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ABSTRACT: The products of the solid-state reactions between
potassium metal and tetracene (K:Tetracene, 1:1, 1.5:1, and 2:1) are
fully structurally characterized. Synchrotron X-ray powder diffraction \\%\
shows that only K,Tetracene forms under the reaction conditions ﬁﬁ‘
studied, with unreacted tetracene always present for x < 2. Diffraction %&w

and *C MAS NMR show that K, Tetracene has a crystal structure that is

analogous to that of K,Pentacene, but with the cations ordered on two
sites because of the influence of the length of the hydrocarbon on
possible cation positions. K,Tetracene is a nonmagnetic insulator, thus

Potassium

A m p—
Intercalation i

further questioning the nature of reported superconductivity in this class

of materials.

B INTRODUCTION

Since K, Picene (26 < x < 3.3) was reported to be
superconducting with a critical temperature T, of 18 K,'
similar phenomena in several other alkali metal-intercalated
polyacenes have been claimed,” * leading to comparisons to
the intensively studied alkali metal-doped fullerenes.’”’
However, poor reproducibility, miniscule shielding fractions
(typically <1%), and a lack of structural or chemical
understanding of the alkali metal—polyacene products have
led some to question whether the reported superconductivity
arises from the purported bulk phase or trace impurities.””
Preparation and characterization of phase-pure crystalline
materials has proven problematic due to the complex reactivity
of polyacenes under reducing conditions and the air-sensitivity
of the products. As a result, no structural information from the
alkali metal—intercalated polyacene materials was available
until the reliable syntheses and crystal structures of
KzPentacene,10 KZPicene,10 CsPhenanthrene,'’
Cs,Phenanthrene,'" and K,Rubrene'” were recently reported.
All (with the exception of CsPhenanthrene) contain only
polyacene dianions, with no unpaired electrons, and an array of
magnetic and spectroscopic data show that these phases are
insulating with no evidence of metallicity or superconductivity
being observed.

Pentacene and picene are isomers (CxHL) consisting of
five fused rings in a linear or zigzag fashion, respectively
(Figure S1). K,Pentacene and K,Picene were both prepared by
direct solid-state reactions of the mild reductant KH with the
appropriate (phen)acene.'’ The crystal structures show that
both the pentacene and picene anions retain the layered
herringbone packing motif found in the structures of pristine
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(phen)acenes, but the intermolecular angle, ®, increases from
53° to 58° in the pristine materials to ~90° in the intercalates.
This reorientation creates a column of voids between
molecules which can be occupied by K' ions, allowing
maximum contact with the electron-rich 7 systems of the
molecular anions while also minimizing intermolecular 7---7
interactions. In K,Pentacene, two K ions are disordered over
four sites, each of which corresponds to points where the rings
are fused by non-hydrogen-bearing carbons, and thus, the
aligned pentacene molecules are at their narrowest. In
K,Picene, the situation is complicated by picene orientational
disorder which leads to poorly defined K positions within the
pocket dictated by the local environment arising from the
picene configuration.

Despite the mild reduction conditions, K,Pentacene was
found by powder synchrotron X-ray diffraction (SXRD) to
contain a secondary phase with very similar structural
parameters to the main phase (there is <0.1% difference
between the refined cell volumes of the two phases). The
subtlety of the difference between these phases made it
impossible to resolve whether the secondary phase is a
consequence of nonstoichiometry (i.e., KZJ_,(;Pentacene) or a
change in molecular structure. Acenes become progressively
more reactive as the chain length increases, and pentacene has
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been shown to undergo thermolysis under inert conditions at
temperatures of ~300 °C."* Tetracene (C;3H,,) is an analogue
of pentacene, consisting of four linearly fused aromatic rings.
Tetracene has a highest occupied molecular orbital (HOMO)
to lowest unoccupied molecular orbital (LUMO) gap small
enough for it to be considered an organic semiconductor (3.0
eV),"" while being ~20% larger than the HOMO—LUMO gap
of pentacene (2.3 €V),"* making tetracene less reactive'®'” and
less susceptible to attack by reducing agents. In the solid state,
pristine tetracene adopts a herringbone arrangement'® with a
crystal structure analogous to that of pentacene. Reports'”*° of
KTetracene and K,Tetracene samples show powder SXRD
patterns which closely resemble that of K,Pentacene, though
crystal structures have not been presented and it is unclear how
K ions are distributed within the pockets of the herringbone
structure of the smaller acene. The study of KTetracene was
interesting since it would represent the first example of a
polyacene salt to contain singly charged anions within a
herringbone structure commonly adopted by larger acenes.
Herein, we present synthetic attempts to prepare and
characterize K, Tetracene (1 < x < 2) phases. Contrary to
previous reports,'”* K,Tetracene was found to be the only
binary salt of K and tetracene in this compositional range. The
phase purity of the prepared samples enable us to report the
crystal structure and electronic characterization of this phase.

B EXPERIMENTAL DETAILS

Synthesis. K metal and tetracene in the appropriate ratio (total
mass ~ S0 mg) were ground together using a pestle and mortar at
room temperature in an Ar-filled glovebox (H,O and O, levels < 0.1
ppm). After ~30 min of grinding, the metal was completely consumed
and the characteristic red color of tetracene was absent, yielding a fine
dark-brown (x < 2) or black (x = 2) powder. The powder was then
pelletized, sealed in an evacuated glass tube (pressure < 107 mbar),
and annealed at 140 °C (413 K) for 24 h. Sample pellets were then
reground and stored in an Ar-filled glovebox. It should be noted that
for samples where x < 2 (which were found to contain unreacted
tetracene), a second pelletization—annealing step was attempted
which, however, did not result in detectable further tetracene
consumption (Figure S2).

Chemical Characterization, Structural Solution, and Refine-
ment. Powder XRD and SXRD data were collected at room
temperature in transmission mode from 0.7 mm borosilicate
capillaries. Laboratory XRD data were used as for initial assessment
(Figure S3) and were collected from a Bruker-AXS D8 Advance
diffractometer with a fine-focus Mo—Ka source (4 = 0.71073 A).
SXRD data used for structural solution and refinement were collected
at Beamline I11 at the Diamond Light Source, UK. (4 = 0.82608(1)
A) using Mythen PSD detectors.

Refinement of the K,Tetracene structure was carried out using
TOPAS Academic VS,21 over the range 2 < 26 < 40. The pattern
could be indexed to a monoclinic cell analogous to that of
K,Pentacene, but with a lattice parameter ¢ (which is effectively
parallel to the long axis of the acene molecule) ~ 15% shorter; a Le
Bail fit shows that this accounts for all peaks in the SXRD pattern
(Figure S4). As such, a starting model based on that of K,Pentacene
was produced,'® whereby a herringbone array of tetracene molecules
was constructed and three K atoms were added to each pocket within
the array, with sites corresponding to the narrowest point of the
tetracene molecular ions. A Rietveld refinement of the structure was
then carried out. In order to minimize the number of refined variables,
rigid bodies with centers fixed around inversion centers in the unit cell
were used to model the two crystallographically distinct tetracene
molecular ions. The rigid body was allowed to rotate freely and was
constrained to have a single, refined C—C bond distance of
1.4538(6) A. C—H bonds were fixed to 1.1 A. The occupancies of
the K atoms were allowed to refine, and the occupancy of the K atom

aligned with the center of the tetracene molecules was close to zero.
Removing the atom from this site improved the overall fit, while the
occupancies of the other two K sites remained close to 1 (0.946(9)
and 0.964(9) for K1 and K2 sites, respectively) upon refinement, so
subsequent refinements were fixed at 1. Attempts to refine the C
thermal parameter yielded negative (i.e., unphysical) results (likely a
consequence of approximating the molecule as an idealized rigid
body), so C and H isotropic thermal parameters were fixed at a
reasonable value (Beq = 0.8 A%) with minimal effect on the reliability
factor (0.04% discrepancy in R,,, compared to the model with freely
refined C thermal parameters). The K atoms’ isotropic thermal
displacement parameters were constrained to have a single value and
allowed to refine freely. An anisotropic peak broadening model by
Stephens™ was used to fit peak shapes in both the Le Bail and
Rietveld fits. This yielded a final fit (Figure la, Figure SS) with 44
directly refined parameters, with 12 arising from the background
function, 3 instrumental parameters (axial divergence, scaling factor,
and zero error), 4 lattice parameters, 1S5 atomic parameters
(comprising of K fractional coordinates, isotropic thermal parameters
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Figure 1. (a) Results of a Rietveld refinement of K,Tetracene
structure to SXRD data ( = 2.96%; R, = 0.47%, P2,/c, a =
7.2599(4) A, b =7.2749(4) A, c = 25.756(1) A, f = 91.78(1)°). Inset
shows the (002) diffraction peak; no unreacted tetracene or other
secondary phases are present. (b) SXRD patterns from K,Tetracene
(1< x < 2) samples compared to pristine tetracene (4 = 0.82608(1)
A). Patterns offset by 0.5 arbitrary units for clarity. Asterisks (*)
indicate positions of tetracene (“Type 1” polymorph) Bragg peaks
observed in samples x < 1.75. (c) Raman spectra of pristine tetracene
and K,Tetracene (excitation laser A = 785 nm).
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for C and K, rotational vectors for two rigid bodies, and the refined
C—C bond length), and 10 peak shape parameters.

The *C solid-state NMR experiment was performed on a
commercial 9.4 T Bruker DSX NMR spectrometer using a 4 mm
HXY triple-resonance probe (in double resonance). The data were
recorded with cross-polarization (CP) under magic angle spinning
(MAS) at 14 kHz. 'H pulses and SPINAL-64>° heteronuclear
decoupling during '*C detection were obtained at a radio frequency
(xf) field amplitude of 83 kHz. For the CP step, the '*C rf field was set
to 50 kHz, and a ramped rf field was applied on protons and matched
to obtain optimal signals at approximately 60 kHz. The CP contact
time was set to 2 ms. The '*C spectrum was referenced to the tertiary
BC resonance of adamantane at 29.45 ppm, corresponding to TMS at
0 ppm.** The sample was packed in the Ar glovebox using a Kel-F
high-resolution MAS insert and then was placed in a zirconia rotor
with a Kel-F cap.

ICP-OES measurements were collected from samples of
K,Tetracene dissolved in 25 mL of dilute nitric acid. Sample
measurements were performed utilizing a Spectro Ciros ICP-OES
radial view instrument.

Raman spectroscopy was collected from samples sealed in glass
capillaries using a Renishaw inVia Raman Spectrometer with an
excitation laser wavelength of 785 nm.

DFT Calculations. Non-spin-polarized periodic DFT calculations
were performed using VASP>® and CASTEP.” The experimentally
refined crystal structure of K,Tetracene was taken as a starting point,
and the cell and atomic positions were optimized in VASP using the
optB86b-vdW functional’” to include the effects of van der Waals
interactions. A plane-wave cutoff energy of 520 eV was used, with a 7
X 7 X 2 I'-point centered k-point grid and a force threshold of 0.001
eV A7, The outer-shell electrons of all species and the 3s and 3p
electrons of K were treated as valence electrons, with core—electrons
treated using the projected augmented wave (PAW) method.”® The
structure optimized in VASP was then used to calculate NMR
parameters in CASTEP using the GIPAW method.” For these
calculations the PBE functional®® was used, with a plane-wave cutoff
energy of 600 eV and a 7 X 7 X 2 I'-point centered k-point grid.
Ultrasoft pseudopotentials were used in CASTEP for the same core
electrons as in the VASP PAW calculations. Computed values of the
isotropic component of the shielding tensor, o,,,, were converted to
predicted experimental shifts, &,,, for *C NMR using the formula &,
=171 — 1.026,,.>"

Electronic and Magnetic Characterization. For the EPR
measurements, a powder sample with the nominal composition
Ky soTetracene’ was sealed under a dynamic vacuum in a standard
Suprasil quartz tube (outer diameter ~ 4 mm). The continuous-wave
X-band EPR experiments were performed on a home-built
spectrometer equipped with a Varian E-101 microwave bridge, a
Varian TEM104 dual cavity resonator, an Oxford Instruments
ESR900 cryostat, and an Oxford Instruments ITCS503 temperature
controller. The temperature stability was better than +0.05 K at all
temperatures. The microwave power was set to 1 mW, whereas the
amplitude of the modulation field was 0.07 mT. The EPR spectra
were measured on cooling.

SQUID magnetometry data were collected from samples contained
within silica ampules using a Quantum Design MPMS XL-7 SQUID
magnetometer. A modified Curie—Weiss Law of the form y = (C/(T
— 0)) + K yielded values of C = 0.00394(3) cm® K mol™, 8 = —5(4)
K, and K = 2(1) X 107> cm® mol™.

iso’ iso

B RESULTS AND DISCUSSION

Samples with nominal composition K, Tetracene (1 < x < 2)
were prepared by solid-state reaction of K metal and tetracene
. . . . 19,20
using a protocol inspired by previous synthetic procedures;
see the Experimental Section for more information. SXRD of
the resulting samples (Figure 1b) reveals Bragg peaks for a new
phase formed upon K intercalation, as well as unreacted
tetracene (when x < 2). However, no peaks attributable to

tetracene are seen in the sample for which x = 2 (nominally
‘K,Tetracene’). Comparison of the Raman spectrum of
K,Tetracene with that of pristine tetracene reveals that there
are no vibrational modes associated with neutral tetracene
(Figure 1c) and that the spectrum is consistent with formation
of tetracene?™ anions.”> When either pentacene and picene are
directly reacted with K metal there are significant signs of
molecular decomposmon However, this is not the case with
tetracene, demonstrating its increased stability. Exposure of the
material to air rapidly recovers an orange powder, while XRD
analysis shows a mixture of KOH and pristine tetracene
(Figure S6), indicating that intercalation does not affect the
integrity of the tetracene molecule. ICP-OES elemental
analysis of K,Tetracene gives a K content of 28.7(2) wt %,
which is close to the expected value of 25.5 wt %. Unlike
K,Pentacene, no crystalline secondary phases are observed for
K,Tetracene as all peaks in the powder pattern can be indexed
to a monoclinic cell (P2,/c, a = 7.2599(4) A, b = 7.2749(4) A,

= 25.756(1) A, p = 91.78(1)°). The monoclinic cell is
analogous to that of K,Pentacene '’ (Figure 2a), and thus, an
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Figure 2. (a, b) Views of K,Pentacene (a) and K,Tetracene (b) along
the a axis. Physical and unphysical K---K distances are shown in black
and red, respectively. Tetracene molecules are shown in green, fully
occupied K sites are shown in red, and ~50% occupied sites are
shown in blue. Unit cell edges are represented by bold black lines. (c)
Herringbone reorientation from tetracene (left) to K,Tetracene
(right), with expansion of the layers to accommodate potassium ions.

initial structural model (see Experimental Details, Table S1)
for K,Tetracene was constructed based on the K,Pentacene
structure, with three cation sites at the fusions of the aromatic
rings by analogy with the four sites observed to be partially
occupied in K,Pentacene. Occupancies of the three K sites
were initially set to 0.667, but rapidly diverged, with the K sites
at the extremes of the channel refining to close to 1 and the site
aligned with the center of the molecule having an occupancy of
close to zero. Therefore, this cation site was removed in the
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final refinement and the occupancy of the other two K sites
was fixed to 1 (Figure 2b, further details of the refinement are
given in the Experimental Section). A Rietveld refinement
based on this model yields a good fit (R,, = 2.96%) to the
SXRD pattern (Figure la), comparable in quality to that
obtained from a Le Bail fit (RWp = 2.33%, Figure S4). In order
to minimize the number of refined parameters the tetracene
molecules were described by rigid bodies which were fixed on
an inversion center but free to rotate in three dimensions. The
rigid bodies contained a single refined C—C bond distance of
1.4538(6) A, elongated compared to neutral tetracene™ (mean
C—C bond length of 1.40(2) A) but consistent with increased
electron density arising from ion formation and previously
noted in other phenacene salts.' Rietveld refinements to the
SXRD patterns for samples x < 2 showed that they consist
solely of mixtures of K,Tetracene and tetracene (Figure S7,
Table S2), with no indication of KTetracene phase or of any
nonstoichiometric compounds.

Potassium intercalation is shown to expand the herringbone
arrangement of the acene (Figure 2c), as in K,Pentacene and
K,Picene.'” The intermolecular angle @ increases from @ =
51.42(5)° in pristine tetracene (ambient stable “Type 1”
polymorph™) to almost perpendicular (@ = 86.4(1)°) in
K,Tetracene, consistent with z---7 repulsion resulting from
increased electron density in the polyacene anions. Potassium
ions reside in the pockets formed in the expanded herringbone
layers, where they have maximum interaction with the
aromatic 7 systems. Within the K-intercalated linear polyacene
structures K,Pentacene and K,Tetracene, K ions occupy 12-
coordinate sites with all nearest neighbor carbon atoms. These
are situated parallel to the ternary carbons (i.e., at the points of
ring fusion) where the molecules are narrowest, thus
minimizing steric hindrance from H atoms (Figure 2a, b).
The K—C bond distances in K,Tetracene range from 2.96(2)
to 3.28(1) A, with a mean bond length of 3.11(3) A. These are
similar to the bond lengths seen in K,Pentacene (Figure S8).
Although the herringbone framework of the K,Tetracene
structure has three sites of sufficient size to accommodate a K
ion, only the two at the ends of the pocket are occupied
(Figure 2b). This can be rationalized by an examination of the
K:--K interaction distances; the minimum physical distance
between two K cations is ~4 A (determined from KH,** where
the hydride anions effectively occupy interstitial holes in a K
cation fcc lattice®). Since nearest neighboring K sites in
K,Pentacene are separated by distances ranging from 2.21(3)
to 3.10(3) A (Figure 2a), neighboring sites cannot be
simultaneously occupied. There are four K sites within each
pocket (Figure 2a), and there are three possible ways to
arrange two ions over these (obeying the rule that no
neighboring sites are occupied), leading to a random
distribution of K atoms and ~50% occupancy for each site.
The same rule that no two neighboring sites are occupied also
applies to K,Tetracene, where the distance between the two
occupied K sites is 4.576(6) to 5.118(7) A and thus precludes
a K site at the center of the pocket for the same reasons
described for K,Pentacene. Full occupancy of the two sites in
K,Tetracene leads to a single possible K-arrangement of the
correct composition, making this phase the only disorder-free
K-intercalated acene known to date.

The lack of disorder is further confirmed by the "*C cross-
polarization (CP) magic angle spinning (MAS) NMR
spectrum of K,Tetracene (Figure 3), which shows five well-
resolved carbon environments of which one is split into two
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Figure 3. Experimental (full line) and simulated (dotted line) *C
solid-state MAS NMR spectra of K, Tetracene at 9.4 T. The simulated
spectrum is based on the chemical shifts predicted from the DFT
model with the signal intensity fixed to the number of corresponding
carbons. The spectral assignment is given on a molecule of tetracene
for simplicity. The similar carbons of the two independent tetracene
molecules in K,Tetracene are not resolved experimentally and differ
by a maximum of 0.1 ppm within the predicted shifts (Table S3);
these carbons are therefore not labeled for clarity. Quaternary carbons
are in purple and CH carbon in light blue. Asterisks (*) denote
spinning sidebands arising from '*C chemical shift anisotropy.

partially resolved signals at 121.3 and 123.0 ppm (Table S3
and see below). The crystal structure contains two crystallo-
graphically distinct tetracene subunits each with 9 C sites (18
C sites in total); they are in almost identical chemical
environments with predicted shifts differing by <0.1 ppm for
analogous carbon sites and are, therefore, indistinguishable in
this experiment (see below). The "*C resonances span a much
wider range of chemical shifts (>60 ppm) than the aromatic
carbons in tetracene (that all appear within less than S ppm
around 130 ppm). This is consistent with a range of shielding
arising from varied electron density from the tetracene anions
and K cations. The structure determined from diffraction data
was used as the starting point for periodic density functional
theory (DFT) calculations to computationally predict the '*C
NMR shifts expected from this crystallographic model. The
different "*C signals in K, Tetracene are assigned based on the
excellent agreement obtained between the experimental data
and the predicted *C chemical shieldings (Figure 3, Table
S3), 3C-edited NMR spectra collected at various CP contact
times, and well-established '3C chemical shifts in the
literature.’® The carbon C5/C6 splitting mentioned above is
due to the slight variation in nearest K---C contacts at each end
of the molecule (K--CS = 3.97(1) A vs K---C6 = 4.06(1) A),
yielding a resolvable 13C C5/C6 chemical shift difference of
1.7 ppm that is also well captured by the predicted shifts (2.6
ppm, Table S3). The DFT calculations also predict some
splitting for the C2/C9, C3/C8, and C4/C7 carbons due to
two slightly different environments; however, the K---C
distance differences are smaller in these environments (K-
C2 =3.04(1) A vs K:-C9 = 2.99(1) A; K---C3 = 3.09(1) A vs
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K--C8 = 3.11(1) A; K---C4 = 3.03(1) A vs K-~-C7 = 3.09(1)
A), and therefore, induce only very small chemical shift
differences (up to 0.4 ppm) which are smaller than the *C
NMR full-widths at half-maximum (0.8 to 1.5 ppm), hindering
experimental observation of the splitting. It is also worth
pointing out that although NMR spectra collected under CP
conditions are not quantitative, the similar CP kinetics
expected for carbons of the same type allow C1:C3/8 ratios
of 1:2 and C2/9:C4/7:CS5:C6 ratios of 1:1:0.5:0.5 to be
estimated, further confirming that K, Tetracene is disorder-free.

Magnetic susceptibility measurements as a function of
temperature from K,Tetracene in a weak magnetic field (H
=20 Oe) give a paramagnetic response, and a modified Curie—
Weiss fit (details in the Experimental section) yields a molar
Curie constant of 0.00394(3) cm® K mol™', suggesting
1.04(1)% impurity spins (Figure 4a). No significant difference
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Figure 4. (a) Zero-field-cooled (ZFC, red data points) and field-
cooled (FC, black data points) molar magnetic susceptibility of
K,Tetracene in a 20 Oe (0.002 T) field with a Curie—Weiss fit to the
field-cooled data shown with a solid black line. Parameters for the
Curie—Weiss fit are given in the Experimental Section. (b) Inverse X-
band EPR susceptibility of the sample with nominal composition
K, soTetracene (XRD analysis shows this consists of K,Tetracene and
tetracene in 3:1 ratio).

between the field-cooled and zero-field-cooled data down to 2
K was observed, and there was no evidence for a super-
conducting transition arising from this material. Similarly, the
electron paramagnetic resonance (EPR) signal of a sample
(Figure S9a) with nominal composition ‘K, soTetracene’ is very
weak, and its calibrated intensity corresponds to localized
unpaired spins on ~4% tetracene units. As a function of
temperature (Figure 4b) the inverse signal intensity displays
simple paramagnetic Curie dependence, while g = 2.0028 and
the small signal line width of 0.17—0.28 mT are almost
independent of temperature (Figure S9b,c). This corroborates
the suggestion that the measured EPR signal is indeed due to
the small concentration of non-interacting defect spins residing
on tetracene molecules and further confirms that in samples
where x < 2, no phases containing unpaired electrons (such as
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KTetracene) are formed in significant quantities. The main
phases present contain only tetracene®” ions or neutral
tetracene.

B CONCLUSIONS

We have explored the binary K—tetracene system and found
that under the conditions used in this study the stoichiometric
compound K,Tetracene is the only binary phase that can be
formed over the range 1 < x < 2. Diffraction studies establish
that K,Tetracene has a structure analogous to that of
K,Pentacene, however, with an important difference; in
K,Tetracene the cations are not disordered due to there
being fewer sites within the structure in which they can reside.
This emphasizes the controlling role played by the distances
between the candidate cation sites over the ring fusions in
determining the occupancy in these intercalated acene
structures. The *C MAS NMR spectrum and agreement
with the DFT calculated spectrum indirectly show the
presence of two K ions and further validate the lack of
disorder in K,Tetracene. Raman spectroscopy confirms that
the tetracene®” ion forms, and K, Tetracene was found to be in
a singlet ground state with no evidence of a superconducting
transition. This further questions the nature of reported
superconductivity in this class of materials.” The successful use
of K metal in these reactions to obtain phase-pure materials
with no indication of amorphous secondary phases also
demonstrates that, for stable acenes, a direct reaction with K
offers a simple and easily controllable route to acene salts.
Acene stability declines with increase in the number of rings.
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