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NMR investigation of the electronic structure of the RbG;, polymer phase
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We present3C high-resolution NMR data on the low-temperatgpelymerid phase of Rbg. From the
temperature-dependent line shift we have extracted information about the hyperfine couplings and electron
density distribution on the & molecules. The data also support the existence o$milike bonding type
between the molecules.

Among the manyfold of the different alkali-metal doped sity (about 2 % as a small remainder of the fcc phase. Inter-
Cgo MaterialsA,Cqy (A=Cs,Rb,K the recently discovered estingly enough, this is not due to quenching or hysteresis
ACq, phase5™ attracted special interest because of theireffects: the intensity of the fcc line completely vanishes
complex and varying phase diagrams. Besides the highwhen cooling the sample further down, but returns in a re-
temperature fcc phase a polymeric phaselow 390 K ex- versible way when warming up to room temperature again.
ists, where the g molecules are thought to form one- We note that the temperature-dependent measurements
dimensional chains. Below 50 K Rigis proposed to are important for the separation of lines 5-8. At a single
exhibit a phase transition into a magnetically ordered $tate lemperature, an assignment of all lines is not possible be-

Recently also different metastable phdédswere discov- ~Cause of the large overlap in the region around 50 ppm. The
ered, one of them was attributed to the formation ofline€s show substantial broadening, which limits the resolu-

dimers®8-1%Although the existence of the polymeric and the tion severely. The broadening arises partly because most of
ordered low-temperature phases is now well established,
many questions concerning their electronic structure, i.e., di-
mensionality and the kind of magnetic coupling of the elec-

a)

trons, are still under discussion. In this contribution we want 8 $

) - X 1 2 £ 834765
to address this point using NMR as a local probe for deter-
mining the electronic structure of Rg§ 1 1 1 U l 1“

The sample with a nominal Rigcomposition was pre-
pared using standard proceduttsNMR spectroscopy
showed a small Rb underdoping leading to excesSgy,.

The air stability of the sample was tested by exposing the
sample to air after a series of magic angle spinr(MS)
spectra had been taken: no changes in the MAS-NMR spec-
trum could be detected after several days of air contact.

All MAS experiments were performed on home built
NMR spectrometers operating HC Larmor precession fre-
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guencies of 83.7 and 45.6 MHz. The spectra were obtained b) 100 0

by a Hahn echo sequence with the echo delay times adjusted 400

to a rotor period. The spinning speed varied from 8 kHz at _ ] . é g g{g ‘%X}&é

300 K to 7 kHz at 100 K. Variable temperatures were X 300 &£ g g a3 %qqo%_\

achieved by using cold nitrogen gas for drive and bearing. gzoo o/g f ° °% i \3 \

Referenced temperatures refer to the temperature of the bear-  § ™ ] W $ 38 % %\00\30

ing gas before entering the stator. The spinning speed was & 100 % | s% \ &% %

controlled electronically and spin rate oscillations were less §

than 2 Hz. = 0 1 2 fccCqp3 4567 8
The upper trace in Fig.(&) shows thet’C MAS spectrum o0 400 300 200 100 o

at room temperature. Besides the narrow line at 143 ppm Shift [ ppm 1

which is due to exces&-Cgy, nine additional lines from
RbGs, can be identified. We assign lines 1-8 to the poly-

FIG. 1. (a) *C MAS-NMR spectrum at room temperature after

meric phase. The narrow line at 179 ppm is identical with thes s recovery time. Bottom: spectrum of only the slow relaxing parts
shift of the fcc high-temperature phase. Also its spin latticewhich was obtained by subtracting the spectrumrafts recovery
relaxation time of 70 ms coincides with the values found intime from the upper one aitet s recovery time(b) Temperature
the high-temperature phase. We therefore consider its intemlependence of the lines in the region of 100-370 K.
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TABLE I. Intensity, hyperfine coupling, and relaxation rates of ~ According to the proposed polymeric structure of the

lines 1-8. orthorhombic phaseone would expecsp*-like carbons at
the connecting sites in theggEmolecule. A characteristic
Pos. Int. aiso (MHz) Tt property ofsp® carbons in NMR spectroscopy is its small
1 8 76 33 isotropic chemical shift and.a smqll chemical shift aniso-
5 8 59 9 tropy. Known |sptroplg chemlca_tl shift valuels4 for qugternary
3 24 14 27 carbons_ arflgyplcally in the region 3B ppm:.” We pointed
4 5 32 out earliet!* that the MAS spectra of Rhg as well as
5 4 0.2 05 K_Ceo show spectral intensity in this region. Fr.om the analy-
6 3 o7 42 sis of the temperature dependence of the lines it follows,
7 5 55 howe\_/er, thf’it most of the intensity |n_th|s region is due to
8 4 _63 negative Knight shifts and chemical shifts close to the values

of a-Cgy. An exception is line 5, which has only a very small
hyperfine contribution and its chemical shift value can be
stimated to be close to 40 ppm. Note that fept carbons
%er Gso molecule should add up to about 6.7 % of the total
tensity, a value that turns out to be in good agreement with

the assigned lines consist of a distribution of lines belongin
to different sites. Other broadening effects are probably du
to disorder. The characteristic feature of the spectrum of th . i .
orthorhombic phase—in contrast t6Cq and to the high- 1€ intensity of line 5.

temperature fcc phase—is the wide distribution of isotropic Atdall t'empﬁratures, "’.‘ISO Spin lattice rr(]elgxation \;]vas mear;
shifts. In order to understand the origin of this shift distribu-Sured using the saturation-recovery technique. Whereas the

tion, we have to separate the resonance ghifito two con- relaxation rates vary strongly for the different lines, no ob-
tl’ibL;tiOI’]S' the Knight shifik and the chemical shi : servable temperature dependence could be detected between

100 and 370 K. This agrees with the results of static powder
S=o+K. (1) measurement®. The values in Table | were obtained using a
monoexponential fit routine for lines 1-3. The
While the chemical shift is due to the electronic structuremagnetization-recovery curves of all lines, however, were
of the closed shells and indicative of the chemical environhot purely monoexponential and especially in the region
ment of a specific carbon site, the Knight shift is proportionalaround 40 ppm we observed a substantial contribution of a
to the hyperfine interactioa and spin polarizatiory, of the  slow decaying part. For this region a biexponential fit routine
delocalizeds electrons. The two shift contributions can be was used.
separated by their temperature dependence. Whereas thelt is possible to follow the temperature dependence of the
chemical shift is expected to depend only weakly on tem-slow relaxing parts by applying difference spectroscopy and

perature, the Knight shift followg according to subtracting spectra with different recovery times. The lower
trace in Fig. 1a) shows such a difference spectrum. Besides

_ _1. Axs the region around the isotropic shift ofsgCone finds addi-
ﬁ—(ﬁynye) agT @ tional intensity centered around 36 ppm. From the biexpo-

nential fit, we can estimate this slow relaxing contribution to

Using relation(2), we can extract directly the hyperfine be about 5—-10 % of the total spectral intensity. The tempera-
coupling constants for the different peaks without knowingture dependence coincidences with the points assigned to
the chemical shift values. line 5. We therefore assign the slow relaxation rate to line 5.

Figure X1b) shows the temperature dependence of thdn Table I, the faster rate is tentatively assigned to peak 6,
lines assigned to the orthorhombic phase. Note that with inwhich is responsible for most of the intensity in this region.
creasing temperature all lines seem to shift closer to the lindhe relaxation rates of the different lines correlate with the
of pure G, at 143 ppm. ESR measuremenshow a de- measured hyperfine coupling constants. For a quantitative
crease in spin susceptibility in this temperature range. Thevaluation, however, also the hyperfine anisotropy has to be
13C shift distribution therefore arises primarily from a broad taken into account.
distribution of Knight shifts and consequently the chemical In order to prove the existence eff-type geometries in
shift tensor of the majority of the carbon sites is not stronglyRbGg, one also has to consider the anisotropy of the chemi-
influenced by the crystal structutéThis is also consistent cal shift tensor. For the investigation of shift anisotropy the
with NMR results in otheA,Cg, materials where the chemi- magic angle turningMAT) techniqué’ was applied. This
cal shift changes only slightly by about 2 ppm per charge ortwo-dimensional(2D) technique allows us to correlate iso-
the G, molecule!® From the spin susceptibility data in Ref. tropic shift and anisotropic powder patterns using very slow
7 follows a temperature dependencedaf/dT=5.89x10""  spinning speeds. The MAT experiments were performed at a
emu(mol K). Applying this value to our data we obtain the *C Larmor frequency of 45.6 MHz and at a rotor speed of
hyperfine coupling constants listed in Table I. Assuming thaR00 Hz. For sensitivity reasons we used the MAT-180
all carbons are visible in the MAS spectra, we also tried to fitsequenck¥ consisting of one 90° and six 180° pulses.
the relative intensities of the different lines. With the addi- The 2D spectrum in Fig. 2 displays the result for the
tional assumption, that at least two carbon positions on theegion from 0 to 300 ppm: along the first frequency axis the
Cso molecule have the same isotropic shifts, due to a symearbon sites are separated according to their isotropic chemi-
metry plane, the best results obtained for the intensity ratiosal shift value, whereas the second frequency axis shows the
are also given in Table I. correspondingquasistatic powder pattern, which contains
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peaks at 143 and 179 ppm. The total width of the powder
pattern of the low shift region is more than 100 ppm, which
300 is much larger than expected fsp’ carbons. The main con-
tribution of the peak therefore has sp® character and its
shift is dominated by Knight shift, which is consistent with

2200' the variable temperature MAS and relaxation results.

€ In Fig. 2(b) we have plotted the anisotropy patterns of line

2100 ] 3 and those of thep® region around 36 ppm. Despite several

2 molecular sites contribute to the intensity of line 3, the an-

© isotropy pattern can be approximated by an average tensor
0 with the principal values of —68,10,58 (values in ppm

Concerning thesp’® region, a fit with a single anisotropic

. : : powder pattern is not possible and one can clearly distin-

100 0 ~100 guish between at least two contributions with different
Saniso [pPM TMS] anisotropies. The data is reproduced well by two tensors with

. the principal valud —67,—7,74] and[ —8,—15,23. Whereas

the first one has an anisotropy comparable to line 3, the latter

has much smaller anisotropy similar to what would be ex-

pected forsp® carbons.

In summary, we used high-resolution NMR to map out the
hyperfine coupling distribution on theg&molecule in the
polymer phase of Rb{g. The values obtained provide evi-
dence for a large spin-density distribution on thg, @ol-
ecule in the polymeric phase. Since the hyperfine interaction

200 100 0 _100  —200 reflects the electron spin density its distribution can be con-
Sqnico LOPM] sidered as a benchmark for electronic structure calculations.
We also found a spectral contribution with all the features of

FIG. 2. (8) “*C MAT-NMR experiment of Rbg, at T=295 K. sp’ carbons:_ an iso_tropiq chemical shift value near 40 ppm,
For comparison a MAS spectrum is plotted along the isotropic axisMall chemical shift anisotropy, small hyperfine coupling,
of the spectrum. At the bottom the extracted anisotropy patterns ojnd therefore only slow relaxation. This spectral feature even

line 3 (b) and of thesp® region at 36 ppm(c) are shown. Dotted Nas the expected intensity. The main part of the spectrum,
lines denote simulated powder patternsl hoWeVer, eXh|b|tS pOS|t|Ve as We” as negatlve Knlght ShlftS

and correspondingly shoff; relaxation times. The weak
temperature dependence of tie relaxation can be inter-
Rreted in terms of antiferromagnetic coupling between the
conduction electron®

the anisotropy information. The anisotropy of lines with iso-

tropic values below 150 ppm is clearly visible as can be see

in the 1D slices shown in Fig. 2. However, it turns out to be . - . .
The experimental findings confirm theoretical

difficult to obtain quantitative results for lines 1 and 2. The'rcalculations?,o where the G, molecules are connected by in-

large anisotropy leads to a distribution of the spectral Inten_sulating contacts and the electron transport is dominated by

sity over a large area of the 2D plot. Additional damping dueinterchain hopping. Despite the one-dimensional chain struc-
to T, relaxation between the evolution times finally makes ppIng. P

their anisotropy patterns disappear in the noise. ture of the G, molecules, the glectro_nic structure of RRC

From the 2D spectrum it can also be concluded that on thQas therefore probably three-dimensional character.
experimental time scale of 10 ms thg,@nolecules in the Financial support by the Deutsche Forschungsgemein-
a-Cgg and fcc phases are already rapidly reorienting. Theischaft and the Fonds der Chemischen Industrie is gratefully
anisotropy patterns therefore are averaged to the isotropmcknowledged.
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