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X-ray-diffraction data from alkali-metal-doped péyphenylenevinylene(PPV) have been compared with
various candidate structures ascertained by Ha#isB. Harris, Phys. Rev. B0, 12 441(1994] in a mean-
field study of a model Hamiltonian which includes polymer-polymer and guestthestalkali-metal-ion to
polymer chain interactions. At least one of these recently identified phases is found to have a local ordering
motif that is consistent with data from K- and Rb-doped PPV samples at the highest alkali-metal concentra-
tions. A closely related structure is found to be consistent with data from Na-doped PPV. These two structures
form a class of channel structures whereby the well-known single alkali-metal-ion array/threefold polymer
chain structure is replaced by a lower symmetry structure characterized by a staggered pair of parallel quasi-
one-dimensional alkali-metal-ion arrays surrounded by four polymer chains.

The structural ordering within conducting polymer guest-alkali-metal ions forms along the direction parallel to the
host compounds has received considerable atténtidband  polymer chain axis and these arrays are typically surrounded
this information continues to be centrally important for de-by either thre&’ or four® polymer host chains. These basic
veloping a deeper understanding of the properties displayestructural units are often arranged to give trigdhal,
by this unique class of material$The pronounced compo- tetragonaf, or orthorhombi¢® three-dimensional structures.
sitional changes that accompany conducting polymer doping subset of these structural studies have convincingly shown
(or, more precisely, intercalatipare also mirrored by a rich the existence of systematic displacements by the polymer
array of structural phases and phase behavior. Thesghains away from positions of high symmetd?12Detailed
structural phases have been often cast in the context of @ initio theoretical studies have also suggested structural
staging mechanisit’ in analogy to the evolution within distortions within the polymer chains themsel¥és.
layered material$®!® While some model systems show Although the structural models based on this single-ion-
transformations conceptually consistent within the frame-column construction yield excellent fits to much of the ex-
work of staging>® there is indication that for many of the perimental data, the less well-ordered structtitéd? that
linear polymer hostge.g., polyacetylenéPA) and polyp- form at the highest alkali-metal-ion concentrations within
phenylenevinylene (PPV)], intercalated by smaller guest samples having threefold channel structures remain poorly
specieqi.e., alkali-metal iong much of the detailed behav- understood. In this regime the alkali-metal concentrations
ior originates in the local degrees of freedom, especially rocan exceed twice those of the more ordered phZdegually
tational motions about the polymer chains &ié! This lat-  significant are the changes in the scattering data. These data
ter response is associated with the formation of variousre far more difficult to assess and analyze because the per-
channel structures. This motif is marked by a quasi-onetinent scattering features broaden, shift position, and change
dimensional construction wherein a single linear array oftheir intensities with a complex functionalit§.
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Only a limited number of physical processes may account
for this continued uptake of alkali-metal ion&) the alkali-
metal-ion density per quasi-one-dimensional column in-
creases(2) the number of occupied channels increass;
there is a fundamental disruption of the channel structure to
form new structural phases. This first scenario is inconsistent
with existing experimental data. These data suggest only
marginal changes in the intrachannel alkali-metal—ion-ion
spacing. The second mechanism has been observed during
electrochemical K doping of polyacetylene; a system domi-
nated by fourfold channel structures. For systems displaying
threefold channel structures there has been at least one un-
successful attempt to incorporate this schéfnBoth these

examples focus on the rotational response of the polymer giG. 1. various template structures for the equatorial packing of
chains within guest-host matrix as the dominating themethe polymer chains and intercalant galleries assuming that the poly-
The third cited process is difficult to describe in brief be- mer chain axes approximate a triangular gt@. The herringbone
cause it ostensibly invokes rotational and translational mo¢HB) phase of the pristine polymer superimposed with letters rep-
tions throughout the host matrix. resenting the sixfold degenerate 120° phase channel ie$he
This paper presents a study of equatorial diffraction datantermediate alkali-metal/PP\/3x /3 phase(or 120° phasg (c)
from PPV films observeth situ during saturation doping by Possible sitesB andC, for creation of additional threefold alkali-
Na, K, and Rb alkali-metal vapors. We find this data can begon channels(d) Alternative model showing disruption of threefold
successfully treated using a model which presumes an irfhannels to form the 90° phase of Ref. 21 in which there is a pair of
crease in the number of occupied channels through a systerlkali-ion arrays surrounded by four polymer chains.
atic disruption of threefold channels to form adjacent nested

pairs of one-dimensional alkali-ion arrays surrounded bymonomer unit repeat. FdR,PPV (R=Na, K, and Rb the
four polymer host chains. Hence, this is evidence for theppy c-axis repeat is approximately 6.6 A and the ion-ion
existence of striking structural reorganization by the alkali-spacings are close to 4.4 A. When combined with the three
metal-ion arraydilling these galleries. While there are con- ppv chains/one ion channel packing motif, this results in a
siderable distortions within the guest-host matrix, this strucnominal x=0.5 value. Since these alkali-metal ions exhibit
tural evolution still appears to be dominated by rotationalessentially complete ionization, the Coulomb repulsion be-
motions of the polymer host about its chain axis. Moreovertween neighboring ions, within a channel, appears to be a
these new phases bear a strong resemblance to a subsetsfnificant component in preventing the wholesale factor of
structures generated during a mean-field study by Harris two reduction in the intrachannel ion-ion spacing necessary
using a representative Hamiltonian which embodies only roto double the guest-ion concentration using a single channel
tational degrees of freedom. construction.

Accounts of the sample preparation, experimental proce- Figures 1c) and Xd) depict two possible pathways in
dure, and modelling calculations have been reportedvhich increasing alkali-metal content may be accommodated
previously:>**In brief, uniaxially oriented samples of PPV within the empirical paradigm that rotational degrees of free-
multilayer thin films were sealed into x-ray capillaries with a dom are centrally important. The first possibility is to forc-
small quantity of the appropriate alkali metal and then placedbly fill unoccupied galleries at either th® or C positions
into an x-ray compatible two-zone furnace. The doping timeshrough simple chain rotations and, thus, creating new three-
often exceeded one wedkr more at these elevated tem- fold channels. This is conceptually equivalent to the “stage
peratures(~230 °C for Rb and~290 °C for K and Na  2”to “stage 1” transition reported by Heinegt al® for the
X-ray-diffraction scans were performed using a Cu, K fourfold channels of electrochemically dedoped K-PA. How-
(1.5421 A source and silicon-diode array detector. Conven-ever there are two subtle differences in the threefold model:
tional 9-26 scans were acquired throughout the doping proa secondary rotation by the entire original threefold channels
cess. about the alkali-metal-ion centers appears necessary for

The nominal packings, perpendicular to the polymer chairproper accommodation of the guest ions and the two possible
axis, for the host polymer and the threefold channel comsublattice sitesB andC, incur counterpropagating rotational
pounds are depicted in Figs(al and Xb), respectively. In  responses. Modelling studies incorporating this type of struc-
this two-dimensiona(2D) representation the ellipsoidal pla- tural evolution within a single-phase domain-wall picture
nar rotors are identified with the projected polymer structurehave been relatively unsuccessffilOur most recent at-
perpendicular to its chain axis. The uppercase letters in Figempts to model the experimental data using a two-phase
1(a) identify the six possible channel sites that when filled, ascoexistence of the 120° phase and structures based on the
shown by encircling one of these letter types in Fi)1 scheme shown in Fig.(#) have been equally unsucces$tul
yields a threefold channel in thé3x /3 phasegor, equiva- as well. At present it seems unlikely that this model has
lently, 120° phase This form is observed in a myriad of significant merit.
guest/polymer-host systerfié®135and every filled alkali- An alternate approach is to create side by side ion chan-
metal-ion channel occupies lattice points of a 2D triangulamels within each gallery using simple rotations by two of the
Bravais lattice. The specific guest-host composition is deperthree surrounding polymer chains as shown in F{g).IThis
dent on the ion-ion intrachannel spacing versus that of thgields a structure having two one-dimensional ion arrays
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FIG. 2. Comparison of experimentaots and calculatedsolid FIG. 3. Detailed view of the K,/PPV (hk0) spectrum showing

lines) equatorial fk0) diffraction spectra throughout the entire (at botton) the datalopen circleg and calculated profilésolid line)
K-vapor doping of PPV sequence. Each scan is labeled by its aveas superimposed on a representative background. The middle profile
age K, x, composition(using the formula KCgHg). Sharp peaks (magnifiedx4) shows the 120° phageniddle inse} contribution
near = 32° and 45° are artifacts from crystalline salt impurities and the top profile shows the 1s-90° phds®p inse} contribution.
and the Be cell windows. Also shown are the most intense Bragg reflectiorextical barg

and their indices.
centered at theA and A’ labelled positions. Symmetry
equivalent structures are generated usingBher C’ sites.  mine the relative phase fractions, for ith phase, the fol-
In this case the overall structure and symmetry of the channgying approximation is used,
becomes altered without necessarily changing the nominal
triangular lattice repeat. This type of structural phase behav- . q
ior has been explored in a number of mean-field theory pi=—— and I‘:f "™1.(q)q2dq,
investigation&’?* and these studies have documented a rich Zili q
number of interesting, thermodynamically stable structural _ . o _
phases. Of these, it is the 90° phd$ég. 1(d)] which is wherel; is t.he mtegrated scattenng_ intensity from thé
relevant to our experimental data and forms the basis of thehase andj is the associated scattering vector.

Figure 2 exhibits selected equatorial diffraction scans foshown all key scattering features are systematically repro-
the entire sequence during K-vapor doping. The first fou,fjuced, espe_ually the pronounced loss of scattering intensity
scans, “undoped” to 0.49, can be effectively modelled usingin the 26 region spanning from 20° to 23° of the K-PPV and
a two phase coexistence of the herringb¢H®) and 120° Rb-PPV spectra. _
phases. The striking structural evolution seen at heavier K While the models of Fig. 1 and of Ref. 21 presume an
concentrations is captured in scaks 0.61 through 0.94. undistorted triangular lattice, the attrlbutgs of each actual
The easily indexed 120° phase peaks, most pronounced APV 'gutlast—host system requires cons.|d.erable structural
scanx=0.49, are replaced by very broad, modest intensitynodification of the “90°" phase. The explicit 2D represen-
scattering peaks centered neatlues of 11° and 32° and tations are depicted in the insets of Figs. 3 and 4 for the three
a weaker scattering feature at 21°. The final scan yields a . -
scattering profile that is significantly different from that of TABLE I. Unit-cell parameters at selected compositions.
the 120° phase. This can be most clearly discerned in the top

min

two spectra shown in Fig. 3. Qualitatively analogous results HB  120° Is-90° pi composition
are obtained during eithe_r Na or Rb vapor doping.  Akali, ad) bA) ad) ad) bA) A pus P Pisooe
All of these latter profilesx>0.49, can be closely repli-
cated by using a monotonically varying two-phase coexistKoo 8.11 5.15 1.00
ence of the 120° phase and a modified 90° phase superinfoss 8.08 533 8.78 0.30 0.70
posed on a smooth background profile which represents o4 8.10 5.43 8.81 0.12 0.88
superposition of scattering from the glass cell, air, and an¥ e 8.92 13.70 8.48 97.0 0.85 0.15
“amorphous” regions in the polymer films. Comparisons be-Kg 3 8.98 13.87 8.63 96.0 0.51 0.49
tween the experimental data and calculated profiles are alg0, g, 9.05 14.42 8.83 94.3 0.20 0.80
contained in Fig. 2 and, in much greater detail, for selected , o, 9.11 14.76 9.00 91.5 0.03 0.97
(hk0) profiles from K-PPV, Rb-PPV, and Na-PPV in Figs. 3 Rby g5 9.01 1424 93 997 0.03 0.97
and 4(top and bottomrespectively. Table | lists the various Na, g, 8.66 13.86 8.90 86.3 0.12 0.88

2D unit-cell parameters and relative compositions. To deter:
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lated alkali-metal compositions for each phase are found to
slowly vary. Furthermore these PPV polymers themselves
include significant intrinsic internal structural inhomogene-
ities. There are also marked reductions in the estimated crys-
tallite coherence lengths during the transformation to the
Is-90° phase. The estimated values for the 120° phase struc-
tures are 170, 150, and 120 A for Na-, K-, and Rb-doped
PPV respectively. These drop to 100, 50, and 35 A in the
respective Is-90° phases.

One final observation, which we highlight, is the intrigu-
ing difference in the local distortions of the “Is-90°” Na-
PPV phase as compared to those of the K-PPV and Rb-PPV
samples. This structure exhibits a subtle alternating left-right
tilt of the polymer chains filling the unit cells reminiscent of

the herringbone packing seen in pure PPV. Interestingly, an
00.0 TT100 | 200 360 400 so0 equivalent structL_lre is a_lsq obsgrved in the p_hase diagrams
20 (deg) reported by Harris and it is designated the distorte@0°
phase(or, equivalently, 1s4-90° in the case of Na-PBV

FIG. 4. Detailed views of RbePPV (at top and NayePPV(at . 1 Ne Ppresence of these doubly filled ion channels in com-
bottom (hk0) spectra showing the datapen circleg calculated bination with a sFrong ‘on-ion repulglon sugge_sts that an in-
profiles (solid line9 as superimposed on representative back-t_ra‘?hannel °rde“”9 between the paired array IS neede_d' Pre-
grounds using two different base models, 1s-90° and-86° (top  lIMinary scans which probe the nonequatorial scattering of
and bottom insets respectively the alkali-metal-ion structure yield data consistent with an

out-of-phase staggered packing of the neighboring alkali-

metal-ion arrays. Thus the nearest-neighbor spacing for ions

differing alkali-metal ions studied. In all these cases the besR?vithin each channel drops from a nominal 4.4if the 120°
fit models require oblique 2D unit cells. To describe thes hase down to 3.8 A in the dual channel st%ucture.

lower symmetry(ls) structures we use the designation Is-90°.
The distortion of the host lattice away from a triangular sym-,
metry, implicit to the 120° phase, is not difficult to reconcile
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In conclusion we have shown that variations on a simple
eme, a transformation to a doubly filled channel, can ex-
A ) ) plain the equatorial scattering spectra for all alkali-metal/
con3|der.|ng the overF lack Of. this symmetry in the base Strucppy guest-host compounds exhibiting intermediate threefold
tral unit, two alkali-metal-ion channels surrounded by dchannel structures. Furthermore, this evolution is shown to

rectangular cage of four polymer chains. In fidd't'on to thebe conceptually consistent with the framework of the simpli-
lower symmetry of the unit cells, these best fits also requir ing generalized anisotropic planar rotor mod&lahich

rotational and translational displacements of the various unif y .. only rotational degrees of freedom within the host-

cell components away from their nominal placement in the uest matrix. It remains to be seen whether or not these

90° phase. S".‘CG there are now twice as mar_1y_f|lled Chargtructural phases may be relevant for other conducting poly-
nels, the effective planaatb plane area per chain increases

slightly when compared to that of the 120° phase. We als mer guest-host compounds including those intercalated by

note that, to obtain these high-quality fits to the entire se(—?he largerp-type (lectron acceptgrdopants.

guence of experimental data, small systematic variations, up Financial support by NSF DMR Grant No. DMR-
to 5% or so, in the unit cell parameters are required. Som8305289(G.M. and M.J.W is gratefully acknowledged. We
variation is expected simply because thessitu runs do not  would also like to thank Dong Chen for help in acquiring the
achieve true thermodynamic equilibrium. Hence the calcuthe x-ray-diffraction spectra.

IR. H. Baughman, N. S. Murthy, and G. G. Miller, J. Chem. Phys. °N. S. Murthy, L. W. Shacklette, and R. H. Baughman, J. Chem.

79, 515(1983. Phys.87, 2346(1987.
2N. S. Murthy, L. W. Shacklette, and R. H. Baughman, Phys. Rev1°D. Chenet al, Phys. Rev. BA5, 2035(1992.
B 41, 3708(1990. 11 3. P. Aimeet al, J. Phys(Pari9 Lett. 46, L379 (1985.
3R. H. Baughmaret al,, Mol. Cryst. Lig. Cryst.118 253(1985. 12F saldi, D. Billaud, and M. LeLaurain, Mater. Sci. For@h 363
4M. J. Winokuret al,, Phys. Rev. Lett58, 2329(1987. (1992.
5p.A. Heineyet al, Phys. Rev. B44, 2507(1991). 13D, Chen, M. J. Winokur, M. Masse, and F. E. Karasz, Phys. Rev.
p. Djuradoet al, Synth. Met.34, 683(1990. B 41, 6759(1990.
’D. Chen, M. J. Winokur, and F. E. Karasz, Synth. Mé&t, 341 1*M. J. Winokur, P. Davis, and D. Chen, i@hemical Physics of
(1991). Intercalation II, Vol. 305 of NATO Advanced Study Institute,

8N. S. Murthy, L. W. Shacklette, and R. H. Baughman, Phys. Rev. Series B: Physicsedited by P. Bernier, J. Fischer, S. Roth, and
B 40, 12 550(1989. S. Solin(Plenum, New York, 1993 p. 283.



53 DUAL ALKALI-METAL-ION CHANNEL STRUCTURES IN. .. R467

5N, s. Murthyet al,, Solid State Commuriz8, 691 (1997).

165 vy, Hong and M. Kertesz, Phys. Rev. Ledt, 3031(1990; H.
A. Mizes and E. M. Conwell, Phys. Rev. 83, 9053(1991); E.
M. Conwell, H. A. Mizes, and S. Jeyadehid. 41, 5067(1990);

J. L. Bredas and A. J. Heeger, Macromoleci#8s1150(1990.
Y7L, W. Shacklette and J. E. Toth, Phys. Rev3B 5892 (1985.
B|ntercalation in Layered Materialsedited by M. S. Dresselhaus

(Plenum Press, New York, 1986

19E. Mele, inChemical Physics of Intercalation (Ref. 14, p. 93.

204 Y. Choi and E. J. Mele, Phys. Rev. 4), 3439(1989.

2IA. B. Harris, Phys. Rev. B0, 12 441(1994).

22R. Baughman, N. Murthy, H. Eckhardt, and M. Kertesz, Phys.
Rev. B46, 10 515(1992.

233, H. Simpsoret al, Polymer34, 4595(1993.

24T J. Prosaet al, Macromolecule5, 4364(1992.

25Guomin Mao and M. J. Winokugunpublishedl



