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X-ray-diffraction studies of highly oriented polg¢phenylene vinylene(PPV) films before and after vapor-
phase or liquid-phase intercalation by3®0, have been performed. In both cases the data support a structural
evolution dominated by a direct transformation of the original PPV polymer to a single, heavily doped phase.
The best-fit model obtained from structure-factor refinements to H#8OHPPV equatorial data is fully con-
sistent with the previously proposed “stage-1" layered structure in which the PPV chains and the sulfate ions
form an alternating sequence of cation- and anion-radical layers with a monoclinic unit cell dominated by the
PPV placement and lattice parametersasf9.98 A, b=6.80 A, c=6.6 A, and y=94.5°. Nonequatorial
scattering data suggest that at room temperature ##OHlayer is not well ordered. Additional data sets
probing the anisotropy within the equatorial plajperpendicular to the PPV chain axidearly indicate that
the insertion of HSO, layers occurs by creating galleries that are paralletéplane of the PPV host polymer.

This direction is effectivelyperpendicularto the commonly accepted intercalation scheme, which has these
layers parallel to the pristine PPM0Q] planes[S0163-18208)08231-9

[. INTRODUCTION one-dimensional channels parallel to the polymer chain axes
that are densely filled by the constituent alkali-metal ions. As

Understanding the underlying mechanisms by whichthe projected equatorial representations in Fig. 1 show, both
ar-conjugated polymer hosts accommodate various intercathreefold and fourfold channel structures are commonly ob-
ant species into the host matrix has remained an importargerved depending on the relative guest-host sizes and com-
issue for fundamental reasons as well as for more applicatiopositions. In the specific case of hosts whose equatorial
oriented goals:? At the most core level are basic questions packing nearly approximates a triangular lattice, much of the
concerning the nature of structural evolution in systemsaunderlying structural behavior seen when using smaller
manifesting competing interactions. In the case of polymerslkali-metal guests is reflected in the phase diagrams ob-
the structural evolution is always constrained by the naturg¢ained from mean-field studies of the generalized anisotropic
of the host wherein there is strong covalent bonding alonglanar rotor model of Choi, Harris, and Méf&:l’ For sys-
the polymer chain axis and weaker interactions in the ortems employing somewhat larger alkali-metal species, inter-
thogonal directions. Superimposed on this framework is thealant uptake involves significant rotational and translational
strong electron-lattice coupling along the polymer chain axisdisplacements with the formation of tetragonal and ortho-
which gives rise to the unusual charge transport propertieshombic phase!°although there is other evidence for more
This picture is further complicated after intercalation by acomplex structural form&!* In either case the free volume
guest speciegor dopant that creates disruptive rotational available within the polymer matrix is sufficient so that the
and translational displacements of the host matrix in order tmverall space occupied by the composite material is nearly
facilitate intercalant uptake. While the quasi-one-the same as that of the pristine PPV host itSeifid the loss
dimensional electronic excitations originally garnered thein the measured crystal coherence lengths is minimal. In this
most attention, many physical properties and most envieontext the intercalation process in channel forming com-
sioned conducting polymer applications are mediated by thpounds may be viewed as only moderately disruptive.
full three-dimensional structure occurring on a myriad of In contrast, the structures induced by the larger, anion-
length scales. Thus a detailed knowledge of the molecularadical forming molecular [{-type) dopant specieqe.g.,
organization is a fundamental starting point for obtaining aH,SO, and Ask) are generally thought to be dominated by
more complete perspective. the creation of two-dimension&D) galleries of guest an-

At present the most developed molecular-level structuralons separated by a single stacked layer of the positively
picture pertaining to poly{-phenylene vinylene(PPV) and  charged polymer host chait%.?? In this way the polymer
other crystalline linear conducting polyméesg., polyacety- host layer is seen to maintain stacking so that interchain
lene or polyp-phenyleng] are generally limited to the transport properties are enhanced with, in some instances,
smallest intercalant specié¢ise., alkali metalsand the evo- the appearance of metalliclike behavidf* In the current
lution to a quasi-one-dimensional channel strucfifé.ln  situation the structural evolution of this layered phase is of-
these situations the structural transformation is often domiten cast in direct analogy to that of quasi-2D intercalation
nated by rotations about the polymer chain axis. This recompound®2® whereby a “stage-1" layer compound oc-
sponse is responsible for the appearance of periodic arrays ofirs by direct insertion of the intercalant between preexisting
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FIG. 1. Various template structures for the equatorial packing of scheme-1 scheme-2

(a) crystalline PPV and three representative intercalated phases hav (b) (@)
ing (b) a threefold channel structuré;) a fourfold channel struc- ] o ]
ture, and(d) a stage-1 layered structure. The ellipses represent the G- 3. Projected equatorial views of PPV undergoing the trans-

polymer host chains, while the solid black circles indicate occupiedrmation to the stage-1 layer phase via insertion ¢86, layers
intercalant galleries. (@) and (b) perpendicular to thé100] direction and(c) and (d)

perpendicular to thésina direction.

stacks of the polymer chaif$?’~?°In the case of conduct-
ing polymers and especially in PPV, which has appreciablgng analysis of HSO,-doped PPV samples that suggest that,
axial ordering within theb-c plane(see Fig. 2 the natural  while a lamellar structure is fully consistent with the experi-
inclination is to present a model in which the molecular an-mental data, the intercalation process itself actually involves
ion layer opens galleries parallel to the00] planes of the g counterintuitive reconstruction in which the PPV chains
PPV host as depicted in Figs(a@ and 3b). The wholesale yndergo a disruptive sequence of translational displacements
insertion of these molecular anion-radical Iayers inVOlveSNith insertion of |ayers normal to the PRU]_O) direction as
enormous changes in the lateral dimensions and location &hown in Figs. &) and 3d). This direction isperpendicular
the polymer chains with significant increases in the averagg the one that has been inferred in prior schematic represen-
2D equatorial area per polymer chain. In additigntype  tations. Hence the naive one-to-one mapping of the polymer
doped systems often exhibit significant broadening in thentercalation processes to that occurring in layered materials
observed diffraction peak widths indicative of an overall r'e-must be Carefu”y reassessed. This Surprising mechanism
duction in the estimated crystallite coherence lengths. may also explain why higher-order layered stages are not
In this paper we present x-ray scattering data and modelyenerally observed and why the intercalation process often
produces layered materials with drastically reduced peak
widths and coherence lengths.

Il. EXPERIMENTAL DETAILS

The PPV films used in this study were prepared by a
precursor route whereby the soluble precursor polyiher,
poly(p-xylenew-dimethylsufonium chloridg was initially
cast from solution into films and then simultaneously uniaxi-
ally stretched and thermally converted by passing these films
over differentially driven, heated rollers. This processing
yields moderately crystalline materials with the polymer
chain axis oriented highly parallel to the stretching direction.
The mechanical processing also imparts additional ordering

FIG. 2. Left: sketch of the PPV chain structure and the crystal-in the direction p_erpendicular to the_ pOIVmer chain axis so
line three-dimensional packing. The unit cell is reported to bethat a.full three_-dlmenS|_0n§1I texture Is obtalﬁ‘écﬂn general
monoclinic with lattice constants of approximately=7.8 A, b there is a multimodal distribution of crystallites about the
=5.1 A c=6.6 A, andy=135° (from Refs. 31,32 Right: alter-  @xis. Once formed, the oriented PPV films are additionally
nate views of the 2D projection identifying the single chain degreesannealed at higher temperatuf@pproximately 280 °C) to

freedom referred to as the setting anglgand the phenylene ring fully complete the conversion process and further improve
nonplanarityfy . the crystallinity. Coherence lengths ranging between 150 and
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200 A, in both the equatorial and the meridional directions, 5000
represent typical upper limits.

Two different intercalation methods were employed. Pre-
viously prepared single-layer PPV film@pproximately 5
pm thick) were placed into standard borosilicate test tubes.
For vapor-phase doping a small quantity of sulfuric acid
(98% H,SO,, J. T. Bakey was added to the test tube. After-
wards this tube was evacuated to a pressure of approximately
102 Torr, sealed, and then mounted into a simple two-zone
furnace. The temperatures of the,30, and PPV film
samples were maintained near 50 °C and 60 °C, respec-
tively. The time required to obtain single phase samples was ‘
found to be highly variable with 24 h of exposure a typical i
lower limit. We note that PPV films annealed for extended
times at high temperature achieve better sample crystallinity,
albeit with poorer dopant diffusion rates and increased dop- 1000 -
ing times. Other samples were prepared in agds filled
glove bag by direct immersion in the,80, liquid for a - pristine PPV .
period of not less than 24 h. After this treatment most of the ase.
residual HSQO, adhering to the film surface was eliminated 0 1 ' T T T T T T 1
by repeated washing in a toluene solvent bath. Once these 100 200 300 400 500 600
H,SO,-PPV films were washed and dried they were folded 20 (deg)
or rolled into multilayer stacks, clamped, and then mounted
directly onto a standard goniometer head in a He atmosphere FIG. 4. Comparison of experimentahk0) equatorial data
or, alternatively, first sealed in x-ray capillaries and then(dots in_combination with the calculated profilésolid Iineé_ for
mounted. Planar stacks preserve the equatorial anisotrop{fe herringbone PPV phase and twgS®,-PPV samples in the

while rolled samples were used to mechanically generate sfage-1 phase. In addition, a representative background is shown in
2D equatorial “powder average.” the bottom data as well and the most intense Bragg reflectians

The x-ray scattering data was recorded on one of tWiical lines. Inset at middle: Izsoz!-PPV _dat_a and fit magnified a
available diffractometers attached to a 15-kW rotating anod actor of 10. Inset at top: equatorial projection of the stage-1 phase.
x-ray generator fitted with a copper targéfu K,, \ i ] _
—1.542 A). Two sets of conventional-26 scans were typi- ©Of Lorentzian and Gaussian components. The model profile
cally executed?32 For the first set of scans the sample wasWas then scaled and added to an estimated background
maintained in a symmetrical transmission geometry and th€Urve. The major adjustable parameters includedahe,
orientation of thec-axis direction, with respect to the direc- @nd y unit cell dimensions, the chain setting ange (see
tion normal to the scattering plane swept out by the linearFig- 2, the SO, concentration and orientation of the mo-

diode-array detectaidefined asy), was sequentially stepped lecular anions, the peak widths, a_md an isotropic Debye tem-
from 0° up to 90°. Aty=0° the detector probed the equa- Perature factor. Internal PPV chain degrees of freedom, such

torial a*-b* plane, while aty=90° the linear array detector 2S deviations from rigid planarity of the phenyleng rings us-
was centered along the meridional directiart {s notpar- N @ twist angledy and/or a root-mean-square librational
allel to thec- or chain-axis direction in PPV In the case of ~Parameter, were also incorporaf€dut ghese produced rela-
planar multifilm stacks, a second series of scans was peflveély minor variations in the refine¢~ and as such have

formed with y fixed to 0° and the PPV film stepwise rotated Very limited accuracy. The sulfate ion itself has a well-
about thec axis from transmission to reflection geometry d€fined tetrahedral geometry with the sulfur at the center and

(again employingd-26 scans. In this so-calledp scan the =~ OXY9ENs at the _four vertices. Th_e O-S bond length was z_id-
textural variations within the equatorial plane could then bdustable and refined to 1.46 A. Since x rays do not scattering
assessed. Witp=0° the PPV films were maintained in a strongly from lowZ elements, the actual form of the sulfate

standard symmetrical transmission geometry so that the scdfn @nd location of the hydrogen was of little consequence in

tering vector was always parallel to this film surfg@e this the refinements. In addition, the presence of any water mol-

instance it is with respect to the central element of a shorfcules cointercalated within the PPV matrix was also typi-

linear-array detectgr By analogy a symmetrical reflection C2lly neglected.
geometry(i.e., »=90°) oriented thed-20 scan scattering

4000

3000

2000

vapor doped
A

X-ray Intensity (arb. units)

vector normal to the film surface. From the series of sequen- IIl. RESULTS
tially steppedy or ¢ scans a single composite x-ray isoin-
tensity contour map could be generated. In all samples studied, prepared using either the liquid- or

For comparison with various candidate structures thevapor-phase methods, the resulting equatorial scattering pro-
equatorial data from a cylindrically rolled sample was re-files always indicated a simple two-phase superposition by
corded and refined using a linked-atom least-squares algdhe undoped PPV herringbone packed structure and a heavily
rithm incorporating standard crystallographic correc-H,SOs-doped PPV phase. Figure 4 displays typical equato-
tions33~° Individual (hkO) peaks were convoluted with rial (hkO) scans for single-phase samples after extended ex-
curves that included an arbitrary but fixed linear combinatiorposure to HSO, in combination with data from a pure PPV
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complete transformation to the stage-1 phase with no mea
surable PPV residue. The overall broadening of the scatter
ing peaks and the presence of only two strong equatorial
scattering features centered nea Zalues of 18° and 27°
are the most pronounced attributes and are comparable t
results obtained previously using alternatprtype dopants.
The peak near 27° is noticeably broader and asymmetric an120
thus suggests the possibility that this feature results from &
superposition of Bragg peak contributions. Sharp artifacts
were always observed in both the PPV andSB,-PPV
spectra. In the case of PPV these arise from crystalline NaC
residues. The analysis of the$, exposed films was con-
siderably more complicated because in many instances th
artifacts became quite pronounced, especially during studie:
performedin situ. The position of these sharp peaks is con-
sistent with the formation of a variety of crystalline salts
including Glauber’'s salt (N&0O,-H,0), sodium hydrogen
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film. Data from both displayed }$0,-PPV films evidence a T
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In addition to experimental data, Fig. 4 also contains the 20 (deg) Meridional ,
calculated profilegas solid thin linesfrom the best-fit mod- rection
arstl : 39
els using, in the case of PPV, its well-known structtiré FIG. 5. Contour map of constant x-ray intensity between the

as seen in Fig. 2 and, in the case of theSB, treated  ppy ¢ axis and the equatoriaik0 equatorial plane for a vapor-
samples, the oblique 2D unit cell shown in the Fig. 4 insetyhase intercalate¢tdoped”’) H,SO,-PPV sample. Inset: individual
where the PPV chains are represented by the shaded ellips@ifiraction profiles along the meridional direction.

and the sulfate anion by the solid black circle. Although a

multitude of reflections yield nonzero intensities, the calcu-mensurability along the chain axis and simplifies the model-
lated structure factor is completely dominated by only theing process. Slight improvements in thiekQ) fits were ob-

(200) and the(120) contributions. The overall lack of distin- tained by using a slightly lower sulfate composition
guishable features makes a definitive assignment uncertaif;>10%). Assuming that compositions in this range are es-
but, as will be shown later, this indexing is also consistensentially correct, the additional cointercalation of water, per-
with data from samples that preserve the aforementionetiaps in the form of (K0)*"HSQ,~,*>*! cannot be very ex-
equatorial anisotropy. The major calculated 2D unit cell patensive because the contribution of this water to the x-ray
rameters ar@=9.98 A, b,5=3.40 A, andy=94.5° with a  scattering significantly worsens the best fit. Once again we
setting angleps~15°. Thea repeat is slightly less than the emphasize that the lack of distinguishable scattering data sig-
estimated sum of the hard-core sizes along the PPV majdtificantly limits the microscopic details that can be defini-
axis (at ~6.1 A) and that of the sulfate anidiat ~4.3 A), a  tively extracted from this structural model.

result that is consistent with the nonzero setting angle. With The constant x-ray intensity contour map, shown in Fig.
these parameters the nominal PPV chain-to-chain conta& reveals the nonequatorial scattering. The most obvious

distance becomes nearly 3.3 A, thus establishing a stronfgature is the superposition of the relatively localized peaks
interchain Over|ap of ther orbitals and the p033|b|||ty of from the PPV chain contributions on top of a rather diffuse

good interchain charge transport. background from the sulfuric acid intercalant. Meridional

Other parameters in the stage-1 structure factor refinescans, along the-axis direction with profiles as shown in the
ment included a slight phenyl ring twist away from planarity inset of Fig. 5, clearly exhibit both these sharp and broad
of ~5° and an isotropic Debye-Waller factor of 0.32.A contributions. The relatively sharp peaks, a8 2alues of
From the peak widths we estimate a nominal 90 A crystaR7.0° and 41.4°, occur at the intersection/ef 2 and 3 layer
size, which is significantly less than that of the starting PPMines from the PPV chain scattering. This yieldscaxis
material. The position of the sulfate tetrahedron was found t@eriodicity of 6.58 A for the PPV and is comparable to the
be close to the center of the 2D unit cfdt (0.5, 0.40,p)] 6.64 A seen in the pristine PPV samples. The intensity dis-
with the tetrahedra oriented so that the four corner oxygeitribution of the PPV scattering is quite similar to that ex-
atoms appear equidistant from the central sulfur atom whefected from a single PPV chaihjndicating very poor axial
viewed from directly abovéi.e., parallel to the PPV chain ordering, although it is, in principle, possible to index the
axis). Translational displacements of up to 0.3 A by the sul-observed data in terms of a monoclinic unit cell. These re-
fate tetrahedra in the direction parallel to theaxis did not ~ Sults are similar to the earlier work of Masseal** The
significantly worsen the quality of the fits after allowing for relatively broad and featureless background reaches a maxi-
minor readjustment of various other refined parameters. Ifnum, in the case of vapor-phase doping, neé~24° and
contrast, the refinements were extremely sensitive to disindicates a nominat 3.7 A repeat for the sulfuric acid in-
placements along theeaxis direction. The sulfate concentra- tercalant along the PPV chain directigkssumingan out-of-
tion per PPV monomer repeat unit ;) was fixed ata 1:1 phase nesting between sulfate tetrahedra in adjacent unit
ratio. With one tetrahedron per unit cell this guarantees comeells within each layer gallery, this results in~a7.4 A sul-
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of the PPV crystallites is trimoddt, with nearly 50% of the
crystallites situated with theia axes oriented on average
perpendicular to the film surface. The indexing of the con-
tour maps is keyed to this dominant component. In addition,
there are two more Gaussian centroids, each representing
nearly 25% of the film crystallites with the&r axes oriented
approximately=60° from the surface normal. A simplg
26 scan using a transmission geometry probes structure par-
allel to the film surface(and therefore the most prevalent
fraction of PPV crystallites along tHe direction of the PPV
unit cell), while a scan in symmetrical reflection geometry
reflects the structural correlations in the orthogonal direction.
After intercalation by HSQ, to give the stage-1 structure
the equatorial anisotropy is still quite pronounced with the
bulk of the HSO,-PPV (200 peak(near 2=18°) and the

0' 16 20 36 40 (1?0) (near 20=27°) peak intensities oriented parallel and
26 (deg) normal, respectively, to the film surface. Presuming that the
layered structure is correct, this equatorial anisotropy can

Reflection ———
=90)

N
S geometry (¢

—_

\C-axis is AK Ky only be consistent with a model in which the$0, galleries
L tothe plane form along the direction normal to the film surface and, by
S incident 29> construction, to that of tha lattice repeat of the PPV unit
I x-ray beam . ] cell. This observation clearly invalidates any model that sug-
=§ \ - Af ¢" Ki gests intercalant gallery formation betwel®0] layers of
§E rm : the PPV chains. A more appropriate intercalation model re-
38 quires, on average, alternatirtgl.3 A (or 0.2% sina) shifts
of the PPV chains parallel to the PR direction for the
appearance of these galleries. Thus the PPV layers that ap-
pear in the doped phase structures are not the original ones
present in the PPV host films.
IV. DISCUSSION AND CONCLUSION
S 50 (300 In hindsight there are some features in this proposed sce-
I I I 1 T nario for formation of the stage-1 structure that are especially
0 10 20 (d 20 Trar?s%ission 40 attractive: The tra_nsforma_tion to _the Iayered_structure in Fig.
(deg) geometry (¢=0°) 3(b) requires a highly anisotropic deformation of the PPV

unit cell with a 1.7-A contraction along the PPdsina di-

FIG. 6. Contour maps of constant x-ray intensity about the equarection and a 6-A expansion along taexis direction. Cre-
torial plane from transmission to reflection geomefag shown in  ation of intercalant galleries in the orthogonal direction, as
the inset at middlefor a pristine PPV(at top and a HSO,-PPV  shown in Fig. &d), requires a slightly smaller expansion of 5
stage-1 sample with the approximate position of the most intensd and a much reducecontractionof 0.5 A in the respective
Bragg reflections assuming the equatorial anisotropy specified igirections. Hence the second scenario involves a somewhat
the text. less dramatic global distortion of the polymer matrix. Fur-

thermore, the creation of 430, galleries along the lines of
fate anion repeat that generally consistent with the resultge first scenario would be naively expected to maintain the
from the refinement of the equatorial da& 0.9:1 sulfuric integrity of the staggered packing of PPV chains within the
acid/PPV ratio implies a 7.4 A repeat of the molecular an-b-c plane(which gives rise to the monoclinic unit cell having
ion). Thus we arrive at a proposed PPS$D, monoclinic  an a~135°) and not overly reduce the unit cell coherence
unit cell approximate ob=9.98 A, b=6.80 A, c=6.6 A,  along theb direction. Experimentally, the pronounced reduc-
andy=94.5°. The slightly more intense feature in the liquid tion in the measured coherence lengths, as inferred from the
immersed PPV film is probably indicative of some unincor-peak widths, appears to be relatively isotropic within the
porated HSO, residues. In either case, there are no scatterequatorial plane and the well-defined PPV monoclinic unit
ing signatures consistent with extensive ordering at roontell angle« is not retained in the 580,-PPV stage-1 struc-
temperature by the sulfuric acid filling the 2D intercalantture.
galleries. There are implications for the transport properties as well.

The two constant x-ray intensity contour maps shown inThe presence of closely spaced well-defined PPV stacks will
Fig. 6 for pristine PPV and a }30O,-PPV sample reveal the enhance interchain hopping and transport perpendicular to
structural anisotropy within the equatorial plane. In the pris-the chain axis. The pronounced reconstructive nature of the
tine PPV scan the anisotropy within te&-b* plane is suf- stage-1 layer formation in combination with a high degree of
ficiently pronounced that a clear identification of the moststructural disorder almost guarantees that individual PPV
intense scattering features is possible. The actual distributiochains are strongly interconnected with adjacent layers
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thereby leading to an anisotropic 3D metal system. Sinc¢hese experimental data point to a structural evolution in
only a single doped phase structure is observed, it is likelyvhich the layer formation occurs by insertion of intercalant
that sample agirf§ causes a progressive loss of the stage-Iyalleries parallel to the PP&-c planes. It is possible that this
fraction, which then reverts back to an undoped state. Sinckehavior may extend to the stage-1 phases of other linear,
the majority of the intercalant layers are oriented perpendicuunsubstituted conducting polymer hosts, although, given the
lar to the surface, the diffusion of 80, out of the PPV  subtle and often surprising diversity of structural response, it
films may be expected to be more readily facilitated. Furtheis unlikely that the model proposed here represents a univer-
investigation of aged samples is necessary to adequately aslal intercalation theme in the formation of the polymer layer
dress these latter issues. Preliminary scattering data fromompounds.
fully dedoped PPV films suggest a strong recovery to the
herrin_gpone structure with a final crystal size intermediate to ACKNOWLEDGMENTS
the original PPV films and that of the stage-1 structure.

In conclusion, we have confirmed by rigorous structure We gratefully acknowledge the support of this work
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