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Charge transfer in alkali-metal-doped polymeric fullerenes
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We present room-temperature Raman measurements of pressure-polymegzed Compare them with
the spectra of Rbg in the orthorhombic phase. Although both materials were prepared according to two
completely different routes the spectra show a surprising similarity with respect to mode positions and line
splitting. We concluded from this that both materials, the uncharged pressure-polymerigezhd the
rubidium-doped orthorhombic compound, have the same overall structure adCtfgecompounds can be
considered as the doped species of thg, @olymerized using moderate low pressure and high temperatures.
From a detailed comparison between both spectra mode shifting and line broadening as a consequence of the
charge transfer was determined and electron-phonon coupling constants were estimated for the high-frequency
Hy(7) andH4(8) modes. The low values for the coupling constants compared to the ones in;@yy &an
explain the lack of superconductivity in tHeC g, compounds[S0163-182606)06448-X

[. INTRODUCTION stability versus ambient conditiofisand at least for the Rb
and Cs compound a magnetic phase transition to an insulat-
In the last few years considerable experimental and thedng state’ KC 4, remains metallic to low temperatures but
retical research has been dedicated to the various forms afbes not become superconducting.
polymeric fullerenes. The first member of this new family of  Finally, reacted compounds of ¢ were most recently
materials was phototransformeddC The photosensitivity of observed also after treatment of the material at elevated tem-
Ceo Was already noticed in the early days of fullerene re-perature and high pressuf®!! The observed structures de-
search since Raman spectra obtained for very clean materipénded strongly on the pressure and temperatures used in the
at room temperature were found to be unstable if the energgxperiments. After rapid compression of(lip to 20 GPa at
of the exciting laser was larger than about 1.8 eV. Argu-room temperature and under nonhydrostatic conditions poly-
ments for the description of the photoproduct as a polymecrystalline bulk diamond could be obtain¥dX-ray analysis
came from its insolubility and from characteristic mass specindicates a fcc lattice with a diamond structure. Quasihydro-
tra which were quite different before and after irradiation of static pressures 18 GPa together with a large shear defor-
Cgo With appropriate light. A suggestion to explain the trans-mation lead to a new form of amorphous carbon which is
formation process came from Ram al! in the form of a  harder than diamond but may still be related g8
2 + 2 cycloaddition after the absorbed laser light had in- In contrast, if quasihydrostatic pressures of about 5 GPa
duced a highly reactive triplet state on thg;@nolecule. The were used, different structures were found depending on the
2 + 2 cycloaddition process has since then been consideredmperature. Iwaset al° report the formation of a rhombo-
as the basic mechanism for polymerization ig,C hedral structure at 700 °C and a second phase at 300 °C
More or less simultaneously with the observation of thewhich can be indexed using a distorted fcc structure. The
phototransformation the phasa€ 4, were discovered™®for ~ small measured values for the intermolecular distance and
A = K and Rb and later also for Cs. The phases have #he fact that the material was insoluble in toluol and con-
rocksalt structure at high temperatures and are subjected tovarted to normal G, after heating suggests a chemical bond-
phase transition on cooling either to an orthorhombic staténg between the molecules. The expected symmetry reduc-
(Rb, C9 or for K, if the cooling speed is low enough, to a tion of linked molecules is consistent with the increasing
phase-separated compouaeCg, + K3Cgqq. If the cooling  number of observed vibrational modes in the Raman and
rate for the potassium compound is fast enough the samefrared(IR) measurements.
phase as for the Rb and Cs compound is obtained. For the A detailed x-ray structual analysis was done by Regueiro
orthorhombic structure an unusual low distance of 9.2 A wat al! In this investigation the x-ray pattern of the phase at
observed between two molecules along140) direction 700 °C could be simulated using a mixture of a majority
from which a polymeric character for the compounds washombohedral and a minority tetragonal phase. For samples
deduced. In contrast to the thin films of phototransformed prepared at 8 GPa and a temperature of 300 °C the x-ray
material an extended structural study with Rietveld refinespectra are close to those of the distorted fcc phase of lwasa
ment was possible. The latter resulted in reliable values foet al. but the spectra showed additional features and could be
the bond lengths between the connected moleéules. simulated with a body-centered orthorhombic structure. So,
In the polymeric statdCgq has several remarkable prop- the x-ray refinement leads to an orthorhombic structure
erties, such as a metallic character of the electronic systemwhere the molecules are suggested to be linked together by
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four-membered rings forming linear chains.

Some recent results of Perssetnal 1 demonstrated a po- Lot Ly v
lymerization process of g between 550 and 585 K at even | | (a)
lower pressure of only 1.1 GPa. The x-ray measurements ~—
agree qualitatively with the orthorhombic structure of linear B N i (b)
polymer chains found at high pressure in Ref. 11 but a more
detailed analysis could not be done because of broad over- (c)
lapping peaks. However, in Refs. 14 and 15 it has been dem-
onstrated that bonding between molecules has a covalent na-
ture: magic angle spinning NMR revealsg@® hybridization. l, | l J\ (d)
Recent experiments by Sundqvistal® showed that poly- Ly N -
merization reaction starts indgalready atp= 0.8 GPa and 400 800 1200 1600
450 K.

In this paper we present detailed Raman spectra for the
low-pressure-polymerized orthorhombig{and compare it
with similar spectra obtained for the orthorhombic phase ofa1 ¢ 4':5|§k1('c)oa\;]eézl) zg‘:ﬁg ;Z?:;?S@ Ceo and(b) Rbc’:“’o’ both

. . pectra of pressure-polymerized
d.OpEdACSO' Even though the preparation of the two mate-C60 and RbG, in the orthorhombic phase at room temperature. The
rials was along completely different routes the spectra, . ows assign the Raman actik, modes.
showed a striking similarity not only with respect to line

posit_ions but_ also with respect to dgtails of_ the splitting _Ofcharge—coupled devioCCD) detector. During the measure-
the lines. This allowed us to establish a reliable correlanor}nents the samples were kept in a vacuum better tharf 10
between the vibrational modes in the two materials and, CONpa The Raman data were analyzed and fitted with Voigtian
sequently, the charge-transfer-generated polymer can be cofj;. shapes using a commercial computing program. Lin-

sidered as the doped phase of the pressure-polymerized Magigths are given as measured. The experimentally observed
terial. Thus the charge-transfer-induced line shifts and I'”‘?Nidth of the laser was 3 cimt.

shapes could be determined. From the difference in the lin-
ewidths an estimation of the electron-phonon coupling con-
stants for the modes in metallic Rgwas possible. These
coupling constants turned out to be much smaller as com- Figure 1 shows the overall Raman spectra foy, @nd
pared to K;Cgo, Which explains why neither Kg nor  RbCy, as observed at 450 K between 200 ¢hand 1700
RbCy is @ superconductor. cm™?, together with the pressure-polymerized orthorhombic
Cgo and the polymeric orthorhombic phase of Rg@t room
temperature. The spectrum ofsgat 450 K shows the well
known 24, modes at 496 cm' and 1467 cm* and the 8

To produce the pressure-polymerized samples 99.99%i, modes assigned by arrows in the figure. The Raman spec-
pure G, powder was encapsuled in a stainless steel contrum of RbGCs, in the rocksalt structure is similar but the
tainer of a high-pressure cell and subjected initially to 0.2pinch mode is strongly reduced in intensity and most of the
GPa. Subsequently the sample was heated to a reaction teidy modes became very weak. The spectrum was discussed
perature of about 300 °C. Then the pressure was increased tecently in detail for the potassium compound in Ref. 18.
1.1 GPa and the sample was annealed for several hours. BEhe downshift of the pinch mode due to the charge transfer
fore the pressure was lowered to zero the sample was coolésl 7 cm™1.
to room temperature. After the pressure treatment the struc- Figures 1c) and 1d) show the overall Raman spectrum
ture of the sample was analyzed by x rays. The result agreddr the pressure-polymerizedggand for the charge-transfer-
qualitatively with an orthorhombic structure. Experimental polymerized RbG,. As compared to the upper two spectra
details for the pressure treatment of thgy@owder are de- several new modes can be seen together with a strong split-
scribed by Soldatoet al!® ting of the formerHy modes. Compared with each other the

RbCgy was prepared by dopingdgsingle crystalsn situ  spectra for the polymers exhibit a surprising similarity. Even
in front of a Raman spectrometer. The doping was performedetails of line splitting look the same, as will be demon-
by a combination of load and equilibration processes abovstrated explicitly in the following. The dominance of the
410 K as described in detail by Winter and Kuzmany in Ref.pinch mode for the pressure-polymerized material is nearly
17. It was continued well beyond the disappearance of angs strong as for the pristine material. Also, this dominance
signal from undoped g, in the Raman spectrum. Thus the has disappeared in both cases for the doped materials. For
crystals were doped at least to the penetration depth of thime charge-transfer-polymerized material the low-frequency
laser used for the excitation of the Raman spectra. After theart of the spectrum becomes dominant. To demonstrate the
doping the crystals were slowly cooled to room temperaturalifference between the two spectra several spectral windows
in order to obtain the orthorhombic polymeric phase. will be shown below with strong magnification.

The Raman measurements were performed at room tem- Five windows of the spectrum are selected in the follow-
perature and at 450 K using an argon ion laser with an exciing. The lines in the figures mark the center positions of
tation of 514.5 nm. The laser power was kept to approxi-modes which are obtained by peak-fit analysis. These posi-
mately 50 W/cnt. The scattered light was analyzed with a tions are listed in Table Il together with the intensity and
Dilor xy spectrometer and registered with a multichannelinewidth.

Intensity

Raman shift (cm_1)

Ill. RESULTS

Il. EXPERIMENT
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TABLE I. Correlation table of symmetry groupg andD,, .

In D2n
(a) 27, 2A,
3Ty 3By4+3B,y+ 3Bg,
. ) 4T, 4B+ 4B,y + 4By,
= 6Gy 6Ay+ 6By 4+ 6Byy+ 6By
& 8H, 16A4+ 8B4+ 8B,y + 8By,
C

I induced shift for theAy(1) mode is about 7 cm? to lower
(d) wave numbers. On doping the line shifts upwards by 1
I 11 cm~! as for the monomers. It remains unsplit, as might be
expected from its nondegenerate character. No direct corre-
L lation to the monomers can be found for the well expressed
200 300 400 500 600 mode at 344 cm? unless it is considered as one of the five
Raman shift (cm—1) components of the splki4(1) mode.

Figures 3 and 4 show windows of the spectra in the range
of the modesHy(3),Hy(4) and Hy(5),Hy(6), respectively.
From both figures it is evident that even details of the split
structures are retained for the two polymers. The well de-
fined line at 638 cm?! is another example for a new mode
not observed in the monomer phases. The assignment for the

: modesH,(5) and H,(6) is not as clear as for the other
Figure 2 shows the frequency range of #g(1), Hq(2), modes. l—%owever, thgis is already so for the relation between

and theA,(1) mode. Even though the spectra for the poly- - .
9 A -
meric phases exhibit a much richer structure a correlation t<5he pristine and the doped monomer pha_ses. tentative as
signment to the formeH, modes is used in Table Il, even

the original intrinsic Raman active modes is possible forf th lit i
nearly all lines. The splitting range for thely(1)- and or the Spiit components.

H4(2)-derived modes is 27 and 36 ¢, if the mode at 344 tF||_|naIIy, E'g' 5 sgozﬁs th_e frﬁquer:jcy r_la_lrr:geh(_)fr:hte two h'?h'
cm~ ! is not included in theH4(1). For the doped polymer estHy modes an € pinch mode. he high-temperafure

the splitting is 26 cm* and 50 cm %, respectively. The line spectrum for the rocksalt phase of Rgfliemonstrates the
shifts between neutral and charged cages on the chains a?mg;ercg:lzefgfﬂ]gg r:)&llsn?gr tr}l’igﬁnmeinarresz(t)rgsne |f°rbtr22 dn;ﬂgg_
given in Table Il. This table contains also the line shifts Ne polymer. gy ;
between the undoped and the single charged monomer in th d. rgduced n |nten§|ty for the doped system. The behavior
ninth column. Compared to the latter the overall shift for the'> sw_mlar for the_ doping process of the polymer except that
polymeric phases is much weaker in the case ofHiél) the lines are split for both the undoped and the doped mate-

mode but similar for theHy(2) mode. The polymerization- rial. This similarity is particularly evident for thely; modes

FIG. 2. Raman spectra between 200 chmand 600 cm?® of
Ceo. RbCg both at 450 K[(a) and(b)], and pressure-polymerized
Cego and RbG at room temperaturc) and(d)]. The lines indicate
the peak positions of the modes in the spectra.

(a) (a)
M,Anj\-m.ow DSIRCSTU VR VW Ry
2 (b) 2 (b)
‘0 0
< < | oomrarsamsd trmntugiy rim.
2 2
E L0 (©) Sl e
IR @ [
WNM*“A- M.W
600 700 800 900 1000 1000 1100 1200 1300 1400
Z ) -1
Raman shift {cm 1) Raman shift (cm )
FIG. 3. Raman spectra between 600 cvand 1000 cm?! of FIG. 4. Raman spectra between 1000 ¢nand 1400 cm? of

Cego, RbCg both at 450 K[(a) and(b)], and pressure-polymerized Cg,, RbCg, both at 450 K[(a) and(b)], and pressure-polymerized
Ceo and RbG, at room temperaturgc) and (d)]. Cgo and RbG at room temperaturgc) and (d)].
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appearing at 1423 and 1574 crhfor the pristine monomer. modes extending from about 70 to 200 ¢ For excitation
Within experimental error the broadening and the downshifivith a Nd-YAG (YAG denotes yttrium aluminum garnet
of the individual components is the same for the polymers ataser weak interball modes were observed at 97 £ni19
for the monomers. This can be seen from the quantitativem ™!, and 173 cm?! (Refs. 14 and 15for the pressure-
results compiled in Table II. polymerized material but no equivalent modes could be ob-
The pinch mode for the pressure-polymerized,@s  served for the green laser excitation either for the pressure-
downshifted by about 8 cm' compared to the pristine C polymerized G or for the RbG.
60- The observed line can only be reproduced properly by
two oscillators which were located at 1459 chand 1464
cm™1, respectively. A similar splitting is observed for the
pinch mode in RbG, with the two components located at  One reason for the dramatic changes in the Raman spec-
1450 cm ! and 1460 cm®. The overall shift between the trum from the high-temperature fcc phase compared to the
undoped and the doped polymer is about the same as for theom-temperature orthorhombic phase is the reduction of the
monomers. symmetry toD,y, . In Dy, all modes are nondegenerated and
We have also checked the frequency range of the interballll gerade modes become Raman active. So a splitting of the

IV. DISCUSSION

TABLE II. Positions of the Raman modes of pressure-polymerizgglabd polymeric RbG, at room
temperatureA wp,, andA wy,, are the frequency shifts between the undoped and doped polymer and undoped
and doped monomer at 450 K, respectively. The intensities are normalized to the intensitAgfifheode.

Mode Pressure-polymerizedgg Polymerized RbG,
) Intensity y ) Intensity y Awp, Awmo
(ecm™h (a.u) ecm™)  (em™Y (a.u) em™  (eml  (emY
Hg(D 249 26 8 249 9 7 0
256 51 6 259 98 5 +3 -4
269 27 9 269 10 9 0 -2
276 38 5 275 17 6 -1
344 39 6 344 71 5 0
Hq(2 416 7 6 402 4 5 —14
425 35 5 412 6 9 -13
431 41 5 431 18 5 0 -9
452 112 5 452 10 5 0
Aq(1) 489 100 5 490 100 5 +1 +1
Hy() 638 67 5 629 17 8 -9
698 33 5 684 7 5 -14
708 97 7 696 12 14 -12
Hy(4) 754 57 5 731 5 6 —23
738 5 6
768 33 7 756 10 5 -12 -4
775 5 762 8 8 -13
952 28 14
967 71 14 967 13 10 0
1041 13 18 1038 4 8 -3
1049 3 7 +8
Hgy(5) 1087 39 9 1092 5 20 -5 -5
1109 69 9 1109 5 19 0
1194 39 12 1191 14 7 -3
Hqy(6) 1261 30 8 1251 5 9 —-10
1310 27 8 1300 7 10 —-10
Hg(™ 1398 22 9 1389 12 11 -9
1411 60 9 1407 7 16 -4 —15
1426 75 14
1434 149 6 1424 8 20 —-10
1446 59 10
Ay(2) 1458 878 6 1450 94 9 -8 -7
1464 299 10 1460 81 11 -4
1493 9 12
Hq(®) 1563 110 18 1530 14 34 -33 =21

1577 122 8 1559 8 20 —18
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Intensity
Intensity

1300 1400 1500 1600 1700 1350 1400 1450 1500
Raman shift (cm_1) (a) Raman shift (cm_1)

FIG. 5. Raman spectra between 1300 ¢mand 1700 cm?* of ' ' T
Ceo, RbCgsq both at 450 K[(a) and(b)], and pressure-polymerized
Cego and RbG at room temperaturgc) and (d)]. Hg(8)

formerHy modes intoAy, Bgi, Byg, andBsy and also new
modes in the spectrum can be expected. A correlation table
of the symmetry groupk, andD,y, is shown in Table I.

The identical mode pattern for the orthorhombic phase as
prepared from pressure polymerization and charge-transfer
polymerization, respectively, is unexpected as the two routes
of preparation are very different. As a consequence of the
result we conclude that the overall crystal structure and the
local structures are the same for the two polymers. The broad
overlapping structures in the x-ray pattern indicate that the
disorder is somewhat larger in the pressure-polymerized ma- L
terial. In this sense we can consider_ RR@s 'ghe c_jope_d form 1450 1500 1550 1600 1650
of the pressure-polymerized species. This view is further
strongly supported by the very similar charge-induced line
shifts between the pressure-polymerized material and the
polymer obtained by cooling from the rocksalt phase. This FIG. 6. Raman lines for the modét;(7) andHy(8) for the two
similarity is immediately evident from a comparison betweenPolymeric phasgs after subtraction of the overlapping contributions
columns the eighth and ninth columns in Table 1I. The onlyfrom theAq(2) pinch mode.

exception is the modely(1) where the average shift for the he gyerall spectrum is so similar for the doped and the un-
monomers is-3 cm~* whereas for the polymers no shift is doped polymer the Davidov splitting may also be the reason
observed. This may have to do with a much smaller electronfgr the splitting in the latter.
phonon coupling for this mode in the polymer as compared The lack of the observation of interball modes in the
to the same mode in the monomer. On the other hand thgresent work may originate from the fact that these modes
upshift of 1 cm* for the total symmetric breathing mode at are very weak for linear chains. Using a Nd-YAG laser for
489 cm ! [A4(D] is exactly equal to the value for the excitation the intensities of these modes are approximately a
monomer. It was explained in the latter as a Coulomb confactor 20 weaker than the intensities of tAg(1) mode!®
tribution to the force constants which yields an additionalAssuming that the intensity ratio between the interball modes
stiffening’® The overall shape of the breathing mode mustand the low-frequency g modes is more or less the same
therefore be retained in the polymer. for the excitation with the two different lasers, the former
The splitting observed for the other total symmetric modecan hardly be detected with a green laser excitation. The
as a consequence of the transition to the polymeric state capenetration depth and thus the scattering volumne for the
not be due to a reduction of symmetry on the molecule. ItNd-YAG laser are much larger than for the green laser.
may be due to the geometrical arrangements of the chains in The new mode at 344 cit is interesting. It is very well
the lattice. The space group was determined at least fadefined in both polymers but not observed in the monomers
RbCg as Pnnm® which means a primitive orthorhombic and not after photopolymerizatidf.lt is obviously a very
cell with two Cgg molecules as a basis. This configurationgood fingerprint for a well defined extended chain. This
allows for a Davidov splitting of nondegenerate modes. Asnode was also found in theoretical calculations for the un-

Intensity

(b) Raman shift (cm_1)
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doped chaiftt but not for the dimers or trimer€.Consider- ) N(Eg) for the Hy(7) and Hy(8) were found to be 0.145
ing it as the fifth component of the totally Sﬂ”ﬁz(l) modeis  and 0.109 in KCg, (Ref. 24 whereas the results for ortho-
in agreement with recent results of Renletral 2 rhombic RbGy are only 0.032 and 0.067.

A detailed inspection of the difference in linewidth be- ~ As the broadening for the lower-frequenéy,-derived
tween the undoped and the doped polymer is interesfng. modes is even less in the polymeric material we conclude
priori the linewidths for the pressure-polymerized materialthat the total electron-phonon coupling is much smaller in
may be expected to be larger as compared to that of ththe polymeric metal as compared to the monomeric metal.
doped polymer since the latter was a single crystal. In spitd his explains why so far no superconductivity was observed
of this the widths for almost all registered lines are broadeffor the polymericACg, phase. In this sense it supports a
for the doped polymer. As the latter is a metal the increase@Peculation of Janossst al?® about the strong difference in
linewidths may have to do with a coupling of the vibrationsthe spin lattice relaxation rates between R, and
to free carriers as is well known for the phasesdg, and ~ RPCeo. The observed difference was interpreted as a differ-
RbsCgo. The effect of broadening is, however, too small to €1C€ In the electron-phonon coupling for the two systems.
be evaluated even qualitatively. This holds at least for thé3€cause of the weak coupling Rgfand CsG, rather un-

H, modes up tdH4(6). ForH(7) andH(8) itis different, as dergo a magnetic ordering transition to an insulating state on

can be seen already from Fig. 5. The strong broadening qﬁ?rzléngbzggvgdqsoor?;?ams metallic to the lowest tempera-

the modes for the metallic material is more convincingly
demonstrated if the overlap with the perturbing wings from V. CONCLUSIONS

the A4(2) mode is subtracted. The result is shown in Fig. 6 o

for the two polymers. The derived increase in linewidths is Summarizing, our measurements have shown that
about a factor 2 for theHy(8) and slightly less for the Pressure-polymerized & and RbGs have a nearly identical
Hq(7). From the experience with the classical metaIIicRaI.m.an spectrum |W(Ijth frespe%t_ to moldehpo%mohns and_lllne
phases of the alkali-gz family it is well justified to interpret splitting. We conclude from this result that both materials

this broadening as a counling to free carriers. The observeaave the same orthorhombic structure and form linear chains.
:dening piing . rom a comparison of the mode positions the effect of the
broadening is, however, still a factor 3 smaller than theC

broadening for th di des | harge transfer could be determined. Line broadening of the
roadening for the correspondift, modes in KsCep. FOra  pigh frequency modes in the doped compound compared
comparison the electron-phonon coupling constants

ith the modes in pressure-polymerized,Gds consistent
Hg(7) andH(8) were calculated for KCgo and RbGso US- \yith the metallic behavior of thé\Cg, compound but the

ent by a factor of 4 from various previous repdftg® Fol-
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