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Abstract. High-resolution *C nuclear magnetic resonance with 'H cross polarization and 'H decoupling
under magic angle spinning is measured for the quasi-one dimensional organic conductor diperylene hexaflu-
orophosphate (including tetrahydrofurane solvent molecules) at temperatures between 160 K and 270 K.
Ab initio molecular orbital calculations are used for chemical shift analysis and for assignment of Knight
shifted lines and individual carbon positions. The coexistence of neutral perylene molecules and perylene
radicals in the same radical cation salt is revealed. From Knight and chemical shifts we were able to dis-
tinguish two inequivalent perylene radicals within the conducting stack. The spin density distribution of
the molecular electronic wave function is determined quantitatively for these radicals.

PACS. 76.60.Cq Chemical and Knight shifts — 71.20.-b Electron density of states and band structure of

crystalline solids

1 Introduction

Diperylene hexafluorophosphate is an especially interest-
ing quasi-one dimensional organic conductor [1,2]. In con-
trast to the first supposition suggested by the composition
(PE)2PFg - %THF (with PE: perylene, THF: tetrahydro-
furane), this organic conductor has not a three-quarter
filled conduction band as the majority of other radical
cation salts (RCS) with 2:1 stoichiometry. The band filling
amounts to five eights in the extended band scheme, and
the properties of this RCS are more closely described by
the formula (PE)3****(PE)J(PF;)3-2 THF [3]. Four PE
radicals with an average charge of +3/4 e form the elemen-
tary unit of the one-dimensional conducting stack. They
are surrounded by neutral PE molecules, PFg anions and
partially disordered THF solvent molecules forming the
“walls” of the conducting channels (see Fig. 1).

Below the Peierls transition at 7, = 118 K, super-
structure X-ray reflections reveal a doubling of the unit
cell in stacking direction c¢. Thus eight PE radicals form
the repetition unit which gives rise to the gap in the elec-
tronic density of states at the Fermi energy. Already at
higher temperatures the crystal symmetry is reduced from
monoclinic to triclinic at Ty = 213 K and subsequently at
T: = 153 K, the unit cell is doubled in the crystallographic
a direction, accompanied with the slowing down of the
THF-solvent and the PFy-molecules rotational motion
[4-6]. Quite a number of experimental techniques were
combined in order to deduce a conclusive picture of elec-
tronic and structural properties of the (PE);PFg - %THF
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salts. The most fundamental information is obtained from
high-resolution *C-NMR [7], as will be presented below.
This NMR analysis allows to separate the signals of neu-
tral from charged PE molecules coexisting within this
RCS. Two inequivalent sites of charged PE molecules in
the quasi-one dimensional PE stack can be resolved which
gives access to the local spin densities at the carbon sites
of the PE radicals via quantitative analysis of the different
temperature-dependent Knight shifts. Preliminary results
have been reported elsewhere [8,9].

This report is organized as follows: the NMR tech-
niques adopted are described in Section 2. Our analysis
is restricted to temperatures above Ty, i.e., to the mono-
clinic and triclinic phase (preventing doubling of the unit
cell along the a direction). The derivation of the molecu-
lar electronic wave function via the quantitative analysis
of the locally resolved isotropic part of the Knight shifts
requires the separation of Knight and chemical shifts. The
chemical shifts for the different '3C nuclei in neutral PE
molecules are determined experimentally and via model
calculations (Sect. 3.1). Details of the experimental deriva-
tion of the locally resolved Knight shifts are reported in
Section 3.2. The determination of the local spin densities
at the carbon sites C1-C6 (see Fig. 1c) of the PE radical is
discussed in Section 3.3, followed by concluding remarks
in Section 4.

2 Experimental details

Small needle like crystals of (PE)PFg - %THF were
grown electrochemically as described elsewhere [2].



22 The European Physical Journal B

a) b)
0-0-0-00
M 00000
TP g
ﬁé‘ = 0-0-0-00

Fig. 1. (a) Crystal structure of (PE)2PF¢-2 THF [2] seen along
the stacking axis c. (b) View along b showing the PE stack. (c)
Schematic presentation of a perylene molecule (C20Hi2) with
numbering of the C atoms as used in the text.

The measurements were performed with a Bruker MSL-
300 spectrometer operating at a frequency of 75.468 MHz
for 13C and 300.13 MHz for 'H. High-resolution for natu-
ral abundance of 13C was achieved by sample spinning at
the magic angle, cross polarisation between 'H and '3C,
and proton decoupling. Samples consisting of statistically
oriented single crystals were used. We did not powder the
samples [10,11], accepting an associated loss of resolu-
tion. This was done in order to prevent the formation of
paramagnetic defects, which are induced by breaking the
solvent-including crystals and thus increasing the defect
concentration above 1073. The contact time for polarisa-
tion transfer was between 2 ms and 4 ms. Up to 2500 scans,
with a waiting period after each scan of 5 s up to 10 s,
gave a reasonable signal intensity for a sample of about
100 mg. The usual gated decoupling technique was em-
ployed to identify resonance lines originating from carbons
which are directly bound to protons [12,13]. The highest
evolution time being 1000 us. The 'H pulse length and the
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Fig. 2. '3C spectra of diperylene hexafluorophosphate. (a)
Normal resolution. (b) High-resolution achieved by '*C-CP-
MAS showing all determined resonance lines.

Hartman-Hahn condition were adjusted using the test sub-
stance Adamantane. Nitrogen gas from evaporation of lig-
uid nitrogen was used both for spinning and cooling the
sample. The temperature range was between 160 K (lim-
ited by the pre-cooled nitrogen gas) and 270 K (due to
the restricted stability of the crystals at higher tempera-
tures). The line width of the normally resolved '*C powder
spectrum of perylene in the perylene radical cation salt is
about 12 kHz (Fig. 2a). This exceeds the highest spinning
frequency of fror = 4.5 kHz useful in this analysis due to
eddy current braking, sample size and weight. Therefore
careful analysis for the high-resolution spectra (Fig. 2b)
was necessary to distinguish real lines from spinning side
bands appearing symmetrically on both sides of the real
lines in multiples of the spinning frequency.

The chemical shift for pure perylene is given relative
to tetramethylsilane (TMS) via adamantane as secondary
reference within the sample. Adamantane shows two lines,
Ay = 29.5 ppm and Ay = 38.5 ppm, which are known from
the literature [14]. Unfortunately, parts of the spectrum of
(PE)2PFg - %THF are superimposed by the adamantane
lines. The signal of the solvent THF, which is incorpo-
rated within the crystals, proved to be strong enough as
secondary reference, however. The two line positions rel-
ative to TMS have been measured as THF; = 26.1 ppm
and THF3 = 67.9 ppm (also seen in Fig. 2b).
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3 Discussion of the results
3.1 Reference for chemical and Knight shift

The chemical shift of molecules in a conducting material
is usually taken to be the same as the chemical shift in
the neutral constituent. This chemical shift is also used
as reference for the Knight shift in the conducting mate-
rial [15].

Therefore, the ¥ C-CP-MAS spectrum of pure neutral
perylene has been measured (open symbols in Fig. 3). It
consists -typically for an aromatic material- of several lines
between 115 ppm and 140 ppm with the center of gravity
being at 127.2 ppm. A complete line assignment is carried
out in three steps. First, the area under the spectrum is
fitted by the superposition of ten Gaussian lines which
have all the same area (solid line in Fig. 3). These ten lines
stand for the six different carbon positions on the perylene
molecule, four of which occur twice as often as the other
two positions (see Fig. 1c). Thus positions with double
intensity (C1 to C4) and single intensity (C5 or C6) can
be distinguished. There is only one uncertainty, because
one Gaussian line with single intensity has two possible
positions (first two columns of Tab. 1). In a second step,
the chemical shift for the different carbon positions on the
perylene molecule are calculated with help of the package
MPSHIFT of the program TURBOMOLE [16]. In these
molecular orbital (MO) calculations the relative position
of the chemical shifts of different carbon atoms appear to
be more accurate then their absolute position. Therefore,
in the third step, Gaussian lines with the normalised area
from the area-fit are placed at these calculated positions
to form a spectrum (dotted line in Fig. 3). By comparison
of this constructed spectrum with the measurement the
peaks in the spectrum of pure perylene can be assigned
to the different carbon positions on the perylene molecule
(Fig. 3, Tab. 1).

With this result, the chemical shift of a pure neutral
perylene, either the center of gravity of the spectrum or
the individual shifts §; of different carbon positions, can be
used as a reference for the Knight shift K; of the different
carbon positions in the perylene RCS. In the temperature
range above T with no structural transitions the chemical
shift, which is very sensitive to the geometry of a molecule,
is independent of temperature. For temperature indepen-
dent hyperfine coupling constants a; the Knight shift has
the same temperature variation as the susceptibility of the
conduction electrons:

K;=a; Xce(T)/(ge HB 13'7 h) (1)

As will be seen below, the monoclinic to triclinic structural
transition can be seen in the shift (K; +6;) versus T or in
dependence of xce(T"), however.

3.2 High-resolution spectra of (PE),PFg - %THF

Complete high-resolution spectra of (PE);PFg - 2THF
measured at about 230 K are shown in Figure 2b. They are
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Fig. 3. Measured, fitted, and calculated high-resolution 3C
spectra of neutral perylene. For details see text, and the pa-
rameters are given in Table 1.

Table 1. Chemical shifts of pure perylene. The first two
columns give the results of a fit to the area of the spectrum. The
last two columns are the results of the calculations by TUR-
BOMOLE. Therefore a complete line assignment is possible.
The last row gives the center of gravity for the measurement
and the constructed (see text) spectrum.

atom 0 exp(ppm)  position  §; cai(ppm)
C1-C4 120.6 C3 121.5
C1-C4 127.7 C2 128.1
C1-C4 127.7 C1 129.2
C1-C4 131.5 C4 135.9
C5/C6  125.4/130.0 C5 133.7
C5/C6 135.2 C6 138.7

Cexp 127.2 Ceal 130.2

dominated by a group of resonance lines between 120 ppm
and 140 ppm (further called: central line group) consist-
ing of at least 7 different lines very close to each other.
Their center of gravity is at 128.8 ppm. The spinning side-
bands of this central line group are not marked. Apart
from these there are 10 smaller resonance lines — labeled a
to j (with spinning sidebands a™ to f*) — spreading from
about 50 ppm to 230 ppm. To present all the positions of
these real lines the spectrum has to be measured at differ-
ent spinning frequencies. Otherwise real lines are hidden
under spinning side bands of the central line group.

3.2.1 The central line group: chemically shifted lines

In Figure 4a we have the spectrum in the range of the
central line group. At a constant spinning frequency of
3.7 kHz the temperature is varied from 170 K to 250 K.
The positions of these peaks relative to TMS are shown
versus temperature in Figure 4b. Over the whole temper-
ature range observed the center of gravity (open rhombs)



24 The European Physical Journal B

is stable at 128.8 ppm (mean value given by solid line in
Fig. 4b). This is almost the same position as that of pure
neutral perylene (127.2 ppm). Because of this close vicin-
ity and the fact that there is no shift with temperature the
central line group must be merely chemically shifted. This
means that these lines are the resonance signals of neutral
perylene molecules within the radical cation salt. They
can be assigned to the perylene wall molecules within the
crystal structure (Fig. 1). This is therefore the first ex-
plicit experimental proof that these molecules in the RCS
are neutral and do not participate in the charge transfer
to the anions.

Although the center of gravity is within the experi-
mental error the same over the whole temperature range,
there is a shift of intensity between 220 K and 190 K
within the central line group. Figure 4 shows that there is
a rearrangement of intensity within the central line group
from peak 3 to peak 4. This is probably due to the above
mentioned structural phase transition at Ty = 213 K and
the sensitivity of the chemical shift to the geometry of
the molecule and its surroundings. In addition, as will
be shown in Section 3.3, one '3C site of the charged PE
molecules gives rise to signals in this spectral range.

3.2.2 Lines a to j: Knight shifted lines

In Figure 5a the positions of all Knight shifted resonance
lines versus temperature are given. In this graph the range
of the position of the central line group is indicated by
the broken lines (center of gravity given by open rhombs
according to Fig. 4). The resonance lines a to j move to-
wards the position of pure neutral perylene (marked by
the thin solid line at 127.2 ppm) with decreasing temper-
ature. These resonance lines are arranged in pairs: every
two neighbouring lines keep their distance from each other.
This is true for the lines g and h only above 220 K. Below
this temperature they approach each other and merge be-
low 180 K. Again, this is most likely due to the structural
phase transition at Ty = 213 K.

According to equation (1) with a temperature indepen-
dent isotropic hyperfine coupling constant a; the Knight
shifted lines have the same temperature behavior as the
susceptibility of the conduction electrons Xce(T'). There-
fore, the line positions a to j are plotted in Figure 5b versus
conduction electron susceptibility [2,3] with temperature
as an implicit parameter. Evidently, the susceptibility of
the conduction electrons describes the temperature behav-
ior of the resonance positions very well. Therefore these
resonance lines are unambiguously identified as Knight
shifted lines originating from the perylene radicals of the
conducting stacks.

3.2.3 Gated decoupling experiments

In these experiments there is a waiting period between
the polarisation transfer and the observation of the carbon
signal. During this evolution time the '3C spins interact
with the 'H spins in a way that the spin polarization of the
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Fig. 4. (a) '*C-CP-MAS spectra of the central line group
of (PE)2PFs - 2THF at constant spinning frequency fror =
3.7 kHz. (b) Line positions versus temperature. The center of
gravity of these lines is given by the open rhombs (the solid
line indicates the mean value).

carbons is relaxing to that of the protons. By varying the
evolution time we can detect the carbon positions which
are directly bound to protons. For short evolution times,
the resonance lines of carbons neighbouring a proton van-
ish because these have much shorter relaxation times than
carbons with no proton neighbour.

In order to characterise the lines a to j, at a constant
temperature, T = 220 K, and spinning frequency (the
latter depending on the peaks under examination) the
evolution time 7 was increased up to 7 = 100 us. Again,
two neighbouring resonance lines behave like pairs. After
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Fig. 5. Knight shifted lines from '"*C-CP-MAS spectra of (PE)2PFe - 2THF. (a) Line positions versus temperature, (b) line
positions versus susceptibility of the conduction electrons with temperature as an implicit parameter. For the solid lines and

the labels see text.

long evolution times the lines ¢/d, g/h, and i/j have van-
ished. Therefore, they can be assigned to the protonated
carbon position C1-C3 of the molecules in the conduct-
ing stack. On the other hand, the lines a/b and e/f are
still visible under these conditions. Hence, they originate
from carbon positions 4, 5 or 6 with no proton as a neigh-
bour [9].

The evolution times used in the gated decoupling ex-
periments for the lines of the central line group had much
bigger values: they are still visible after an evolution time
of 7 = 1000 pus. Thus, by these experiments it would not be
possible to distinguish the protonated from the other car-
bon positions for the neutral PE molecules in the RCS.
These can only be the molecules which are perpendic-
ular to the conducting stacks. The carbons on the wall
molecules are polarised the same way as the carbons of
the stack molecules, and both relax to the protons during
the evolution time. But the protons in the stack have a
much shorter relaxation time due to the contact interac-
tion with the conduction electrons.

3.3 Derivation of local spin densities

By the purely experimental route, the lines ¢/d, g/h and
i/j are thus identified as originating from the proton carry-
ing carbons C1-C3 of intrastack perylene radicals. These
are not the resonance signals of one type of PE stack
molecule. The similarity in behavior of line pairs reveals
that two inequivalent PE radicals are detected. This is

in accordance to the inequivalence of two crystallographic
sites of the highly symmetric perylene radicals occurring
in the quasi-one dimensionally conductive stack. Any fur-
ther association of NMR-lines and Knight shifts with car-
bon sites and molecular electronic spin densities requires
an appropriate theoretical analysis based on MO calcula-
tions and empirical rules for hyperfine coupling constants.
Asin Section 3.1 for the neutral PE molecules, a three step
approach was adopted (results in Tab. 2): based on ab ini-
tio MO calculations, a first approach for the spin density
distribution on the PE radical was obtained [17]. With the
help of the well-known Karplus-Fraenkel relation [18]

ai = Qpi+ Y _ Qnp; (2)
J

(with @ = 99.7 MHz of C1, C2, C3, @ = 85.4 MHz for C4,
C5, C6 and @n = —38.9 MHz) the calculated p; values
were converted to a; and K; values. The latter by means of
equation (1) and with the experimental x..(T") values [2].
With the center of gravity of neutral perylene as reference,
these K; values allowed the identification of the carbon
sites and the corresponding experimental shift values.

It is important to note, that by taking J; of the differ-
ent carbon positions from the neutral perylene molecule
the agreement between experimental and calculated K;
values is still unsatisfactory. This indicates that the differ-
ent carbon positions of the perylene stack molecules have
a different chemical shift than that of the neutral pery-
lene molecule. Therefore, neutral perylene is given up as
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Table 2. Comparison of calculated and experimental Knight shift, K;, and spin density, p;, values for the intrastack PE
radicals in diperylene hexafluorophosphate and two other PE radical cation salts ((PE)2(AsFg)o.75(PFs)0.35-0.85CH2Cly [15]

and Au-dithiolate-PE [20]).

atom  pjcal [17] Kical/ppm  Kjexp/ppm Piexp Pical [19]  pical [15]  piexp [15]  piscal [20]
C1 0.144 87.8 93.7/90.9 0.189 £ 0.001/0.192 + 0.003 0.103 0.144 0.163 0.195
C2 —0.011 —57.8 —43.8/—41.7 0.031 £ 0.001/0.034 + 0.001 0.012 —0.020 —0.020 —0.063
C3 0.097 44.8 55.3/52.8 0.096 + 0.001/0.088 + 0.001 0.087 0.107 0.173 0.150
C4 0.051 —4.5 - —0.046 £+ 0.001/—0.056 + 0.003 0.046 0.041 0.013 —0.058
C5 —0.015 —22.7 —-8.0/—4.8 —0.053£0.001/—0.046 £+ 0.003 0 —0.010 —0.055 0.203
C6 —0.029 —72.3 —63.6/—56.8 0.012 £+ 0.001,/0.034 £ 0.001 0 —0.032 —0.082 —0.074

a reference and the temperature behaviour of the measure-
ment itself is employed: the experimental Knight shift val-
ues are taken from the Jaccarino-Clogston-plot (Fig. 5b).
The extrapolation to zero electronic susceptibility gives
the experimental reference for the Knight shift.

In Figure 5b every two resonance positions of a pair
give parallel lines. For that reason, only values above
220 K -above the structural phase transition- are used
for the extrapolation of the lines g and h to give their in-
terception with the shift axis (see inset in Fig. 5b). The
supposition of different chemical shifts §; of the carbon
positions on the perylene radicals is supported by the fact
that the interceptions with the shift axis do not agree with
the ¢; of neutral perylene.

Then, for a fixed assignment of the carbon sites and
experimental shifts K;, agreement could be optimized by
adjustment of the experimental values of the spin densities
p; and p; of both inequivalent but approximately equally
charged PE intrastack radicals [8]. Since one NMR line
pair was not resolved, the normalization of ), p; per rad-
ical was required as an additional restriction. The final
results are given in Table 2 and reflected by the solid lines
in Figure 5a. Evidently a reasonable fit to the observed
line positions has been achieved.

In agreement with MO calculations [17,19] the carbon
sites C1 and C3 carry the predominating spin densities.
This was also observed in earlier studies of other perylene
radicals [15,20]. The sensitivity of the calculated spin den-
sity distribution on the actual structural properties was
exemplified already, in a comparison of isostructural sub-
stituted perylene! radical cation salts [21]. For the sites of
the main spin densities, the differences in K; or p; between
the two inequivalent PE radicals range below 10%, but
outside the error bar. The extrapolation to zero conduc-
tion electron susceptibility and Knight shift in Figure 5b
indicates that the chemical shifts, at corresponding sites of
the two different PE molecules, differ most likely even to
a larger extent. Nevertheless the center of gravity could
almost be the same as indicated by the calculated shift
values of carbon position 4.

1 1,2,7,8-tetrahydrodicyclopentalcd, Im]perylene (CPP) and
3,4,9,10-tetramethylperylene (TMP).

4 Concluding remarks

13C-CP-MAS high-resolution NMR proves the coexistence
of charged paramagnetic and neutral diamagnetic pery-
lene molecules in (PE);PFg - 2THF. The combination of
X-ray structural analysis and ab initio molecular orbital
calculations allows the correlation of the intramolecular
bond length C4-C4* between the two naphthalene moi-
eties of the perylene molecule and the average molecular
charge [8]. Both sources of information unravel the correct
description of the 2:1 stoichiometry in the perylene radical
cation salt as (PE)3T***(PE)y(PF; )3-2THF.

The detailed analysis of the NMR results explains
the chemical shift data of the neutral PE molecules and
the locally resolved Knight shift of the PE radicals. This
is only attainable with the help of the temperature de-
pendence of the conduction electron Pauli-paramagnetic
susceptibility, appropriate ab initio MO calculations, and
empirical relations for the hyperfine interaction. The NMR,
spectroscopic distinction of two different intra-stack PE
radicals is in line with the crystallographic inequivalence
of their structural sites. The careful analysis of the cor-
relation between NMR-shift and electronic susceptibility,
(K+90)-versus-x, reveals, that their chemical shift inequal-
ity may be more significant than the difference of their
molecular electronic wave functions. Both are adding up
to about 10% variation of the total shift at correspond-
ing atomic sites. The C3-sites seem to be very susceptible
to the H-F bonding between the PE stack molecules and
the PFg-anions. Thus, the chemical shift variation of the
C3-sites, which is discovered at the monoclinic-triclinic
phase transition, is in general agreement with structural
and NMR-relaxation information [5,6].

Finally, it may be concluded that careful investigation
of these supposedly simple radical cation salts explains
their electronic and structural peculiarities in a consistent
way.
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