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The stage-1 phases of both Rb-doped trans-polyacetylene (PA) and Cs-doped poly(p-phenylene vi-

nylene) (PPV) have been investigated by in situ x-ray diffraction, using highly oriented vapor-doped sam-
ples. While the relative guest-host sizes are nearly equivalent, the resulting equatorial structures, as
determined by structure-factor calculations, exhibit pronounced differences in the location and orienta-
tion of the polymer chains. PPV samples are dominated by uniform chain-axis rotations within a base-
centered orthorhombic lattice of the Cs+ ions while PA undergoes displacive translations within a cen-
tered tetragonal lattice of the Rb+ ions. Significant differences in the dopant-ion organization within the
quasi-one-dimensional alkali-metal ion channels are also found. These temperature insensitive and poly-
mer specific variations are indicative of local guest-host interactions which stabilize the respective struc-
tures. Further comparisons suggest that in PA systematic intermediate-length-scale deviations from
planarity by the polymer chains are probable. As a result, the electronic excitations may couple to po-
lymeric torsional degrees of freedom.

I. INTRODUCTION

The doped phases of conducting polymers have been
studied extensively, primarily, for the unusual one-
dimensional electronic excitations exhibited' and, more
recently, because they also are representative of low-
dimensional guest-host systems with strongly anisotropic
interactions. Initial structural studies, using both
direct and indirect methods, ' were mainly focused on
identification of the basic doping-induced symmetries and
their structural motifs. More recent work, " ' using im-
proved materials and in situ techniques, has begun to elu-
cidate the full range of structural behavior associated
with these low-dimensional complexes.

The subtle competition of forces between the chains of
the polymer host and those of the dopant ions give rise to
a variety of structure phases and phase transformations.
Further insight into the nature of these interactions may
be obtained by examining the structural variations as
function of temperature' and/or pressure. ' As the mi-
croscopic nature of these materials becomes better under-
stood, it should be possible to develop a more complete
picture of the size-scaling relationships. ' In addition,
continued structural refinements should enable more pre-
cise theoretical treatments that address the three-
dimensional aspects of the overall conduction process. '
Alkali-metal-doped derivatives are particularly well suit-
ed for detailed structural studies because there are
minimal disruptions to the integrity of the guest-host ma-
trix' upon doping. With larger molecular dopants there
is often a significant loss in the quality of the scattering
information available. In addition, alkali-metal-doped

samples are extremely stable when rigorously maintained
in a nonoxidizing environment.

The simplest "family" of conducting polymers studied,
so far, are the linear unsubstituted compounds comprised
of only carbon and hydrogen. These include polyace-
tylene (PA), poly(p-phenylene vinylene) (PPV), and
poly(p-phenylene) (PPP) [shown in Fig. 1(a)]. In their
pristine state, all of these compounds are essentially one-
dimensional semiconductors with direct band gaps of ap-
proximately 1.4 eV, 2.5 eV, and 3.0 eV, respectively.
Both PA and PPV samples can be processed into robust
high-strength films and, in the case of PPV, with good
ambient stability. As is well known, the doping-induced
structural changes are accompanied by profound changes
in the optical and electronic properties. ' Regardless of
alkali-metal-dopant concentrations PA films always ap-
pear silvery but in PPV, there is a dramatic visual change
from a translucent yellow to a silver or golden luster.
Currently the highest recorded conductivities exceed 10
0 'cm ' and 10 0 'cm ' in doped PA (Refs. 22 and
23) and PPV (Ref. 24) compounds, respectively. While
such values are common to conventional metals, these
conducting polymers do not behave as simple metals for
there is still pronounced infrared absorption in heavily
doped materials. Heavily doped conducting polymers
also exhibit a measurable conductivity drop at reduced
temperatures but much of this response can be attribut-
ed to their specific morphological construction.

On a microscopic level all three host materials may be
considered, to first order, as representative of anisotropic
extended rods. Polycrystalline films of these materials
are dominated by tightly packed formations in which the
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individual chains bundle together with considerable regu-
larity so that their projected cross sections, orthogonal to
the polymer chain axis, exhibit p2gg symmetry ' 9 Isee
Fig. 1(b)]. In this configuration there is strong bonding
along the polymer backbone and considerably weaker in-

terchain interactions. As a direct consequence of this
pronounced anisotropy, dopant-ion interdiffusion into the
host matrix induces both rotational and translational
motions of the polymer chains. This behavior contrasts
to the doping process of the quasi-two-dimensional lay-
ered intercalation compounds which undergo dilation as
the primary response to dopant uptake.

For small, spherically symmetric dopants (e.g. , the al-
kali metals), transformations into quasi-one-dimensional
alkali-metal-ion channel structures dominate. The small-
est alkali-metal-ions (Li and Na"' ') primarily induce
polymer-host chain rotations to form threefold channel
structures wherein linear arrays of dopant ions are sur-
rounded by three polymer chains. Doping by larger al-
kalis involves both rotational and translational displace-
ments to yield fourfold channel structures with alkali-
rnetal-ion galleries that are enriched by four polymer
chains. These latter compounds also exhibit pronounced
three-dimensional interchannel dopant-ion correlations.
Nominally, the threefold to fourfold crossover is sensitive
to the relative counter-ion/polymer-host size ratios' for
only Cs-doped PPV (PPV being somewhat larger than

PA) has a fourfold channel structure whereas K-, Rb-,
and Cs-doped PA all undergo a transformation to a four-
fold structure.

Additionally, there is now clear evidence for the ex-
istence of subtler structural features, such as chain-axis
rotations in the case of Cs-doped PPV and chain-axis dis-
placements in alkali-metal PA samples, that alter the
nominal stage-1 structure (001) projection depicted in
Fig. 2(a). For stage-1 K-doped PA, the polymer chains
translate along their major axis to yield the lower symme-
try P2gm structure shown in Fig. 2(b). ' This
modification of the original unit cell is directly inferred
by the presence of a symmetry forbidden reflection in the
scattering profiles. Other possible structural distortions
have been forwarded, ' ' ' but the actual magnitude and
direction of these displacements are not reported. In
stage-1 Cs-doped PPV, rotations of the polymer chains
about the chain axis are dominant [as shown in Fig. 2(c)].
This distortion does not alter the I'4mm symmetry of the
basic model in Fig. 2(a). Hence, no new refiections are
observed, but the predicted intensities of the existing
peaks are strongly modified.

In this paper we present results of an in situ vapor dop-
ing study of stretch-oriented Rb-doped PA and Cs-doped
PPV. Direct comparison between these two materials is

C
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c=6.6A

poly(p-phenylenevinylene), PPV
H c t c=4.3A
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FIG. 1. (a) Projected c-axis structures of three prototypical
conjugated polymers. (b) Packing of polymer chains when un-

doped (on left) and after alkali doping to threefold and fourfold
channel structures.

FIG. 2. Projected equatorial structure (perpendicular to the c
axis) for (a) nominal p4mm symmetry of stage-1 alkali-metal-

doped polymers; (b) stage-1 alkali-metal-doped PA; (c) stage-1
Cs-doped PPV.
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especially interesting for their relative projected two-
dimensional (2D) guest-host sizes are very nearly the
same. Thus, similarities and differences may be assessed
more comprehensively and the unique response of each,
due to the variations in the chemical nature, can be
highlighted. We find that the lateral displacement which
characterizes the polymer chains in stage-1 K-doped PA
is also unambiguously present in stage-1 Rb-doped PA.
Hence this response must be intimately related to the
specific details of the local chain-ion interactions. As
previously reported' Cs-doped PPV is dominated by
chain-axis rotations that effectively reduce the minimum
polymer chain to dopant-ion spacing. In addition, we
find strong evidence for the presence of a lower 2D sym-
metry in the basal-plane projection for the Cs-doped PPV
compounds. In this paper the thermal response of these
structures has also been examined and analyzed by using
comparisons with structure-factor calculations. In either
case, the fundamental displacernents and respective equa-
torial structures are found to be essentially temperature
insensitive.

By using highly oriented materials, the nonequatorial
structure has also been investigated. As is now well
known, the alkali-metal ions in stage-1 PA compounds
exhibit a centered tetragonal ' ' packing with consid-
erable interchannel axial disorder. In contrast, analysis
of the nonequatorial scattering data for stage-1 Cs-doped
PPV reveals that a base-centered orthorhornbic lattice is
more satisfactory. Both structures are characterized by a
slight sensitivity to temperature with only modest losses
in the interchannel alkali-metal-ion ordering at elevated
temperatures. In agreement with previous reports, we
find that both stage-1 structures exhibit incommensura-
bility between the alkali-metal-ion axial repeats and those
of the surrounding polymer chains. For Rb-doped PA,
analysis of this nonequatorial data allows us to estimate
the magnitude of the alkali-metal-ion displacernents
parallel to the channel axis.

These basic structures notwithstanding, there are other
pronounced differences between the channel structures of
the PA compounds and those of PPV. For Rb-doped
PA, the intrachannel alkali-alkali coherence length, (Rb,
is =25 A, similar to that of K- and Cs-doped PA,
whereas gc, in stage-1 Cs-PPV is typically over 70 A.
This intrachannel organization is essentially temperature
independent except for a systematic increase in the
alkali-metal-ion root-mean-square displacernents at
elevated temperatures. To explain this anomalously
small g in PA, we theorize that there are intermediate-
length-scale distortions along the polymer chain axis that
lead to pronounced polymer chain twists and isolate the
alkali-metal ions within shorter axial domains.

II. EXPERIMENTAL DETAILS

Thin PPV films (typically 10 pm thick) were obtained
by thermal conversion of a precursor polymer poly(p-
xylene-a-dimethylhydrothiophenium chloride) which was

simultaneously processed in a uniaxial web stretching de-
vice to fina1 draw ratios of =10:1. Uniaxial stretching
tends to orient the c axis (or polymer chain axis) parallel

to the draw direction and these highly oriented polymer
films exhibited c-axis mosaic spreads of typically less than
10' [as determined by measuring equatorial (hk0) angular
widths at half maximum]. After the conversion process,
the PPV films were annealed under dynamic vacuum at
300'C (ca. 4 h) to improve their crystallinity. ' For
these undo@ed films, the coherence lengths were found to
be =150 A along the c axis and =110 A in the lateral
direction. '

Thin cis PA film-s (typically 30 pm thick) were obtained
by a modified Shirakawa method and then uniaxial
stretching in a home-built stretching device to draw ra-
tios approaching 15:1. Prior to doping, the films were
converted to an all-trans conformation by thermal an-
nealing at 150'C for ca. 1 h. These films also exhibited
c-axis mosaics of less than 10' and coherence lengths
exceeding =140 A along the c axis and of =80 A in the
equatorial direction.

The polymer samples were carefully cut and clamped
(or folded) so as to maintain the preferential orientation
until dimensions of approximately 3.0X1.5X0. 1 mm
and 3.0X1.5X0.03 mrn were reached for PA and PPV,
respectively. All films were then transferred to x-ray
glass capillaries into which a small quantity of alkali met-
al had been added. These cells were then sealed and
mounted in a beryllium windowed furnace that attached
directly to the x-ray diffractometer. For heavily Cs-
doped PPV samples, modest attenuation of the transmit-
ted x-ray intensities was experienced (due to absorption
effects). The thin walls of the glass cell, typically 10 pm,
minimized the parasitic glass scattering and maximized
the x-ray transmission. To prevent structural failure,
each glass cell required a partial pressure of Ar ( ~1
atm). PA samples were heated to -220'C while PPV
samples were doped at temperatures ranging from 240 to
270'C. A two-zone furnace was employed, but alkali-
metal source temperatures close to those for the polymer
samples were necessary to ensure reasonable doping
times. Although vapor doping avoids many complica-
tions of solvent-based doping techniques, we find this
method affords only limited overall control of the doping
process. However, these in situ cells were extremely ad-
vantageous for the doping process could be monitored
and then halted when the desired composition was
reached. At no time was scattering from condensed al-
kali metal detected.

To perform elevated temperature studies, the samples
were maintained in their doping cells. Once a saturated
stage-1 Rb-doped PA sample was prepared, the structure
was found to be very stable at temperatures below 200 C.
Extended high-temperature annealing did generate some
slight Rb-hydride residues. ' Cs-doped PPV was particu-
larly troublesome in that the stage-1 structure does not
represent the most heavily doped phase. Hence, non-
equatorial studies at higher temperatures were complicat-
ed by continual doping and a slow evolution towards a
saturation phase. For reduced temperature rneasure-
ments, a PPV doping cell was transferred to the cold
finger of a closed-cycle He cryostat. The thin-wall glass
cells were found to be sufficiently robust to withstand
vacuum applications.
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All structural studies employed a computer controlled
four-circle diffractometer that was attached to a
rotating-anode x-ray generator fitted with a copper target
(kx =1.541 A) and a bent-graphite monochromator.
The cross-sectional area of the incident x-ray beam at the
scattering center was set to =1.5X1.5 rnm . The scat-
tered x rays were incident on a small, one-dimensional
position-sensitive detector consisting of a refrigerated sil-
icon diode array (EG&G PARC Model 1412XR) and as-
sociated electronics. The detector's spatial resolution
was set by forming 16 pixel groups from the detector's
960 accessible 25 pmX2 mm pixels. This diode array
was located -30 cm from the scattering center and sub-
tended a 28 arc of -4.5'. Typical counting rates, for a
single group at the most intense refleetion of 100-pm-
thick multilayer samples, were in excess of 50 counts per
second per 16 pixel group. In order to minimize non-
linearities across the detector, a correction factor for
each group was included and the 28 step sized for each
individual data collection point was limited to 0.5 . Be-
cause a linear detector images the curved arcs of the
Ewald sphere, some distortion (at the detector ends) is in-
troduced into the radial 8-28 scans for oriented samples.
Since the diode array has an angular resolution of only
4.5' and, since these polymers have a larger mosaic
spread, this distortion is negligible.

In all cases, radial 8-28 scans were performed. Equa-
torial scans maintain the scattering vector in a plane per-
pendicular to that of the polymer chain axis (or c axis)
thus probing the cylindrically averaged (hk0) reciprocal
lattice plane. For meridional scans the scattering vector
is kept parallel to the polymer chain axis. Scans along
directions intermediate to these two extremes were also
performed.

III. EQUATORIAL STRUCTURE

As a result of the in situ methodology, dopant-ion up-
take was directly verified by continually monitoring the
equatorial diffraction profiles. Upon Rb doping, PA was
found to transform into a stage-1 tetragonal phase via a
disordered phase. This intermediate doping structure
was inferred by an initial loss of undoped polymer
scattering intensity and, concomitantly, an increase in
scattering from a very broad feature centered at 28= 18'.
This increased intensity is clearly evident in the second
scan from the top in Fig. 3 (and marked by an arrow) in
which the top profile has been translated downward for
close comparison. Only after a portion of the PA host
had transformed into this intermediate phase could
scattering from the tetragonal phase be discerned. In the
case of Cs-doped PPV, initial doping was marked by only
the appearance of the stage-1 structure. Since PPV is
noted for its poor doping characteristics, this result may
only be indicative of a narrow boundary layer between
undoped and stage-1 regions of the films. For both host
compounds studied in this investigation, there is no evi-
dence of higher-stage formation (at least at temperatures
above 200'C) at even the lightest alkali-metal doping lev-
els as observed in other vapor-doped PA samples. ' '

These results are, however, consistent with additional
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FIG. 3. Experimental equatorial (hk0) scattering profiles at
the onset of rubidium doping (top three scans) and at the very

end of the doping transition (bottom two scans) for a PA sam-

ple. The dotted profile, marked by an arrow, is the undoped PA
curve shifted so that the scattering from an intermediate phase
can be discerned. Sharp features near 20=45.5' and 28=52. 5

are due to Be-window scattering.

claims of poor high-stage formation during the initial
doping transition.

The most important aspect of this technique was that
the doping process could be observed at (or near) com-
pletion. For K-, Rb-, and Cs-doped polyacetylene, all
previous reports of a lower-symmetry stage-1 structure
have relied on the observation of a symmetry forbidden
(210)s, , Rb(pp )

equatorial peak in close proximity to
scattering arising from to the most intense reflections of
the undoped polymer host [a PA(020)+(110) superposi-
tionj, and hence have been the subject of dispute. In our
case, we can unambiguously identify this feature, labeled
as the (210) reflection in Fig. 3, as intrinsic to the stage-1
structure of Rb-doped PPV. Rb-doped PA is particularly
well suited for monitoring this reflection because the rela-
tive guest-host structure-factor contributions nearly can-
cel for the neighboring (200)st. & Rb(pA~ reflection.

Structure-factor calculations that combine scattering
from the undoped polymer, a heavily doped stage-1 struc-
ture, and a background contribution suggest that com-
plete doping occurs and that this peak can only be inter-
preted as PA chain translations which are identical to the
structural distortion reported for K-doped PA. For Rb-
doped PA, the polymer chain-axis center of mass is dis-

placed by 0.31+0.05 A along the polymer major-axis
direction. No other displacements were found that yield-
ed as satisfactory results. Because the structure-factor
calculations are dominated by rubidium and carbon con-
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tributions and since the PA carbon atoms are displaced
by only 0.36 A from the polymer chain-axis center, a
direct confirmation of small PA chain rotations was not
possible.

The observation of a translational displacement, essen-
tially equivalent to that reported for K-doped PA, is ex-
tremely important for identifying its physical origin.
Naively, a simple size-scaling argument could be for-
warded as the most pertinent parameter. Since substan-
tially difterent systems, Rb- and K-doped PA, experience
identical distortions, it is apparent that the local nature
of the ion-chain interactions is central to this displace-
ment.

As the three equatorial scans in Fig. 4 show,
structure-factor calculations achieve excellent fits at all
three temperatures investigated, 300, 400, and 490 K.
The best fits for this sample occur at calculated Rb con-
centrations of 16.0%, 15.7%, and 16.5% mole weight, re-
spectively, values close to the 15.6% mole weight as indi-
cated by the average 3.95 A intrachannel ion-ion spacing
measured directly (discussed in the next section), or com-
positions reported elsewhere using weight uptake or ele-
mental analysis. All three fits yield an essentially un-

changing value for the translational displacement of the
polymer chain axes. The equatorial temperature
coefficient, B, using an exponential factor,
exp( —8 sin 8/A, ), where 8=8m (p ) and (p ) is an
isotropic equatorial mean-square displacement, is rela-
tively temperature insensitive. The only measurable sys-
tematic change was in the measured equatorial lattice
constant. These results and those for the undoped poly-
mer are summarized in Table I. In addition to these ob-
servations, measurable broadening of the equatorial
rejections at higher angles did occur but with no clear
evidence of splitting (indicative of a lower-symmetry
structure). Hence, various types of disorder efFects
and/or unit-cell distortions are all reasonable explana-
tions.
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FIG. 4. Experimental data (dots) and calculated profiles
(solid line) of equatorial (hk0) scattering at selected tempera-
tures for a stage-1 Rb-doped PA sample. Sharp scattering
features are artifacts (e.g., Be and salt residues). The curve at
bottom is a representative background profile.

Cs-doped PPV, which has nearly the same guest-host
size ratio as Rb-doped PA, manifests an alternate
response with simple rotations of the chains axis about
their center of mass. As the three profiles in Fig. 5 show,
equatorial structure-factor calculations again achieve
good agreement with the experimental data. Close in-
spectation of the equatorial peak profiles combined with a

TABLE I. Lattice parameters as determined from structure-factor calculation for doped and un-

doped samples.

Sample

Stage-1
Rb(PA)

Temp.
(&)

300
400
490

Lattice
parameters

a (A) b (A)

8.630
8.664
8.707

Chain
distortion
shift (A)

0.31
0.31
0.32

Temperature
coefficient
a (A')

0.21
0.24
0.23

Undoped
PA

300
490

7.14
7.26

4.22
4.22

0.15
0.17

Stage-1
Cs(PPV)

20
300
540

13.49
13.54
13.78

6.85
6.88
6.99

4R, («g)
25.0
25.5
25.6

(deS)

26.5
26.5
28.4

0.23
0.28
0.32

Undoped
PPV

20
300
500

7.83
7.93
8.10

4.96
5.03
5.14

0.20
0.27
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FIG. 6. Various guest-host spacings for Cs-doped PPV (on
top), Rb-doped PA (middle), and stage-1 GIC (bottom) (Ref. 56)
referred to in Table II and in the text.

FIG. 5. Experimental data (dots) and calculated profiles
(solid lines) of equatorial (hkO) scattering at selected tempera-
tures for a stage-1 Cs-doped PPV sample. The curve at bottom
is a representative background profile.

peak-width analysis reveals features indicative of a rec-
tangular 2D symmetry. The most obvious indication is in
the anomalous broadening of the peak located at
28=26.3' in com.parison to the other peaks. This behav-
ior was observed in all samples studied. For the sample
shown in Fig. 5, the peak located at 28=26. 3' [a
(400),(020) superposition] has a full width at half max-
imurn of 0.11 A, while the widths of the rejections at
26=18.5' and at 29.4' are 0.07 A, 0.08 A ', respec-
tively. This broadening can be reproduced in the calcu-
lated profiles by introducing the slight distortion of either
a= 1.97b or a=2.03b [see Fig. 2(c)]. Of the two possibil-
ities, the former expression is considered more physical in
light of the observation that neighboring Cs ions along
the a axis are staggered (as discussed in the next section).

At room temperature, our best-fit results for this sam-
ple indicate a Cs-dopant concentration of 77%%uo mole
weight. This is very close to the 73%%uo mole weight value
suggested by the 4.5 A repeat determined directly and is
considerably better than an initial estimate. ' For stage-1
Cs-doped PPV, temperatures as low as 20 K were probed.
Even at 20 K, the equatorial temperature coefficient, 8,
remains moderately large indicating the presence of con-
siderable static disorder. There are thermally induced
variations in both the equatorial lattice constants and in
the isotropic equatorial temperature coefficient. These
results are also summarized in Table I. Interestingly, in
Cs-doped PPV the thermal expansion is approximately a
factor of 2 less temperature sensitive than for the un-
doped host.

Because of the rectangular symmetry of basic 2D unit
cell, two chain-axis rotation angles have been included
[see Fig. 2(c)] with rotations of 25.0(+0.5 )' and
26. 5( 0.5)' for PR and Pz, respectively. In principle,

1
2'

we cannot distinguish between the structure shown and
one which incorporates alternating phenyl-ring rotations
of both positive and negative angles. This latter structure
is thought to be highly unlikely as the charge-transfer
process induces appreciable double-bond character to the
vinyl-phenyl carbon linkage and would severely reduce
the likelihood of large-scale angular displacements over
short distances. As Table I shows, the PPV chain rota-
tion angles are only slightly temperature sensitive with
modest increases of —1.5' at 540 K and thus maintaining
a fairly constant perpendicular chain major axis
to channel-center distancing, d, of 3.08+0.02 A, as
shown at top in Fig. 6. We also find that this Cs-doped
PPV structure is exceptionally well packed for the net
equatorial dilation is by only —15% during the transfor-
mation to the stage-1 structure. Significantly, both com-
pounds appear to be dominated by strong chain-ion in-
teractions which render their respective equatorial
structural distortions temperature insensitive.

IV. NONEQUATORIAL STRUCTURE

By executing a series 0-20 scans at varying angles of in-
clination from the equatorial plane to the c axis and then
reconstructing a map of constant scattering intensity con-
tours, a single plane of the reciprocal lattice could be irn-

aged (without the distortion intrinsic to fiat-fiat photo-
graphs). This data is shown in Fig. 7(a) for a stage-1 Rb-
doped sample at room temperature. Scattering profiles
from one-dimensional arrays of atoms is characterized by
parallel sheets of scattering. In this projection, the l = 1

and l =2 layer lines from linear Rb+-ion arrays are clear-
ly resolved. The perpendicular spacing of these layer
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0
lines implies an average Rb-ion spacing of 3.95 A within
each column, close to the values previously reported.
Since the projected c-axis C-C spacing is 1.23 A, the
alkali-metal-ion repeat is incommensurate to that of the
channel forming host. ' ' Although we do not clearly
resolve any intensity along the equivalent (hk 1 ) layer line

a.b+&= ~

layer line

Rb+ 8=2
layer line

which would arise from scattering by the PA chains, data
from stage-1 K-doped PA samples suggest that 3D order-
ing of the polymer host does occur. '

Intensity variations along the individual alkali-metal
layer lines are indicative of interchannel ion-ion correla-
tions and these intensity variations can be indexed by in-
voking a body-centered tetragonal packing of the alkali-
metal ions. Thus, alkali-metal ions residing in adjacent
nearest-neighbor columns are shifted on average by
+1.97 A (or cRb/2). Meridional scans (parallel to the po-
lymer chain axis) yield similar profiles for the I =1 and
I =2 layer lines. By measuring the leading edge half
width half maximum of the l =1 layer line along the c
axis, the alkali-metal-interchannel correlation length is
estimated to be only 25 A. While this is similar to that
seen in K- and Cs-doped PA, it is dramatically less than
the —100-A c-axis correlation length of the surrounding
polymer chains and it also implies a loss of coherence
over an interval of only six dopant ions.

By summing scans which do not contain (hkO) equa-
torial scattering, the nonequatorial scattering for a
"powder" sample is approximated. Data for three
different temperatures are shown at bottom in Fig. 8 and
the Rb+-ion scattering gives very broad profiles that
completely dominate these diffraction spectra. On heat-
ing, the most pronounced features at -26' and -32'
[essentially the (101) and (211) refiections, respectively,
for stage-1 Rb-doped PA] appear to broaden slightly and
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St,age-1 Rb-doped PA
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FIG. 7. (a) Map of the constant-scattering-density contours
from the equatorial (hkO) plane to the c axis (parallel to the po-
lymer chain axis) for a stage-1 Rb-doped PA sample. (b) Map of
the constant-scattering-intensity contours from the equatorial
(hkO) plane to the c axis (parallel to the polymer chain axis) for
a stage-1 Cs-doped PPV sample.

FIG. 8. Experimental data for a powder average of the none-
quatorial scattering in a stage-1 Rb-doped PA sample (bottom
three scans) and the individual meridional (001 ) scans along the
polymer chain axis (top three curves) at stated temperatures.
Gaps in the plotted data result from the removal of sharp
scattering artifacts (e.g., from Be windows).
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shift to lower angles. This observed broadening arises
solely from systematic changes in the intensity variations
along the alkali-metal layer lines implying a gradual loss
in the interchannel Rb+-Rb+ correlations. While the
Rb-ion c-axis repeat increases to 3.99 A at 490 K, there is
no measurable change of the I =1 layer line radial width
in the individual 0-20 scans parallel to the polymer c axis
(three scans at top in Fig. 8). Hence, increased tempera-
ture has a minimal effect on the intrachannel ordering.
Equivalent scans of stage-1 K-doped PA- and Cs-doped
PA by Leitner et al. (at lz temperatures) also do not

2

manifest dramatic intrachannel ordering phenomena. In
contrast to graphite intercalation compounds (GIC's) or
other low-dimensional guest-host composites, these
stage-1 alkali-metal-doped polymers do not exhibit
dramatic structural phase transformations at the temper-
atures that are accessible.

At elevated temperatures, there are systematic intensi-

ty variations between the two resolved rubidium layer
lines indicating an increase in the thermally derived
alkali-metal-ion displacements. A quantitative estimate
of this displacement is an important input parameter for
calculations which address the role of dopant-ion disor-
der in altering the transport characteristics. ' Because
of the complexity in the Rb+-Rb+ interchannel correla-
tions, a direct comparison of relative layer line intensities
or an introduction of an anisotropic temperature factor
into a 3D structure-factor calculation are problematical.
We have made an estimate of the intrachannel Rb-ion
motions by averaging over the intensity modulations
along the two resolved layer lines while including correc-
tions for the Lorentz-polarization factor and for equatori-
al temperature effects. Comparison of the relative l=1
to 1=2 layer line intensity ratios yields total static and
dynamic alkali-metal axis root-mean-square displace-
ments of -0.2 A at both 300 and at 400 K and approxi-
mately 0.3 A at 490 K. Hence, the axial deviations from
the equilibrium positions within 25-A "domains" appear
modest and are slightly less than the equatorial displace-
ments. An analogous study of unoriented stage-1 Cs-
doped PA inferred somewhat stronger axial dopant-ion
displacements.

The constant-intensity contour map for stage-1 Cs-
doped PPV, shown in Fig. 7(b) also exhibits scattering
from the 1=1 and I =2 Cs+-ion layer lines. For these
compounds, an intrachannel spacing close to 4.5 A is
found, somewhat larger than that of the stage-1 alkali-
metal-doped PA samples. Just two reflections can be
clearly resolved along the l =1 layer line, indexed as the
(101) and (111),with projected equatorial components of

0 0-0.41 A ' and -0.92 A, respectively. These posi-
tions are best modeled using a base-centered orthorhom-
bic unit cell, where only Cs ions in adjacent channels
along the a direction are effectively staggered by cc,/2
[see Fig. 1(c)j. This unexpected alkali-metal organization
may have its origin in the peculiar structural packing of
the PPV host in which adjacent (100) planes of polymer
chains exhibit substantial axial disorder. ' However,
the presence of an anomalously weak, but observable,
(111)re(lection suggests that some 3D interchannel corre-
lations are still present in stage-1 Cs-PPV. We also note
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FIG. 9. Experimental data for a powder average of the none-

quatorial scattering in a stage-1 Cs-doped PPV sample (bottom
two scans) and the individual meridional (OOI) scans (top two
curves) at stated temperatures. Gaps in the plotted data result
from the removal of sharp scattering artifacts (e.g. , from Be
windows).

that the nonequatorial reflections of stage-1 Cs-doped
PPV always exhibit a less pronounced angular arcing
than those of stage-1 Rb-doped PA, which is indicative of
poorer overall 3D ordering.

However, all stage-1 Cs-doped PPV samples exhibited
one singular result with the appearance of comparatively
narrow radial peak widths for the Cs 1=1 layer line in
scans parallel to the c axis. In general, Cs-PPV-doped
samples exhibit intrachannel alkali-metal correlations
lengths, gc„oftypically 70 A. If similar ion-ion interac-
tions always dominated the channel ordering process,
then we would naively expect a g value close to those of
alkali-metal-doped PA. These facts also suggest that
strong host-guest interactions are the most significant
factor in determining the actual channel structure. The
leading edge of the 1=2 layer line is somewhat broader,
suggesting the presence of additional types of disorder.

For the powder averaged nonequatorial scattering (the
bottom two curves in Fig. 9) of stage-1 Cs-doped PPV,
only the (101) reAection can be clearly resolved. Once
again, there is a similar lack of dramatic thermally in-
duced structural changes, with only a slight loss in the in-
trachannel Cs+-Cs+ correlations and no significant varia-
tions in the t =1 layer line radial widths (as determined
by the leading edge) in scans parallel to the polymer
chain axis (Fig. 9, two scans at top). Because the stage-1
PPV continues to slowly evolve, the shift to higher angle
in the 540-K scan is only representative of an increase in
the intrachannel Cs -ion density.
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V. DISCUSSION AND CONCLUSIONS

From analysis of both the equatorial and nonequatorial
data we conclude that these polymer compounds experi-
ence significant interactions between the dopant ions and
the surrounding polymer chains. In alkali-metal-doped
graphite intercalation compounds (GIC's), the guest-host
forces generate displacements of the alkali-metal ions to-
wards the carbon hexagon centers as indicated by the ap-
pearance of modulation satellites in the x-ray-diffraction
profiles. We find no evidence for the analogous behavior
in these stage-1 polymer intercalation compounds. How-
ever, the c-axis modulation potential experienced by the
dopant ions centered within polymer channels must be
qualitatively different than the full graphite corrugation
of GIC's (as seen in Fig. 10). Even for PPV, with its
significant phenylene ring composition, the rotation of
the polymer chains should modify the corrugation poten-
tial actually experienced.

Previous structural studies of alkali-metal-doped PA
(Ref. 32) have invoked the existence of axially commensu-
rate phases (along the c axis) whereby the channel size is
determined by the minimum alkali-metal ion to carbon-
atom spacing. Although commensurate spacings do
occur at intermediate dopant levels, ' ' the stage-1
"tetragonal" structures (as well as those of the
hexagonal-phase structures) typically yield incommensu-
rate alkali-metal-ion repeats. Thus, the projected
minimum chain to ion spacing should be emphasized as
the most significant parameter in determining the overall
lateral dimensions. In Cs-doped PPV, the increased
length of polymer major-axis projection (due to the pres-
ence of phenylene rings) allows for global chain rotation
to bring the ions into closer proximity to the excess
negative-charge resident in the p, orbitals of the sur-
rounding polymer chains. An additional advantage of
the chain-axis rotation in the stage-1 Cs-doped PPV sam-
ple is an energetically favorable increase in the H-H spac-
ing between neighboring chains. This 25 chain-axis rota-
tion reduces the minimum chain to ion spacing by 0.3 A
to 3.1 A, a distance -0.1 A less than the nominal 3.21 A

spacing of stage-1 Cs-doped PA, which is considered to
be optimally spaced assuming a commensurate struc-
ture. In comparison to low-stage Cs-GIC's, in which
the alkali-metal ions are located at (or near) carbon hexa-
gon centers, the polymer spacing is expanded by only 0.1

A (see Table II). Moreover, this distancing appears to be
essentially temperature insensitive. To achieve such a
close spacing, elastic deformation of the polymer chains
about the dopant ion, through a combination of bond an-
gle and torsional angle readjustments, seems probable.
Since stage-1 alkali-PA compounds are also incommensu-
rate, it is expected that they would undergo a similar de-
formation.

For the smaller PA polymer host, there are a number
of factors that appear contradictory. Because of the
smaller 0.36-A lateral carbon displacements from the
chain-axis center in PA chains, simple chain-axis rota-
tions of the undistorted high-symmetry stage-1 tetragonal
structure, as shown in Fig 2(a), will not achieve as
dramatic a reduction in the alkali-metal ion to carbon-
atom spacings as in the stage-1 Cs-doped PPV com-
pounds. The translational displacement, indicated by
structure-factor calculations, neither increases nor de-
creases the channel to chain perpendicular spacing and
effects only a slight decrease in the carbon atom to
alkali-metal ion spacing. Furthermore, this motion also
has the additional complication of bringing neighboring
hydrogen atoms in adjacent polymer chains into closer
proximity and thus, tends to increase the effective hydro-
gen repulsion.

Given that all structure evidence presented so far in
this paper supports a claim of strong guest-host interac-
tions with compensating polymer chain distortions, the
simple translational displacements observed in PA could
be an indirect consequence of more subtle structural rear-
rangements. One such possibility is that this average
structure is actually representative of chain bond-angle
changes and torsional twists about an axis that is dis-
placed along the chain major axis as shown in Fig. 11.
Thus, the PA chains may actually undergo a systematic
sequence of twists that simultaneously reduce both the
carbon-alkali-metal-ion distance and the repulsive
hydrogen-hydrogen interaction. We note that neutron-
scattering studies of stage-1 K-doped PA by Aime
et al. , which are very sensitive to the chain orientation,
required the existence of PA chain rotations. The only
complication to the aforementioned structural scenario is
that the linear arrays of alkali-metal ions would have
only two polymer chains as nearest neighbors instead of
four.

TABLE II. Various guest-host distances described in Fig. 6
for alkali-metal intercalated polymers and graphites (from Ref.
52).

FIG. 10. Position of the alkali-metal ions in the channels rel-
ative to the host with the translational distortion of PA (left)
and rotational motion of PPV (right).

Dopant

K
Rb
Cs

Stage-1 PA
d spacing (A)

2.96
3.09
3.21

Stage-1 PPV
d spacing (A)

3.08

Stage-1 GIC's
d spacing (A)

2.66
2.83
2.98
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FIG. 11. Schematic views of alkali-metal-doped polyace-
tylene showing a possible sequence of polymer chain torsional
distortions about an axis displaced from the chain centers (indi-

cated by the small dots).

This circumstantial claim for PA chain distortions can
also provide, in part, a tentative basis for interpreting the
anomalously small intrachannel alkali-metal —alkali-metal
correlation lengths observed in the PA compounds. We
suggest that the reduced g's of the alkali-metal ions in
stage-1 PA samples correspond to the axial spacing at
which these distortions occur. An immediate conse-
quence to these twists if they were to extend over only
3 —4 (CH) units is that neighboring 25-A domains would
be identified with two distinct sets of nearest-neighbor
polymer chains. Clearly, any distortions from PA planar-

ity cost elastic energy but the gas-phase torsion poten-
tials, as determined by Bredas and Heeger for undoped
acetylenic oligomers, suggest that small torsional dis-
placements about a "single bond" are not energetically
unfavorable.

There are at least three qualitative differences in PPV
that may account for the enhanced correlation lengths
observed in our Cs-doped PPV samples. First of all, the
transferred charge will be distributed differently in PPV
than in PA because of the greater number of carbons
atoms per unit length. Hence, intrachannel alkali-
metal —alkali-metal interactions may be more pro-
nounced. Second, the repulsive vinyl-phenyl hydrogen
interaction may allow for both stronger and more homo-
geneous local deviations from planarity between adjacent
phenyl rings. ' Finally, we note that there are fundamen-
tally different charge excitations arising from the nonde-
generate nature of the PPV charge excitations, thus the
charge transferred to the backbone charge should exhibit
a greater degree of localization than in polyacetylene.

In conclusion, we have investigated the structure and
thermal response of two representative stage-1 alkali-
metal-doped conjugated polymers. Although the relative
guest-host size relationship seems to be responsible for
the specific channel symmetry (threefold versus fourfold),
the details of the local guest-host interactions are of cen-
tral importance for determining the actual structural dis-
tortions experienced. Consequently, stage-1 Cs-doped
PPV samples undergo chain-axis rotations while stage-1
alkali-metal-doped PA's exhibit a translational response.
In either case, these fourfold channel structures exhibit
only modest temperature variations. Since x-ray-
diffractio studies are not sensitive to the location of the
polymeric hydrogen, additional neutron-scattering exper-
iments should provide further insight. Analogous studies
of the threefold channel compounds are also likely to be
very interesting for these systems experience much weak-
er alkali-metal-alkali-metal interchannel interactions. '
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