
PHYSICAL REVIEW B 15 SEPTEMBER 1998-IIVOLUME 58, NUMBER 12
Coexistence of neutral and charged arenes in conducting diperylene hexafluorophosphate

Gerda Fischer and Elmar Dormann
Physikalisches Institut, Universita¨t Karlsruhe (TH), D-76128 Karlsruhe, Germany

~Received 21 April 1998!

In the quasi-one-dimensional organic conductor diperylene hexafluorophosphate charged and neutral
perylene~PE! molecules coexist. The molecular charge can be correlated with the distance between the PE
molecule’s two naphthalene moieties accessible by x-ray structural analysis. The electronic distinction is
proved by magic angle sample-spinning proton-enhanced high-resolution13C nuclear magnetic resonance. The
locally resolved13C-shift data in addition reveal the occurrence of two inequivalent PE molecules in the
conducting stack of diperylene hexafluorophosphate.@S0163-1829~98!06936-7#
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The occurrence of a Peierls transition to a lo
temperature charge-density wave~CDW! state is well estab-
lished in quasi-one-dimensional organic conductors b
up from stacked radical cations of pure hydrocarb
molecules ~arenes! like fluoranthene in difluoranthen
hexafluorophosphate.1 The deviation from the average aren
charge of10.5e in the CDW phase is weak, however. W
have shown that in nonmetallic radical cation salts
perylene~PE!, ~Fig. 1!, neutral, diamagnetic PE molecule
may coexist with charged pairs carrying a charge11e and a
spin 1/2 localized on the ‘‘dimer’’ with the closest intradim
separation. This was derived for hexaperylene hexafluo
phosphate. The~PE!6PF6 unit cell contains three mutually
orthogonal PE pairs.2,3 It was proved by a detailed analys
of the anisotropy of electron spin resonance~ESR! g tensor
and line width that the ‘‘dimer’’ with the closest intra
dimer separation carries the charge and spin, t
~PE!2

1.~PE!2~PE!2PF6
2 would give an appropriate descriptio

of the electronic properties.4 Seo and Whangbo showed b
extended Hu¨ckel molecular orbital calculations that the hig
est occupied molecular orbital~HOMOs! of the PEs in each
pair ~dimer! interact to give a bonding and an antibondi
level. The pair with the shortest separation gives the high
antibonding level, which consequently is emptied when
electron has to be transfered from the arenes to the6
counter ions in the radical cation salt.5 The HOMO of the
individual PE molecule is antibonding between the carb
atoms 4 and 48 combining the two naphthalene moieties
the PE molecule~Fig. 1!. Thus partial oxidation of PE
strengthens and shortens the C4-C48 bond5 as can be substan
tiated by inspection of the x-ray structural analysis.2

Recently, it was argued that likewise for the ‘‘metallic
diperylene hexafluorophosphate the anisotropy of the ele
cal conductivity and of the ESRg tensor as well as the
periodicity of the Peierls-distorted low-temperature pha
indicate the coexistence of neutral and charged
molecules.6–9 The description of the electronic propertie
of the conducting salt requires the formu
~PE!4

31
•••~PE!2~PF6

2!3•2THF ~THF: built in tetrahydrofurane
solvent molecules!: Four PE molecules form the period
unit along the one-dimensional stack in the high-tempera
phase; they transfer three electrons to the three PF6
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ions ~which thus become closed shell and diamagnetic!. The
conducting stacks are surrounded and separated by addit
diamagnetic, neutral PE molecules. The proof of this
scription is presented below based on locally resolved hi
resolution13C nuclear magnetic resonance~NMR!, molecu-
lar orbital calculations including geometry optimizatio
~TURBOMOLE!,10,11 and a careful analysis of recent x-ra
structural information.6

Seo and Whangbo concluded—based on the exten
Hückel MO method—that the bond length C4-C48 decreases
almost linearly with increasing positive charge of the P
molecule.5 Our ab initio molecular orbital calculations wer
carried out with theTURBOMOLE program of Ahlrichset al.10

The molecular structure was optimized for different molec
lar charges. For the investigation of the electronic structu
density functional theory calculations were performed.4,11

These calculations indicate the contraction of the PE m
ecule’s naphthalene-naphthalene bond C4-C48 with increas-
ing oxidation by more than 4%~Fig. 2!. The experimental
data for the neutral and the10.5e-charged PE molecules o
hexaperylene hexafluorophosphate give experimental
port for this correlation. Based on this theoretical and e
pirical structural correlation it may be concluded that
diperylene hexafluorophosphate the PE molecules in the
ducting stack carry an average charge of10.75e and those in
the ‘‘walls’’ of the conducting channels definitely are neutr
~Fig. 2!.

FIG. 1. Schematic presentation of a perylene molecule (C20H12)
with numbering of the C atoms.
7792 © 1998 The American Physical Society
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More detailed information on the electronic structure
the charged PE molecules is obtained by high-resolution13C
NMR at 75.5 MHz using magic angle-sample spinnin
proton-cross polarization, and proton decoupling as was
troduced by Mehring and Spengler in the difluoranthe
hexafluoroantimonate.12 Our conclusions are summarized
Fig. 3 and Table I. A detailed description of the analysis w
be reported elsewhere. In order to differentiate Knig
shifted lines and spinning-side bands, spinning frequen
between 2 and 4.5 kHz were used for temperatures var
between 170 and 270 K in the ‘‘metallic’’ phase. Gated p
ton decoupling was applied in order to distinguish the c
bons C1 to C3 bound with protons from C4 to C6 having only
carbon neighbors. Shifts were determined relative to te
methylsilane~TMS!. The two lines of built-in THF solvent

FIG. 2. Correlation between the distance C4-C48 of the two car-
bon atoms combining the two naphthalene moieties of the pery
molecule~Fig. 1! and the molecular charge. Calculated data ba
on TURBOMOLE program ~Refs. 10 and 11! @UHF ~RHF!: unre-
stricted ~restricted! Hartree-Fock calculation, DFT: density func
tional theory# and experimental data based on x-ray analysis~Refs.
2 and 6!.
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were used as internal reference. For the separation of loc
differing Knight shift and chemical shift contributions th
correlation of the experimentally derived temperature dep
dence of the conduction electron part of the magne
susceptibility6 and the13C line shifts was analyzed as fami
iar from the Jaccarino-Clogston plot. Thus, it was prov
that the13C NMR spectrum of PE in diperylene hexafluor
phosphate consists of the chemical shift spectrum of neu
PE molecules plus the spectra of two inequivalent PE ra
cals. The latters differ in their chemical as well as in th
Knight shifts, however.

The 13C Knight shift in aromatic radicals is not a pure
local probe, but reflects also the spin density of the nei

ne
d

FIG. 3. Temperature dependence of locally resolved isotro
13C shifts in diperylene hexafluorophosphate~right scale relative to
pure Perylene!. The broken lines confine the range of the chemi
shifts observed for the neutral PE molecules~rhomb-shaped sym-
bols: center of gravity!. For the numbering of the Knight minu
chemical shift data of the two inequivalent PE radical sites see
1. The solid lines were calculated using the local spin densi
given in Table I and the conduction electron susceptibility det
mined experimentally~Refs. 6–8!.
esolved

TABLE I. Comparison of calculated@Hückel ~Ref. 5! or TURBOMOLE ~Ref. 4!# and experimental spin

densities of the stacked PE radicals in diperylene hexafluorophosphate. Assignment of the locally r
13C NMR line shiftsKi to the positions named in Fig. 1 is given in Fig. 3.

Position Ki /ppm rcalc ~Ref. 4! rcalc ~Ref. 5! rNMR

1 93.7/90.9 0.144 0.103 0.18960.001/0.19260.003
2 243.8/241.7 20.011 0.012 0.03160.001/0.03460.001
3 55.3/52.8 0.097 0.087 0.09660.001/0.08860.001
4 0.051 0.046 20.04660.001/20.05660.003
5 28.0/24.8 20.015 20.05360.001/20.04660.003
6 263.6/256.8 20.029 0.01260.001/0.03460.001
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boring carbon sites according to the Karplus-Fraen
relation13

Ki5S Qr i1 (
j 5 i 61

QN•r j DxPE/~gemB
13g\! ~1!

with Q599.7 MHz for C1, C2, and C3, Q585.4 MHz for
C4, C5, and C6, and QN5238.9 MHz, xPE the magnetic
susceptibility per PE radical molecule,ge : conduction elec-
tron g factor, mB : Bohr magneton, and13g: 13C gyromag-
netic ratio. Thus, there is no unique derivation of the s
densities~normalized to 1 per PE molecule! from the Knight-
shift dataKi . Therefore a tentative assignment of the po
tions C1-C6 and the shifts had to be based on the calcula
spin densities. Thereafter, the final adjustment of the exp
mental densitiesr i was unique for unvaried assignments
NMR lines and carbon positions. Evidently the agreem
between calculated and experimental NMR line position
convincing.

In conclusion, we have shown by the combination
high-resolution NMR, accurate x-ray structural analysis a
ab initio molecular orbital calculations that neutral diama
netic and charged~Pauli! paramagnetic perylene molecule
coexist in the quasi-one-dimensional organic conduc
diperylene hexafluorophosphate, a representative memb
radical cation salts of simple arenes. The neutral PE m
c
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ecules have a longer~weaker! C4-C48 bond between their two
naphthalene subunits. They are arranged in between the
ducting PE stacks, with their molecular plane orthogona
that of the stacked molecules. The stacked PE radi
(PE)4

13
••• carry an average charge of10.75e and show a

shorter ~stronger! C4-C48 bond than (PE)2
1. dimers. NMR

analysis gives the proof that the four PE molecules are
equivalent—two different sets of NMR lines are disti
guished. This is in agreement with the existence of two cr
tallographically inequivalent sites in the PE stacks. Detai
spin-density distribution is derived by13C NMR. This analy-
sis shows the variety of electronic structures accessible
organic molecules in organic conductors and proves the
cessity of a careful characterization when aiming at real
derstanding of their electronic properties.
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10R. Ahlrichs, M. Bär, M. Häser, H. Horn, and C. Ko¨lmel, Chem.
Phys. Lett.162, 165 ~1989!.

11O. Treutler and R. Ahlrichs, J. Chem. Phys.102, 346 ~1995!.
12M. Mehring and J. Spengler, Phys. Rev. Lett.53, 2441~1984!.
13M. Karplus and G. K. Fraenkel, J. Chem. Phys.35, 1312~1961!.


