in the two geometries, the ap-
pearance of these modes at large scattering angles in the
C~~ geometry is more subtle. In fact, assuming a strictly
planar geometry for the chain (as implied in Fig. 1), it is
easy to show that the out-of-plane libration lacks a pro-
jection of displacement along the chain. However, by
taking into account a torsion angle between adjacent
rings, as found from x-ray measurements to be 60', " this
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0 ~ 0000
0 25 50
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FIG. 6. Polyaniline density of states G(E) at T=150 K, nor-
malized over the range 0—100 meV, measured for small (a,
20=20') and large (c, 20=92') scattering average angles in the

C~~ and C~ geometries.

kind of motion can also be active for large scattering an-
gles in the C~~ geometry. We therefore assign the two
peaks at 7 and 10 meV to phenyl-ring librations around
the single and double bonds, respectively (Fig. 1). The
origin of the unpolarized peak at 19 meV (152 cm ') is
not clear. One possibility is collective phenyl-ring libra-
tions. Another candidate is the stretching hydrogen-
bonding mode N-H. . .N. Indeed this kind of bonding
can exist in emeraldine base and the frequency of this
type of vibration is close to that observed. ' However,
the unpolarized character of this peak would require the
N-H. . .N stretching direction to not be normal to the
chain. Additional diffraction experiments are necessary
to clarify this point. In particular, neutron experiments
on leucoemeraldine base, in which no hydrogen bonds ex-
ist, would be able to confirm or rule out this assignment.

In conclusion, our analysis of incoherent neutron-
scattering data provides important new experimental in-
sight into the 3D dynamics of polyaniline. The lowest-
frequency peaks in G(E) are assigned to phenyl-ring li-
brations in a nonplanar chain structure. In this polymer
(and in other ring-containing polymers) the importance of
ring rotations was recently emphasized. ' Excited state
ring rotation was invoked to explain the inter-ring
charge-transfer exciton in emeraldine base. ' More gen-
erally, the concept of ring-torsional polarons was pro-
posed as an alternative to a bond-dimerized Peierls dis-
tortion. In this model, the electron-ring angle coupling is
analogous to electron-phonon coupling in polyacetylene,
and the ring librational dynamics play the same role as
that of the C-C and C =C stretching dynamics in po-
lyacetylene. For all these reasons the comprehensive
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analysis of phenyl-ring libration provided for the first
time in the present experiments must be emphasized.
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