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We present high-resolution13C nuclear magnetic resonance spectra, and frequency-dependent1H and 19F
nuclear spin relaxation data for the quasi-one-dimensional organic conductorsNAd2AsF6, the radical cation salt
of a pure aromatic hydrocarbon with the highest Peierls transition temperature, compared, e.g., with fluoran-
thene sFAd, pyrene sPYd, and perylenesPEd salts. The spin density distribution on the radical cation is
unravelled, and the decrease of the conduction electron density of state at the Peierls transition is reflected by
the variation of the13C line shift as well as the proton spin-lattice relaxation with decreasing temperature. In
spite of its poor chemical stability, this organic conductor exhibits diffusive decay of long wavelength con-
duction electron spin correlations up tot* =0.72 ns at 240 K. The fluorine and proton spin-lattice relaxation
rate reveals the temperature-dependent slowdown of the rotation of the anion octahedra. A correlation between
the occurance of the Peierls transition of the radical cation salts and the slowdown of the anion rotation is
supported by these results ofsNAd2AsF6, compared withsPYd12sSbF6d7, sFAd2AsF6, and sFAd2SbF6. The
correlation time of the anion rotation at the Peierls transition temperaturetcsTPd barely differs for different
radical cation salts with the same anions in spite of differingTP value.
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I. INTRODUCTION

The electrochemical growth of needlelike naphthalene
sC10H8, abbreviated as NAd radical cation salt crystals of the
compositionsNAd2X, X=PF6, AsF6, by anodic oxidation of
the aromatic hydrocarbon molecule NA in dichloromethane
sCH2Cl2d solution in the presence of the appropriate complex
anion X opened the door to a large family of quasi-one-
dimensional organic conductors.1 In the years that followed,
salts of fluoranthene,2 pyrene,3 perylene,4 and many others
were presented, with various stoichiometries and structural
arrangements of the aromatic moleculessarenesd.5 These oc-
casionally delicate solids allowed the study of charge density
wavesCDWd transport and the corresponding high tempera-
ture CDW fluctuations,6–8 and the Peierls transition as re-
vealed by diffuse x-ray scattering,9,10 by microwave
conductivity,11–13or by static magnetic susceptibility.13–15All
these radical cation salts show stacks of flat, parallel-packed
arene molecules, arranged with the general rule of optimiz-
ing p-electron molecular-orbitalsMOd overlap. The closed
shell diamagnetic counterionsX−, such as PF6

−, AsF6
−, ClO4

−,
BF4

−, or others, determine, via the stoichiometry of the salt,
the band filling of the one-dimensional conduction band, ex-
tended in the stacking direction. The negligible spin orbit
coupling of the electron spin in ap-molecular orbital of a
molecule that is built up only from the light elements carbon
sZ=6d and hydrogen, and the strict one dimensionality of the
motion of the conduction electron in the conduction band
built up from such MOs, give rise to an extremely slow
spin-lattice relaxation of these conduction electrons.16 Un-
usually narrow electron spin resonancesESRd lines for these
arene radical cation salts have been reported already from
early experiments.17–19 Thus these conductors allowed for
quite a number of applications20–22 as well as the develop-

ment of a remarkable number of techniques for their charac-
terization, including various types of ESR imaging.23–27 In
this regard, it is surprising, that the prototype of all these
arene radical cation salts, the naphthalene salt, has not been
studied in any further detail, except for the original chemical
report1 and a more detailed ESR analysis.19,28 This is possi-
bly due to the early report of the instability of these single
crystals at temperatures above230 °C, their naphthalene
smell in air, and the gradual recrystallization of naphthalene
accompanying sample decomposition already below
65–70 °C.1 We showed recently that the static magnetic sus-
ceptibility of sNAd2AsF6 can be analyzed quantitatively,
nevertheless.15 Less than 1310−3 Curie paramagnetic de-
fects per formula unit were found. The Peierls transition at
TP=234±4 K remained well defined, even if the extrapo-
lated value of the Pauli paramagnetism related to the weight
corresponding to one mole ofsNAd2AsF6 varied by 40%
within 5 weeks. Therefore, we present here a detailed nuclear
magnetic resonancesNMRd analysis ofsNAd2AsF6. The un-
paired spin density distribution in the NA radicals is derived
by 13C high-resolution NMRswith proton cross polarization
and magic angle spinning, abbreviated as CP-MASd,23 stud-
ied in dependence of the temperature. The degree of one
dimensionality of the conduction electron spin dynamics in
the high-temperature metallic phase ofsNAd2AsF6 aboveTP

is characterized by the investigation of the temperature and
the frequency dependence of the modified Korringa
relaxation16,29 of the NA protons. In relation to the typically
rather short intrastack scattering times of the conduction
electrons of arene radical cation salts of about
ti=3–17 fs,30,31 the time constantt* =0.72 ns derived for the
typical end of the diffusive decay of the long wavelength
spin density wave excitations atT=240 K, i.e., t* :ti

<105:1, gives ample evidence for the classification of
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sNAd2AsF6 as a quasi-one-dimensional conductor.
A multiple role is played by the complex anions in con-

ducting radical cation salts.1,5,16,23,32First of all, the diamag-
netic, single charged anions such as PF6

−, or ClO4
− determine

the conduction band filling via the stoichiometry of the re-
spective salt. Stoichiometries ranging between 6:1 and 4:3
were reported.5 But the complex anions play also a crucial
role for the formation of the various groundstates that can be
reached via temperature, magnetic field, and pressure, espe-
cially for cations also incorporating Se or S atoms in their
molecular units, e.g., metallic, charge density wave ordered,
spin density wave ordered, spin-Peierls distorted, antiferro-
magnetically ordered, or superconducting.16,33 Especially
noncentrosymmetric anions such as ClO4

− are efficient in in-
ducing structural phase transitions via the variable degree of
their orientational order.34 But also centrosymmetric, only
slightly distorted octahedral anions such as PF6, AsF6, and
SbF6 play a rather relevant role in the radical cation salts of
simple arenes for the appearance of structural phase transi-
tions, and especially the three-dimensionalsCDWd Peierls
transition.3,35,36 In the high-temperature metallic phase of
these quasi-one-dimensional organic conductors independent
CDW fluctuations on the individual conductive arene stacks
are observed. Interstack coupling is weak, and according to
the relative phase of the locked-in CDWs in the ordered low-
temperature Peierls distorted phases studied by now, phonon-
like and Coulomb coupling between neighboring CDWs
must be of comparable importance.9,10,16,37 Actually, dou-
bling of the unit cell perpendicular to the stacking direction,
influencing the CDW fluctuations, was observed by x rays
already at temperatures approaching the Peierls transition
temperature.9,10 For the transverse coupling, the hexafluoride
anions seem especially important, because they rotate at el-
evated temperature but are squeezed between the neighbor-
ing conducting stacks at lowered temperaturessee Fig. 1d.
Because the radical cations’ charge influences the bond
lengths of the arene, as was proved for perylene radicals by
experiment and model calculations,38 transverse charge den-
sity coupling may be mediated by arene-hexafluoride-arene
interaction.

In x-ray crystal structure analysis primarily large standard
deviations and pronounced thermal ellipsoids of the F atoms
reflect the rotational motions of the hexafluoride anions at
room temperature.3,39 NMR relaxation of19F and1H nuclei
is an especially useful probe for monitoring the freezing-in
of the anion rotational motion with lowering of the
temperature.36,40,41 This is due to several favorable facts;
Both isotopes,1H and 19F, have 100% abundance, nuclear
spin I =1/2, and largegyromagnetic ratios, thus both can
easily and separately be measured by NMR in a fixed exter-
nal magnetic field. The well-known distance and orientation
dependence of1H-1H, 19F-19F, and1H-19F dipolar magnetic
interaction can thus be exploited, and separated, in NMR
relaxation studies.42 The librational motions of the arene
radicals are reflected by the1H-1H contributions, the
hexafluoride rotational jumps by the19F-19F contributions,
and the combined arene-anion motions by the1H-19F contri-
butions to the nuclear spin-lattice relaxation.42,53Thus, NMR
relaxation reflects the squeezing of the hexafluoride anions
between the cation stacks and the formation of C-H¯F

bonding contributions accompanying the thermal lattice con-
traction. We have suggested as a generalizable rule that
hexafluoride anion rotation is slowed down to the NMR ac-
cessible time scale of some hundred MHz before the three-
dimensional Peierls transition is really locked-in.36 This sug-
gested qualitative picture will be tested critically in this
investigation for the arene radical cation salt with the highest
Peierls transition temperature, i.e.,sNAd2AsF6.

1,15,19

This paper is organized as follows. The experimental sec-
tion, Sec. II, summarizes the relevant measuring details
sII A d and presents our main experimental resultssII B d. The
13C Knight shift is derived and analyzed quantitatively in
Sec. III A. It yields the spin density distribution and
temperature-dependent conduction electron susceptibility of
sNAd2AsF6. Spin-lattice relaxations1H, 19Fd is analyzed in
Sec. III B. Based on these two sections, our experimental
results are discussed in Sec. IV. ForsNAd2AsF6, the degree
of one dimensionality of the conduction electron spin dy-
namics is derived from the NMR datasSec. IV Ad. The role
played by slowing down of the anion rotation for the Peierls
transition is discussed in Sec. IV B. Important results of our
work are summarized in Sec. V.

II. EXPERIMENTAL RESULTS

A. Measurement details

The sNAd2AsF6 crystals were grown by anodic oxidation
of a solution of naphthalene and the tetrabutylammonium
salt of hexafluoroarsenate in CH2Cl2 at T=−40 °C.1,15 The
grown samples were stored in an inert atmosphere in a
freezer at 217 °C until used. High-resolution variable-
temperature NMR spectra of13C were recorded at 7 T field
strength snP=300 MHz, nC=75.4 MHzd, using proton en-
hancement, proton decouplingsoccasionally gatedd, and
MAS up to nrot=15 kHz sFigs. 2 and 3d. Liquid impurity
phases are separated by centrifugal forces and thus are of no
importance for these spectra. For measurements of1H and
19F spin-lattice relaxation the samples were enclosed in a
glass crucible in order to prevent free vaporization and con-
tact with air. Fourier transform spectra had to be analyzed
during the course of the proton inversion-recoveryT1 mea-
surements, because the contribution of solvent inclusions in
pores and cracks of the crystals gives rise to narrow line
liquid signals at temperatures above the CH2Cl2 melting
point and Pake doublets at low temperatures that definitely
have to be separated on account of their differentT1sT,nd
dependencessFig. 4d. The larger1H and19F Larmor frequen-
cies, i.e., 300 MHz for1H, 282 MHz for19F, and 53 MHz for
both were realized with a 7 T superconducting magnet and a
variable field electromagnetsø1.4Td. For measurements at
nP=14 MHz, the time dependence of the proton-related
Overhauser shift of the conduction electron ESR linesne

=9.5 GHzd could be used, allowing the analysis of individual
single crystals, a better signal-to-noise ratio, and an unam-
biguous separation of those protons that interact with the
conduction electronssthus not originating from decomposed
crystals and solvent molecules included in the crystalsd. The
inset of Fig. 5 shows that proton-T1r data are indispensable
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in narrowing down the frequency dependence of protonT1
−1.

These rotating frame results were recorded atnP=300 MHz.
The error limit of theT1

−1 data is estimated to be about 10%,
typically.

B. Results

1. 13C-NMR line shift

Figure 2 shows the temperature dependence of
13C-CP-MAS spectra ofsNAd2AsF6. The dependence of the
spectra on MAS-rotation frequency was analyzed in detail.
For the high rotation frequency used for recording the spec-
tra shown in Fig. 2, spinning side bands are only of negli-
gible importance and thus not indicated in the figure. Gated
decoupling was used to discriminate the proton-bound posi-
tions C1–C8 from the inner position C9 and C10.sFor num-
bering see Fig. 6.43d Figure 3 shows the variation of the

spectra that result from gated decoupling of the protons at
T=240 K, which reveals clearly the distinct behavior of line
A compared toB andC. Figure 6 summarizes the tempera-
ture dependence of the13C line shift obtained from two dif-
ferent samples.

2. Proton spin relaxation in metallic phase

Figure 5 collects the relevant high temperature results
concerning temperature and frequency dependence of1H
spin-lattice relaxation ofsNAd2AsF6. Whereas the high-
frequency data are dominated by the typicalv−1/2 behavior
of one-dimensionals1Dd conductors, the low-frequencysro-
tating framed results reveal the limit ofs1Dd spin dynamics.

3. 19F and 1H low-temperature spin-lattice relaxation

For the low-temperature range, the temperature depen-
dences of the fluorine spin-lattice relaxation rate measured at

FIG. 1. Crystal structure of
sNAd2X. Molecular packing for
X=PF6 seen along the stacking
axis csad and along thea axis sbd.
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two different Larmor frequencies of 53 and 282 MHz are
shown in Fig. 7. Two maxima of the rate can be seen, which
have a frequency dependence typical for motion-induced re-
laxation of nuclear spins described in the Bloembergen-
Purcell-PoundsBPPd model.44

The results of protonT1 measurements at 53 and 300
MHz are collected in Fig. 8. Here the two frequency-
dependent maxima of the rate, explainable by the BPP

FIG. 2. 13C-CP-MAS NMR spectra ofsNAd2AsF6 as function of
temperature, with labeling of the lines used in text.sFrequency and
shift relative to tetramethylsilane, TMS;nrot=10 kHz.d

FIG. 3. Influence of gated decoupling on13C-CP-MAS spectra
of sNAd2AsF6 sT=240 K, nrot=9 kHzd.

FIG. 4. Variation of the proton NMR spectrum of asNAd2AsF6

sample during inversion-recovery sequencesnP=300 MHz, T
=240 Kd. The solid line fit shows the separation in a broad Gauss-
ian line of sNAd2AsF6 protons and a narrow Lorentzian line of
solvent inclusions.

FIG. 5. Temperature dependence of the proton nuclear spin-
lattice relaxation rate for different proton Larmor frequenciesnp

=vp/ s2pd in sNAd2AsF6. The inset shows the frequency depen-
dence ofT1

−1s1Hd at T=240 K, including low-frequencyT1r data on
an ve

−1/2 scalesve=vpge/gpd. The solid line fits are explained in
Sec. III B. The approximate linearity of the fit is misleading; it
results from accidental smoothening of several strongly
T-dependent contributions.
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model, are less pronounced. The fluorine and the proton
spin-lattice relaxation rates show frequency-dependent off-
sets, which are substantially larger for the lower Larmor fre-
quencies. These additional relaxation contributions are the
typical consequence of the spin diffusion to relaxing para-
magnetic defects and impurities.40,45 They do not interfere
with the quantitative analysis of the BPP-like relaxation
maxima performed below. These impurities are less efficient
in the metallic phase, shown in Fig. 5.

III. ANALYSIS

A. Knight shift and temperature dependence of conduction
electron susceptibility

1. Relation between Knight shift and C-site-specific spin density

The local, temperature-dependent isotropic Knight shift
can be calculated from46–48

KisTd = aixcesTd/s"gegCNAd, s1d

with the temperature-independent, isotropic, hyperfine cou-
pling constantsai at the molecular carbon sitei sFig. 6d, ge
and gC the conduction electron and13C nuclear spin gyro-
magnetic ratio, andxce/NA the Pauli paramagnetic suscepti-
bility per sNAd2

+• dimer. A first order estimate of the coupling
constantsai is obtained from the HOMOshighest occupied
molecular orbitald spin densities49 snumbers presented in sec-
ond column of Table Id with the Karplus-Fraenkel relation,50

ai/2p = Qri + o
j

QNr j , s2d

with Q=99.7 MHz for C1–C8, Q=85.4 MHz for C9 and
C10, andQN=−38.9 MHz with r j the spin densities of the
respective nearest C neighbors to sitei. These data, compiled
in Table. I, are used to calculate the theoretical value of the
Knight shift, Ki,t for xce=100310−6 emu/mole, a typical
value for arene radical cation salts. A comparison with the
well-known isotropic ESR proton hyperfine coupling con-
stants of the naphthalene radical anion, i.e., 4.90 G and 1.83
G sRef. 51d, yields 20% deviation in theri values, but only
6% deviation in their ratio. The main weakness of the ex-
tended Hückel HOMO spin densities is the absence of polar-
ization effects that give rise to negative unpaired spin densi-
ties, but theKi,t estimates certainly can help for the site
assignment.

FIG. 6. 13C-CP-MAS NMR line shifts for two different samples
sopen and filled symbolsd relative to TMS versus temperature for
sNAd2AsF6. The inset shows the numbering of the carbon positions
in the NA radical cation used in this paper.A, B, C: see Figs. 2
and 3.

FIG. 7. Temperature dependence of the spin-lattice relaxation
rateT1

−1 of the fluorine nuclei at the Larmor frequencies of 53 and
282 MHz. The solid lines are the separate fits with the BPP model;
the broken line shows the fit with the fit parameters of 53 MHz
adopted for 282 MHz.sSee Sec. III B 3 and Table II.d

FIG. 8. Temperature dependence of the spin-lattice relaxation
rateT1

−1 of the protons at Larmor frequencies of 53 and 300 MHz.
The fits shown as solid lines are simultaneous fits of both frequen-
cies using for the fluorine proton interaction the same parameters
gained by the fit of the fluorine rate.sFor details see Sec. III B 3.d
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2. Correlation between temperature dependence of Knight shift
and susceptibility

The highly resolved13C-CP-MAS spectra ofsNAd2AsF6

are shown for different temperatures in Fig. 2 relative to the
TMS standard. The three lines in the spectra are labeled asA,
B, andC. The absolute value of the Knight shift, i.e., the line
shift related to the spectral line position of neutral naphtha-
lene molecules, decreases with decreasing temperature. The
center of gravity of lineB is only shifted by22.7 ppm at 240
K relative to neutral naphthalene. The linesA and C move
with decreasing temperature towards lineB. The gated de-
coupling measurement indicates that lineA results from the
non-proton-bound carbon sites C9 and C10.sSee Figs. 3 and
6.d The HOMO spin densities, which are connected via the
Karplus-Fraenkel relationfEq. s2dg with the isotropic hyper-
fine interaction constants, predict five lines in the13C spec-
tra. The reason why only three lines are observable in the
highly resolved13C spectra is that two times two lines over-
lap in the spectra and build one single linesTable Id. This
explanation is supported by the ratio of the line areas be-
tween linesA andC. Thus all carbon sites of the naphthalene
molecule could be assigned with a line in the spectra.

The temperature dependence of the13C line shift relative
to the TMS standard shown in Fig. 6 is not linear. This is not
unexpected, because the Knight shift is proportional to the
magnetic conduction electron susceptibility and the suscep-
tibility does not behave as the Pauli susceptibility of a three-
dimensional metal, but shows a rapid decrease with decreas-
ing temperature. This is a consequence of the appearance of
the Peierls transition, which was observed for different
samples in the temperature range between 230 and 240 K.15

The Knight shift in Fig. 6 is not proportional to the average
magnetic conduction electron susceptibility measured re-
cently using a SQUIDssuperconducting quantum interfer-
ence deviced magnetometer for polycrystalline samples.15

The samples used for both NMR and SQUID measurements
contain many crystals of the radical cation salt and a part of
these crystals are aged or decomposed. The early report al-
ready mentioned vaporization and recrystallization of the
naphthalene molecules.1 These effects in the13C spectra are
visible as the higher signal intensity of lineB that appears
close to the spectral position of neutral naphthalene.

Fortunately, the Knight shift of the13C lines is a measure
of the intrinsic conduction electron susceptibility.fSee Eq.

s1d.g In fitting the intrinsic susceptibility, an exponential
law14 with the effective band gap as parameter was used for
the low-temperature region below the Peierls transition,
while the Lee-Rice-AndersonsLRAd model52 with the limit-
ing value of the Pauli susceptibility and the mean field tem-
perature as parameters was used for temperatures around the
Peierls transition and above. The result is shown in the right
part of Fig. 9. In terms of this intrinsic susceptibility of the
conduction electrons the so-called Jaccarino Clogston plot
shows the linear correlation between the susceptibility and
the Knight shift.sSee the left part of Fig. 9.d The extrapola-
tion of the line positions to zero conduction electron suscep-
tibility confirms that the position of the three lines lies inside
the13C linewidth of neutral naphthalene molecules measured
with the same measuring technique.43

The slope of the linesA to C in the Jaccarino-Clogston
plot are a measure for the isotropic hyperfine coupling con-
stantsai,m at the different carbon sites.sSee Table I.d The
unambiguous assignment of the13C-NMR lines to the carbon
sites allows us to calculate the spin densities on the naphtha-
lene molecule from the measured isotropic hyperfine interac-
tion constants using the Karplus-Fraenkel relation.sSee
Table I.d The highest value of the spin density is found at the
carbon atoms C1, C4, C5, and C8.sFor the notation, see Fig.

TABLE I. Spin densitiesri, hyperfine coupling constantsai, and Knight shiftsKi for 13C in sNAd2AsF6.
t, HOMO valuessRef. 49d andm experimental results.

Position ri,t ai,tsMHzd Ki,tsppmda ai,msMHzd ri,m

C1,C5 0.089 146.3 161.6

+53.4±1.5 +0.092±0.001

C4,C8 0.091 148.5 164.6

C2,C6 0.038 26.3 28.4

−4.2±0.4 +0.048±0.001

C3,C7 0.034 210.3 213.8

C9,C10 0.0 243.8 258.4 −32.7±1.8 −0.031±0.001

aCalculated forxce
m =100310−6 emu/mole.

FIG. 9. Correlation of the temperature-dependent conduction
electron magnetic susceptibilitysright partd and13C-CP-MAS NMR
line shift relative to neutral NA forsNAd2AsF6 with the temperature
as an implicit parametersleft partd.
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6.d Each second naphthalene molecule in the stack is rotated
by 90° sFig. 1d such that the overlap of the wave functions at
the four mentioned carbon sites is the largest. Thus it seems
reasonable that the highest values of the spin density occurs
at these four carbon sites.

B. Nuclear spin-lattice relaxation

Nuclear spin-lattice relaxation for1H and 19F nuclei sI
= 1

2
d in arene radical cation salts such assNAd2AsF6 is domi-

nated by the paramagnetic defects in the lowest temperature
range, by the thermally activated anion rotations, and the
possibly accompanying arene librational motions in the in-
termediate range, and—only for the protons—by the hyper-
fine interaction with the conduction electrons in the metallic
high-temperature phase above the Peierls transition tempera-
ture. SincexsTd of the conduction electrons just has been
determinedsFig. 9d, their contribution can as well be calcu-
lated for T.TP as T,TP. The appropriate expressions for
the theoretical descriptions of these contributions have been
reported already, so we refer to these sources and present
only the definitions of the parameters derived from experi-
ment.

1. Modeling of the low-temperature data

The influence of the AsF6 anion rotation is described in
the framework of the Bloembergen-Purcell-PoundsBPPd
model.42,44 The spectral densities of the relevant dipole-
dipole interactions are approximated by Lorentzian functions

Jsvd = tc/f1 + svtcd2g s3d

with the respective correlation timestc varying with tem-
perature according to a simple Arrhenius law

tc = t`expsE/kBTd. s4d

Modulations of19F-19F orientations in the anion octahedra as
well as the modulation of the19F-1H separations due to AsF6
rotational jumps have to be considered. Regarding the pro-
tons the modulation of19F-19F is replaced by a modulation of
1H-1H orientations in the NA molecules by their librational
motion. We use two indices for the adjusted activation ener-
gies E, correlation timest`, and relaxation strength param-
etersK.36,40,41The influence of the19F-19F interaction on the
19F spin-lattice relaxation rate is thus parametrized as

T1,FF
−1 = KFFfJstFF,vFd + 4JstFF,2vFdg, s5d

whereas the contribution of the19F-1H interaction for19F is

T1,FH
−1 = KFHhJftFH,svF − vHdg + 3JstFH,vFd

+ 6JftFH,svF + vHdgj. s6d

The total spin-lattice relaxation rate of19F nuclei is thus
described by

T1,F
−1 = T1,FF

−1 + T1,FH
−1 + T1,FD

−1 , s7d

where the last contribution takes the diffusion to localized
paramagnetic defects and impurities into account.45,53–57

sAnalogous expressions are used for the proton-protonsHHd
and proton-fluorinesHFd contributions.d

2. Modeling of the conduction electron Korringa-like
contribution for the protons

AsF6 is a diamagnetic closed shell complex anion which
is not influenced by the conduction electrons’ density of
states. The conduction electrons interact strongly with the
13C and1H nuclei of the naphthalene radical cations, how-
ever. The susceptibility of the conduction electrons below
and aboveTP is temperature dependent but known from Fig.
9 experimentally. The modification of the Korringa relax-
ation known from ordinary three-dimensional metals42 for
one-dimensional metals was treated theoretically 25 years
ago.16,23,29,48For a one-dimensionals1Dd metal, onlyq<0
andq<2kF conduction electron scattering contributions are
possible, which have to be treated separately. Due to the
slow, diffusive decay of the long wavelength SDW excita-
tions, the q=0 part of the relaxation rate is frequency-
dependently enhanced up to the huge factorst* /tid1/2, where
t* is the shorter one oft', the transversal hopping time of
the conduction electron, andtce−d, which is the time needed
for the conduction electron to encounter a relaxing defect on
its own stack during the 1D motion. Thus, the conduction
electron contribution for the protons can be written,29,48,58

sT1,pTd−1 = C0fxcesTd,Ît* /tiggsved + C2kF
fxcesTdg, s8d

with

gsved = S1 + f1 + svet
*d2g1/2

2f1 + svet
*d2g D1/2

s9d

and

st*d−1 = st'd−1 + stce−dd−1. s10d

The temperature dependence oft' shopping motiond follows
an activation law,29

t'sTd = C'eDE/skBTd, s11d

and the temperature dependence oftce−d was explained by
Pongs and Dormann.13 The constants C0 and C2kF

in Eq. s8d
are functions of the enhancement factorsK0sad andK2kF

sad
that are the result of the quasi-one-dimensional electron
movement,

C0 =
1

2

4pkB

"sgmBd2Ît*

ti

K0sadAe
2xcesTd2

C2kF
=

1

2

4pkB

"sgmBd2K2kF
sadAe

2xcesTd2, s12d

whereAe is the hyperfine field of the protons which can be
estimated from the spin densitiesri determined above. We
refer to Bourbonnaiset al. for the corrected expression of the
2kF contribution to Eq.s12d.59 This contribution is irrelevant
for sNAd2AsF6, however.sSee Table III.d

3. Anion rotation in the naphthalene salt

The temperature dependence of the fluorine spin-lattice
relaxation rate shows at both Larmor frequencies two
maxima between 70 and 250 KsFig. 7d with a small distance
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between their centers of gravity. The structured maximum
has been fitted with the above described theoretical BPP
model independently at both frequenciesssolid line, Table
II d. The motion-induced relaxation of the fluorine nuclei can
be inferred from the shift of the position of these maxima to
higher temperatures at a Larmor frequency of 282 MHz com-
pared to the position at 53 MHz. The low-temperature maxi-
mum is caused by the interaction of fluorine nuclei and pro-
tons, whereas the maximum at higher temperatures results
from the fluorine-fluorine interaction. If the high-frequency
data are described by the parameters obtained from fitting the
low-frequency results, the broken line is obtainedsFig. 7d.
Obviously the measured relaxation rate at the higher Larmor
frequency is a factor 2 higher than predicted by the param-
eters gained at 53 MHz. In the BPP model the spectral den-
sity Jsvd of the rotational movement of the octahedra obeys
a Debye form, meaning a statistical distributed movement of
the anion octahedra. The deviating frequency dependence of
T1

−1 is a hint of a not pure statistical distribution of the octa-
hedral rotation jumps. A correlated movement of the octahe-
dra is a reasonable explanation for the deviation of the spec-
tral density from a Debye form. Nevertheless the position of
the maxima can be correctly described by the BPP model and
this gives credit to the relevant fit parameter, i.e., the corre-
lation time of the motion,tc, and the activation energy of the
rotational jumpsE.

The temperature-independent but frequency-dependent
contribution to the relaxation rateT1,FD

−1 results from spin
diffusion to paramagnetic defects. The observed frequency
dependence is between fast diffusions1/v2d and slow diffu-
sion s1/Îvd, limiting behavior.53–57 Such a contribution has
also been observed insFAd2X salts.40

The contribution to the fluorine rate,T1,FH
−1 , which results

from the interaction between the fluorine nuclei and the pro-
tons, is also seen and should be described by the same fit
parameters, regarding the temperature dependence, in the
spin-lattice relaxation rate of the protons. The temperature
dependence ofT1,H

−1 sFig. 8d shows indeed the expected BPP
maxima. There are again two maxima, one resulting from the
1H-1H interaction and the other resulting from the1H-19F
interaction. The maxima of the temperature dependence of
the rate at the different Larmor frequencies are fitted simul-
taneously, using for the1H-19F interaction the parameters
gained by the fit ofT1,F

−1 sTd of the fluorine nuclei at 53 MHz.
The fit shows a 10 K error of the maxima but describes the

relative positions and the height correctly, which is a sign of
the consistent description by the BPP model. A frequency-
dependent offset, as seen before at the temperature depen-
dence of the fluorine rate is also present and can be explained
as above. For the protons at temperatures above the BPP
maxima the Korringa relaxation via the conduction electrons
has to be considered. In this high-temperature range, the in-
fluence of the paramagnetic defects,T1,HD

−1 , is reduced.

4. Conduction electron spin dynamics

The conduction electron dynamics in this quasi-1D or-
ganic conductor can now be characterized by the quantitative
description of protonT1

−1 in the high temperature rangesFig.
5d. This enables us to determine the time constantt* sSec.
III B 2 d in the form of a fit parameter.t* describes the mean
time allowed for the quasi-1D diffusive decay of the long
wavelength conduction electron spin correlation.

The frequency dependence was measured at 240 K so that
the salt is still in the metallic phasesFig. 9d. In addition, this
temperature is low enough that the salt is stable over a long
time period and the contribution of the motion of the anion
octahedra to the relaxation rate is negligible.43 The tempera-
ture dependence of the longitudinal relaxation rate resembles
accidentally a linear behavior above the Peierls transition
temperature. The slope of the three curvessFig. 5d measured
at different Larmor frequencies can be simultaneously fitted
using Eqs.s8d and s9d with only one parameter set. The in-
crease of the rate to higher temperatures is Korringa-like and,
due to the quasi-1D movement of the conduction electrons,
the slope increases with decreasing Larmor frequency. An
analysis of thesPYd12sSbF6d7 radical cation salt showed43,60

thatt* results from two time constants:t',which is the trans-
versal hopping time, andtce−d, which is the time needed for
the conduction electron to hit a defect spinfEq. s10dg. The fit
parameters for the temperature dependence of the transverse
hopping motion,st'd−1, i.e.,C' andDE fEq. s11dg, are given
in Table III. Whereasst'd−1 increases with temperaturesTd,
stce−dd−1 decreases with increasingT due to the exponential
decrease in the defect-conduction electron mutual exchange
integral with increasing temperature and NA-molecular li-
brational amplitude.61 The different temperature dependences
of t' and tce−d and the temperature dependence ofxcesTd
derived in Fig. 9 has to be taken into account for a simulta-

TABLE II. Fit parameter of the temperature dependence of the
spin-lattice relaxation rate of the fluorine nuclei insNAd2AsF6 at a
Larmor frequency of 53 MHz and 282 MHz.

K /s−2 t` /s E/meV

Fit parameter at 53 MHz

FH 3.23108 1.0310−11 79

FF 2.03109 1.3310−13 133

Fit parameter at 282 MHz

FH 6.73108 9.0310−13 96

FF 4.83109 2.5310−13 105

TABLE III. Fit parameters for conduction electron1H spin-
lattice relaxation contribution insNAd2AsF6. For the definition of
the parameters see Sec. III B 2.

ti 4.69 fs

t* s240 Kd 0.72 ns

t' s240 Kd 0.79 ns

C' 0.35 ns

DE 16.6 meV

tce−d s240 Kd 8.13 ns

C0T s240 Kd 67.86 s−1

C2kF
T s240 Kd 0.66 s−1
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neous fit of the three temperature dependencies and the fre-
quency dependence at 240 K of the proton longitudinal re-
laxation rateT1

−1 with the formula in Eq.s8d. The scattering
time ti is taken approximately as constant in the temperature
range examined. The fits are shown in Fig. 5 as a solid line.
The parameters of the fitt* , C0 andC2kF

, are listed in Table
III.

These empirical parameters actually are in quite reason-
able agreement with their estimate according to Eq.s12d.
With help of the McConnell relation62,63and the spin density
of the conduction electrons at the carbon sitessTable Id the
hyperfine interaction constantsAe of the protons have been
calculated. The LRA fit in Fig. 9 gives the Pauli susceptibil-
ity of xPauli,exp.=160310−6 emu/mol. AssumingxPauli,theo.
=100310−6 emu/mol,49 the enhancement factors areK0sad
=0.78 andK2kF

sad=4.33 sRef. 43d. Thus it is possible to
calculate the “isotropic” part of the parametersC0 andC2kF

.
Considering dipolar interactions, in addition to Fermi contact
hyperfine interactions,64 the measured values agree with the
theoretical values ofC0 and C2kF

. The experimental ratio
C0/C2kF

<100 underlines the enhancement of the Korringa
rate due to the quasi-1D electron movement and justifies
again the classification ofsNAd2AsF6 as a quasi-1D conduc-
tor.

IV. DISCUSSION

A. Conduction electron spin density and dynamics

The radical cation saltsNAd2AsF6 shows the previously
reported instability and is therefore difficult to handle. Nev-
ertheless, sealed samples and the handling at temperatures
below 250 K allowed us to measure the frequency and tem-
perature dependence of the proton longitudinal relaxation
rate and highly resolved13C spectra with nuclear magnetic
resonance. The temperature dependence of the Knight shifts
led to an intrinsic conduction electron susceptibility, which is
more reliable than the integral results of SQUID measure-
ments reported earliersFig. 9d.

The assignment of the spectral lines to the carbon sites of
the naphthalene molecules could be done with the help of
gated decoupling measurements and the comparison with
theoretical values of the line positionssKnight shiftsd. The
unambiguous assignment enabled us to calculate the spin
densities of the electron spins at the carbon sites of the naph-
thalene molecules in the naphthalene stackssTable Id.

A simultaneous fit of the temperature and frequency de-
pendence of the proton longitudinal relaxation rate yields as
one of the fit parameters the time constantt* =0.72 ns de-
scribing the end of the diffusive period for the quasi-1D spin
dynamics of the conduction electron at 240 K.

The fit parameters describing the enhancement of the pro-
ton longitudinal relaxation rate due to the quasi-1D move-
ment of the conduction electrons are in good agreement
with the values calculated using the measured spin density
and the intrinsic conduction electron susceptibility. Thus, our
work provides a consistent picture of the electron density and
electron dynamics in the prototype radical cation salt
sNAd2AsF6.

B. Slowing down of anion rotation and Peierls transition

The measurements of the low-temperature spin-lattice re-
laxation rate of the fluorine nuclei and of the protons in
sNAd2AsF6 reflect the rotational movement of the anion oc-
tahedra. The frequency dependence of the BPP maximum of
the spin-lattice relaxation rate deviates from the Debye be-
havior and indicates a nonstatistical distribution of the rota-
tional jumps of the anion octahedra, but instead correlated
jumps. To investigate a recently suggested connection be-
tween the Peierls transition temperatureTP and the
freezing-in of the rotation of the anion octahedra, the corre-
lation time of the motion of the fluorine nuclei at the Peierls
transition temperature is compared for different radical cat-
ion salts with AsF6 and SbF6 octahedra in Table. IV. The
salts with AsF6 octahedra show, in spite of their very differ-
ent transition temperatures, the same correlation timestcsTPd
for the motion, each at itsTP. For the salts with SbF6 octa-
hedra the correlation timestcsTPd, even if differing by a
factor of 3, are still of the same order of magnitude. Despite
the few data the tendency of a small range of correlation
times at the Peierls temperature for the salts with the same
anion octahedra can be concluded. The Peierls transition oc-
curs when the rotational movement of the octahedra reaches
a certain relatively long correlation time which differs very
little for different radical cation salts. This supports the pic-
ture that the freezing-in of the octahedra and the additional
three-dimensionals3Dd coupling is responsible for the occur-
ance of the Peierls transition.

In spite of the broad variation of the activation energies
for the anion rotation and arene libration of the respective
radical cation salts, the correlation times observed around the
actual Peierls temperature fall in a narrow range of
10−10–10−8 s. The example of fluoranthene salts indicates
that the activation energy is correlated with the size of the
complex anion, be it PF6, AsF6, or SbF6.

40 Thus, while
electron-phonon coupling and the softening of the 2kF
phonons are the well-known ingredients of the Peierls tran-
sition in quasi-one-dimensional conductors,16 this slowing
down of the rotational motion of the anions seems required
for the development of 2D correlation of the 1D-CDW fluc-
tuations. According to the 3D superstructure wave vectors of
the fluoranthene and perylene salts, which have been ana-
lyzed in detail up to now,9,10 the 3D-CDW ordered low-
temperature structure of these radical cation salts results
from Coulomb correlations, and thus out of phase arrange-
ment in the third direction, however.37

TABLE IV. Comparison of the activation energies of
sPYd12sSbF6d7 undsNAd2AsF6, derived at a Larmor frequency of 53
MHz, and correlation timestc,HsTPd at the Peierls transition tem-
peraturesTP of sFAd2AsF6 und sFAd2SbF6 sRef. 40d.

sNAd2AsF6 sPYd12sSbF6d7 sFAd2AsF6 sFAd2SbF6

TP/K 234 116 176 166

EHF /meV 79 22 172 224

EFF /meV 133 59

tc,HsTPd /s 5.1310−10 1.7310−8 5.1310−10 5.1310−9

tc,FsTPd /s 9.4310−11 1.5310−9
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V. CONCLUDING REMARKS

We analyzed the naphthalene radical cation salt
sNAd2AsF6, because it shows, from all quasi-one-
dimensionally conducting arene salts studied up to now, the
highest Peierls transition temperatureTP and the most pro-
nounced influence of electron phonon coupling and CDW
fluctuations on the static magnetic susceptibility.15 By a de-
tailed NMR analysis, the intrinsic, temperature-dependent
conduction electron susceptibilityxcesTd has been deter-
mined forT.TP as well asT,TP sFig. 9d. The spin density
distribution derived from Knight shift analysissTable. Id
proves that the naphthalene radicals, which are stacked with
90° rotation of subsequent moleculessFig. 1d, pack with op-
timized density overlapscarbon sites C1, C4, C5, and C8,
Table Id. The proton spin-lattice relaxation in the metallic
phase ofsNAd2AsF6 proves the highly one-dimensional char-
acter of this organic conductor by the enhancement of the
long wavelength contributions, i.e.,C0/C2kF

<100 and by
the anisotropy of the scattering times, i.e.,t* :ti <105:1
sTable IIId.

According to earlier reasoning, the highTP value might
be linked to the anions being comparably tightly squeezed
between the neighboring naphthalene stacks, with their com-
mon high-temperature rotation frozen-in at correspondingly
high temperatures.36 This was indeed substantiated in the ex-
perimental analysis presented here.

The correlation between the Peierls transition and the oc-
curance of a maximum of the fluorine nuclear spin-lattice
relaxation rate could be supported bysNAd2AsF6 as in the

other radical cation salt studied before. The temperature de-
pendence of the low-temperature spin-lattice relaxation rate
of the protons shows a BPP-like behavior as well. The proton
T1,H

−1 maxima could be described with the fit parameters of
the fluorine rates.

The correlation time of the anion rotational movement at
the Peierls transition temperature,tcsTPd, is useful for a com-
parison of different radical cation salts. Salts with strongly
different Peierls transition temperatures, with the same and
with different anion octahedra, show only a small range of
tcsTPd. fSalts with the same anion octahedra have almost the
sametcsTPd.g The qualitative picture that the slowdown or
freezing-in of the anion octahedra trigger the Peierls transi-
tion through the additional 3D coupling of the 1D-CDW
fluctuations could be supported. Expressed the other way
around, the low-temperature locked-in CDW-Peierls dis-
torted phase of the quasi-one-dimensionally conducting
arene salts is evidently prevented by substantial rotational
motion of the complex anions, as it is also prevented by
static anion chain disorder.35
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