

The reactivity of solid rubrene with potassium: competition between intercalation and molecular decomposition
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ABSTRACT: We present the synthesis and characterization of the K+ intercalated rubrene (C42H28) phase, K2Rubrene (K2R) and identify the co-existence of amorphous and crystalline materials in samples where the crystalline component is phase pure. We suggest this is characteristic of many intercalated alkali metal-polyaromatic hydrocarbon (PAH) systems, including those for which superconductivity has been claimed. The systematic investigation of K-rubrene solid state reactions using both K and KH sources reveals complex competition between K intercalation and the decomposition of rubrene, producing three K-intercalated compounds, namely, K2R, K(RR*), and KxRʹ (where R* and Rʹ are rubrene decomposition derivatives C42H26 and C30H20, respectively). K2R is obtained as the major phase over a wide composition range and is accompanied by the formation of amorphous by-products from the decomposition of rubrene. K(RR*) is synthesized as a single phase and KxRʹ is obtained only as a secondary phase to the majority K2R phase. The crystal structure of K2R was determined using high resolution powder X-ray diffraction, revealing that the structural rearrangement from pristine rubrene creates two large voids per rubrene within the molecular layers in which K+ is incorporated. K+ cations accommodated within the large voids interact strongly with the neighbouring rubrene via η6, η3 and η2 binding modes to the tetracene cores and the phenyl groups. This contrasts with other intercalated PAHs where only a single void per PAH is created and the intercalated K+ weakly interact with the host. The decomposition products of rubrene are also examined using solution NMR, highlighting the role of the breaking of C-CPhenyl bonds. For the crystalline decomposition derivative products K(RR*) and KxRʹ, a lack of definitive structural information with regards to R* and Rʹ prevents the crystal structures being determined. The study illustrates the complexity in accessing solvent-free alkali metal salts of reduced PAH of the type claimed to afford superconductivity.

1. INTRODUCTION
Superconductivity has recently been claimed in alkali metal intercalated polyaromatic hydrocarbons (PAHs) synthesized by solid state reactions. Superconductivity was initially claimed in K3Picene, with a critical temperature of 18 K, and subsequently in phenanthrene-, dibenzopentacene- and coronene-based materials, with the maximum superconducting temperature of 33 K claimed in potassium-doped 1,2:8,9-dibenzopentacene.1-4 However, reproducibility of the claimed products is poor and a lack of detailed characterisation inhibits understanding of the properties of these materials.5 
In most cases, these materials are stated to be synthesised by reacting K metal with the respective PAH in order to achieve intercalation. However, reactions between K metal and PAHs generally yield KH as a major product, along with (intercalated) amorphous products, instead of or together with the putative crystalline phases.5 This suggests that the strongly reducing conditions and high reaction temperatures break the C-H -bonds of the PAH.6 
Recently KH, being a milder reducing agent compared to K metal, has been used to synthesise K+ intercalated phenacene and acene (herein referred to as (phen)acenes) products K2Picene and K2Pentacene, and solution synthesis methods have been used to isolate CsPhenanthrene and Cs2Phenanthrene. The high purity and crystallinity of the materials prepared from these routes allowed their crystal structures and electronic properties to be determined, but superconducitivty was not observed.6,7 The claimed superconductivity seen in K3Picene or alkali metal salts of Phenanthrene cannot be assigned to K2Picene, K2Pentacene or (Cs/Cs2)Phenanthrene, suggesting that the small superconducting shielding fractions observed in K3Picene and (K/Rb)3Phenanthrene can only be understood in terms of more complex chemistry between PAHs and strong reducing agents at high temperature.
 
[image: C:\Users\jilzhang\Documents\Figure1.tif]Figure. 1 Ball and stick model of the rubrene molecule.8 The tetracene core is drawn as red and phenyl rings as blue throughout the paper. Large spheres represent the carbon atoms and small spheres represent the hydrogen atoms. The long and short molecular axes are defined based on the tetracene core. The black dot in the molecular center represents the out-of-plane rotation axis of the molecule.
Rubrene (R) is a derivative of the linear four-ring acene, tetracene where the four hydrogens of the second and third aromatic rings are substituted for phenyl groups as shown in Figure 1.8 Rubrene has a similar first reduction potential (E1/2) to pentacene (rubrene/rubrene- in DMF -1.41 V,  pentacene/pentacene- in THF -1.4 V)9 and is thus a suitable candidate to further explore metal intercalation chemistry of the (phen)acenes. It exhibits a lower thermal stability than unsubstituted (phen)acenes due to weaker C-C single bonds between the tetracene core and peripheral phenyls (e.g., C2-C10 in Figure 1 has a dissociation energy of 347-356 kJ/mol, c.f. 473 kJ/mol for phenyl C-H bond).6,10 
The orthorhombic polymorph of rubrene adopts a structure similar to the herringbone packing of non-substituted (phen)acenes, although with some marked differences. Pristine pentacene, picene and tetracene all adopt the herringbone packing motif,11 with layers consisting of parallel rows of aligned molecules with opposing inclinations. Each molecule has four nearest neighbours within the layer of the herringbone structure and edge-to-face (σ‑π) interactions dominate over any potential π-π interactions.11 This is illustrated for tetracene, as an example of a typical acene in Figure 2a.12  Rubrene consists of layers of parallel rows of aligned molecules with opposing inclinations with an angle of ω = 61.89(1)°, which is slightly larger than those in linear (51.2(2)° in tetracene and 52.0(1)° in pentacene) and non-linear (57.89(7)° in picene and 58.21(7)° in phenanthrene)11-14 (phen)acenes (Figure 2).11 However, in the rubrene structure the tetracene core is orientated such that the short axis of the acene moiety lies parallel to the stacking direction of the layers, with the long axis of the tetracene cores projecting within the herringbone layers and the phenyl groups facilitating interlayer interactions (Figure 2d). This is in contrast to non-substituted (phen)acenes where the long axes of neighbouring molecules are aligned more closely to the layer stacking direction (Figure 2c) and the terminal C-H bonds at either end of the (phen)acenes facilitate interlayer interactions. In addition, the plane of the tetracene moiety is parallel to the stacking direction, forming a π-π interaction between the neighbouring tetracene cores of parallel rubrene neighbours within rows (Figure 2b).15This is in contrast to non-substituted acenes, where edge-to-face () interactions dominate between neighbouring molecules of non-parallel neighbouring rows (Figure 2a). The difference likely arises because in rubrene the presence of the phenyl groups along the long edges hinders the formation of the edge-to-face () interactions seen in non-substituted acenes. The π-π interaction is favoured by the slipped-cofacial configuration and is regarded as one of the key factors for rubrene’s large charge-carrier mobility.16 Along with the main π-π interaction, there are also () interactions between the ends of the tetracene cores of non-parallel neighbouring molecules (Figure 2b).15 
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Figure. 2 Herringbone and layer packing of pristine tetracene (a, c), and rubrene (b, d). In tetracene, the main intermolecular interaction is a σ-π interaction as represented by red dotted lines.  In rubrene, the main interactions are π-π intermolecular interactions, highlighted by black dotted lines along the π stacking direction. In tetracene, the long axes of molecules are aligned more closely to the layer stacking direction, while the short axis of the tetracene core lies parallel to the stacking direction of the layers in rubrene.

While there have been numerous studies on neutral rubrene, there are only two reports on the structure of rubrene anions from solvent synthesis, covering three different rubrene anions; R1- (Cs+), R2- (Li+/Cs+) and R4- (Li+/Na+/ Rb+/Cs+).17,18 Most of these anions show significant twists (R-, R2-) or bending (R4-) of the polyaromatic core and in the case of R4- η6 cation coordination by the phenyl groups. However, in all cases there are solvents present in the cation coordination sphere. The synthesis of K-intercalated rubrene by solvent-free routes is therefore needed to investigate the effect of the phenyl rings in comparison with other PAHs on both the cation coordination and the molecular chemistry under strongly reducing high temperature conditions.
We report here the synthesis of K2Rubrene from solid-state intercalation of potassium into rubrene using K metal and KH as reducing agents. The crystal structure of K2Rubrene was solved and refined from synchrotron powder X-ray diffraction (PXRD) data using Rietveld refinement methods. A complex decomposition chemistry was observed for the reactions between K or KH and rubrene giving crystalline and amorphous by-products which have been characterized using PXRD, NMR and mass spectrometry. No superconducting phases were observed in any of the K-rubrene products. The study demonstrates that even with careful synthetic protocols and relatively mild conditions many products are possible in the reaction between potassium and (phen)acenes making determination of the species responsible for interesting properties challenging unless thorough characterization of all species formed is established.
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Figure 3. Schematic illustration of relationships of reaction products in K-rubrene system. The background colours represent crystallinity of the products. The K(RR*) phase is also observed as a minor phase in reactions at low temperature in the green zone. KxRʹ is obtained only as a minor or secondary phase and thus the value of x cannot be identified. ■ represent samples with PXRD data refined by Rietveld/Pawley methods (Figures 6 and S19), ●mark samples with representative PXRD patterns in Figure 4 and ○ indicate samples with PXRD data not shown in the text as their patterns are similar to the other samples in the same zone (These patterns are included in Figure S2).  Molecular structures are shown on the right: solid frame represents known molecular species and dotted frames shows possible R* and Rʹ products.

2. RESULTS AND DISCUSSION
2.1 Synthesis.  Reactions with rubrene were performed primarily at three different temperatures, 210 °C, 230 °C and 250 °C, using either K metal (with a pre-reaction at 210 °C) or KH (without pre-reaction) with nominal reagent ratios of 1:1, 2:1, 3:1 and 4:1 K:R. Full experimental conditions are given in the supplementary information.  Figure 3 schematically represents the outcomes of these reactions, and the related PXRD patterns are given in Figure 4. For convenience, products are labelled using the format ‘K source-K:R reagent ratio-reaction temperature’. For example, the final products from reactions of K metal and rubrene at 210 °C with 2:1 K:R ratio are labelled as K-2-210.

[image: C:\Users\jiliang zhang\Documents\Figure4.jpg] 
Figure 4.  PXRD data representing typical reaction outcomes in Figure 3. The colours of PXRD patterns in (a) correspond to the crystallinity as defined in Figure 3. PXRD patterns of KH-0.5-250, KH-1.5-250 and KH-1.5-270 are collected using a laboratory diffractometer, while others are collected using synchrotron facilities. The dotted zone marked in (a) is magnified in (b) to show the amorphous component. This region of the diffraction pattern is deconvoluted into an amorphous diffuse reflection and the strongest reflection of K2R in the amorphous zone. The shading represents the integrations of two reflections: Ia for the integration of amorphous diffuse reflection and Ic for the integration of the strongest reflection of K2R. The PXRD patterns in (c) show the major difference in products between reactions with K metal and KH: KxRʹ is the secondary phase in K-4-210 while KH is the secondary phase in KH-4-210. All unlabelled reflections in (c) belong to K2R.

As well as the potassium intercalated rubrene phase K2R, two other intercalated phases containing decomposition products of rubrene are also observed and designated as K(RR*) and KxRʹ (for details of R* and Rʹ, see section 2.3.2). As shown in Figures 3 and 4, reactions with less than 2 equivalents of potassium produce K2R and unreacted rubrene as major phases, with an impurity of K(RR*) below 250 °C. Above 250 °C, K(RR*) becomes the major crystalline phase. For reactions with 2 or more equivalents of potassium, K2R is the dominant crystalline product. The presence of the R2- dianion was confirmed by 1H NMR (Figure 5) and was shown to be the major product. 
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Figure 5. 1H NMR spectra of pristine rubrene and K2rubrene samples formed in solution (SI section 1.4) and synthesized by solid state methods. Signals for rubrene are assigned according to McGarry et al19. Signals for R2- are assigned based on their coupling constants and integrations (see SI Section 5.2 for details). Impurity signals in KH-2-210 are marked by asterisks.
Where 2 or more equivalents of potassium are used, crystalline K2R is always accompanied by amorphous material (Figure 4b and SI Section 1.2), the relative amounts of which can be evaluated using the area ratio of the amorphous diffuse scattering against the strongest crystal peak of K2R (Ia/Ic, Figure 4b), which can be related to the impurities observed in the 1H NMR in Figure 5 (see section 2.3.1). For reactions below 230 °C with 2 or more equivalents of potassium, crystalline impurities are also formed (mainly KxRʹ, see section 2.3.2). Reactions with either source of potassium produce similar products (Figure S2), except where the K:R ratio is 4:1. The only difference between reactions of K metal and KH sources is that K-4-210 results in KxRʹ as a secondary phase to the major K2R phase, while KH-4-210 results in unreacted KH along with K2R and an impurity of KxRʹ (Figure 4c). No superconductivity was observed in any of the samples produced in this study (Figure S4). 
2.2 Crystal structure of K2R. The crystal structure of K2R was solved from the synchrotron PXRD data for K-2-250, despite the presence of a weakly scattering amorphous phase. The PXRD pattern was indexed to give a monoclinic cell with the P21/c space group (based on extinction conditions 0k0: k=2n+1 and h0l: l=2n+1) with cell parameters of: a=12.8431 Å, b=8.3574 Å, c=14.5304 Å, β=108.774°, V=1476.6 Å3. A Pawley fit based on the unit cell gave conventional (subtracting background) R values of Rwp 5.03%, Rp 6.21% and χ2 3.9. A structural model for this fit was generated by simulated annealing, using a semi-rigid rubrene molecule, allowing rigid phenyls to rotate around the tetracene core (see details in SI Section 4). 
Table 1 Crystallographic data for compounds in the K-rubrene system.
	Compound
	rubrene
	K2R
	K(RR*)
	KxRʹ

	S.G.
	Cmca
	P21/c
	Pbca
	Pccn

	 a (Å)
b (Å)
c (Å)
β
	26.86(1)
7.193(3)
14.433(5)
	12.860(3)
8.363 (2)
14.537(3)
108.74(1)°
	36.348(3)
13.6770(6)
11.5308(4)
	[bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK159]13.207(3)
8.349(2)
23.558(3)

	Vol. (Å3)
	2788(2)
	1483 (1)
	5732.3(4)
	2597.6(9)

	Z
	4
	2
	8
	4

	V/Z(Å3)
	697.1
	741.5
	715.5
	649.4

	Source
	Ref. 4
	Rietveld 
	Pawley 
	Pawley 


In the structural model given by simulated annealing, the molecule is centred on the 2d (½, 0, ½) special position. The observed Fourier map based on the structural model clearly shows only one spherical region of unaccounted for electron density, which was assigned to the K+ cation (Figure S5). Rietveld refinements based on this model were performed against the data over the range of 3.6 ≤ 2θ/° ≤ 32, which quickly converged. The refined model is in good agreement with the observed data (Figure 6), with the agreement indices (Rwp 5.22%, Rp 6.52% and χ2 4.46) very close to those for the Pawley fit. The refined lattice parameters are shown in Table 1 and the atomic positions for the model are given in Table S3. Isotropic displacement parameters (Biso) of the carbon and hydrogen atoms were constrained to be the same, giving the final Biso values of 3.0(1) Å2 for carbon and 6.2(2) Å2 for K+, smaller than 7.5(3) Å2 in the structurally ordered potassium salicylate.20 The K site has a refined K occupancy of 97(3) %, giving the composition K1.94(6)C42H28. This composition agrees well with the ICP result of K2.1(1)C42.0(2)H26(1) (Table S2). Rietveld refinements were also performed against the PXRD data of the analogous sample made using KH (KH-2-250) instead of K metal, producing a similar result (Figure S6).
 
[image: C:\Users\jilzhang\Documents\Rietveld.jpg]
Figure 6. Rietveld refinement of K2R. Observed (black dots), calculated (red), and difference (green) plots from the Rietveld refinement of the K2R phase against synchrotron PXRD data for sample K-2-250. Black bars mark the reflections. The inset shows the magnification of the dotted zone. The conventional Rwp is 5.22%, Rp 6.52% and χ2 4.46.

In pristine rubrene, there is a single type of void space, sandwiched between the phenyls of neighbouring rubrene molecules within the parallel rows, giving four voids per rubrene with no voids observed between layers (Figure 7a). These voids are too small to accommodate K+ cations and the structure therefore cannot accommodate K+ without some rearrangement. In K2R, the layered structure is preserved, but the structural rearrangements of the rubrene sublattice create a new larger void (Figure 7b) within the rubrene layers that is surrounded by three individual rubrene molecules. In addition, K2R forms a second small void, comparable in size to that in pristine rubrene, but located between the layers, rather than within the layers as in pristine rubrene, surrounded by three phenyl groups; one from a rubrene within a parallel row, one from a neighbouring non-parallel row and one from rubrene in an adjacent layer. This gives two large and two small voids per rubrene. The larger voids are big enough to accommodate K+, with their location matching the location of the electron density assigned to K+ in the Rietveld refined model (Figure 7c), while the smaller voids are again too small to accommodate K+, showing no electron density in the observed Fourier map.

[image: C:\Users\jilzhang\Documents\Figure 7_connolly.jpg]
Figure 7 Available void space (green-red contours represent distances of 2.6-2.8 Å from the molecular surface) in rubrene (a) and the R2- packing in K2R (b), and a representative structure of K2R with occupied K sites (c). (a) In rubrene, there is one type of void space, surrounded by two phenyls, one from each of two neighbouring molecules within the parallel rows of the layers, too small to accommodate K+. (b) In K2R, there are two types of void spaces; the large void (1), surrounded by three molecules within a layer and able to accommodate K+, and the small void (2), comparable in size to the void in rubrene and located between layers surrounded by three phenyls each from separate molecules in two neighbouring layers. (c) The K cation sites determined from the Fourier difference map (grey spheres) match the locations of void 1 in (b). Note there is a shear between layers corresponding to a translation along the c-axis for successive layers from the pristine rubrene system (a) to the K2R system (b/c). Colours as figure 1, grey spheres = K+.

The K+ insertion causes a significant distortion of the parent rubrene structure. The herringbone motif is ostensibly maintained but with some marked differences. The structure remains layered, with the K+ incorporated within the layers, enabled by significant reorientation of the rubrene moieties to generate large void spaces within the layers. There is a rotation about the out-of-plane rotation axis (indicated in Figure 1) of the rubrene molecule of 19.7(1)°, such that there is an opposed inclination between the long axes of the tetracene cores in neighbouring rows (Figure 8a, b, e, f). This is accompanied by a co-operative rotation about the long axis of 9.5(1)°, such that the planes of the tetracene cores of neighbouring rows are canted in a similar direction within the layers (Figures 8c, 8d) and the molecular axes of rubrene in neighbouring rows are no longer aligned as in a true herringbone structure. There is also a rotation about the short axis of 17.6(2)° (Figures 8b, d), misaligning the neighbouring rubrenes further. These reorientations significantly expand the space between parallel molecules, increasing the plane-plane distance between neighbouring tetracenes from 3.736(2) Å in pristine rubrene to 5.35(1) Å in K2R (Figure S8) and disrupting the π-π interactions seen in the pristine rubrene. The structural rearrangement and distortion upon K+ intercalation also introduces a shear between neighbouring layers, such that there is a translation perpendicular to the stacking direction along the c-axis for successive layers. This results in a change in the crystallographic symmetry from orthorhombic in pristine rubrene to monoclinic in the K2R phase as the a-axis is no longer perpendicular to the b/c plane, as can be seen by comparing the stacking in Figures 7a and 7c. The K+ insertion to form K2R expands the unit cell volume by 6.4% per rubrene from pristine. Figures 8 and S8 highlight the distortion of the K2R packing in comparison to the pristine material.
 [image: C:\Users\jilzhang\Documents\Figure8_rotation.jpg]
Figure 8. Comparison of the herringbone structures in pristine rubrene and K2R. Orthogonal views of three neighbouring rows of opposing inclination for rubrene (a) and (b), and equivalent views for K2R (c) and (d). (a) and (c) are in the b/c plane and (b) and (d) are perpendicular, rotated 90° about the x-axis. Perspective views along the crystallographic b-axis for rubrene (e) and K2R (f) to highlight the opposed rotations about the out-of-plane axis between neighbouring rows in K2R. Large distortions to the herringbone packing within the layers of K2R can be seen when compared to pristine rubrene.

 

Each K+ cation is surrounded by three different R2- anions, RA, RB and RC (Figure 9a). RA binds η6 to the K+ from the inner aromatic ring of the tetracene core, with the K+ sitting above this ring (C1, C1′, C2, C3, C7, C6 in Figure 1). RB binds η2 from the carbons at the end of the tetracene core (C5, C9) and RC binds η3 from the edge carbon of the outer ring of the tetracene core (C4) and from two of the carbons from the nearest phenyl group (C11, C12) (Figure 9a).  The separation of two neighbouring K cations is 4.92(1) Å, comparable to those in K-intercalated graphite compounds (4.915 Å in KC8) and (KTriglyme)2Tetracene, as listed in Table S4.21,22 All strong interactions occur with the tetracene cores. The corresponding K-C [3.073 (1) to 3.265 (1) Å] and K-C6(centroid) [2.845 (1) Å] distances are comparable to those measured in KC8 (3.028 Å, and 2.675 Å) and (KTriglyme)2Tetracene (3.05-3.18 Å, and 2.762(4) Å at 100 K).21,22 These K-C distances are also comparable to those in K2Pentacene (closest K-C contact of 2.96(7) Å) and K2Picene (2.912(9)-3.564(7) Å).6 The K+ binding to RA is similar to that seen in (KTriglyme)2Tetracene, but is very different from the intercalation between Cs cations in (Cs2R)1.5Hexane0.5DME, where the Cs+ cations bind to the peripheral rings, as shown in Figure S9. This latter difference is likely due to the ionic radii of the respective cations. In reported rubrene salts from solution synthesis, cations interact only with tetracene cores (R-, R2-) or phenyls (R4-) separately, while in K2R, the K cation interacts not only with tetracene cores but also two of the four phenyls.
Each R2- anion is coordinated by six K+ cations (Figure 9b), which completes the 3D structure of K2R. Two of the phenyl groups of each rubrene are not involved in binding to potassium and form interlayer short contact interactions with the equivalent phenyls of rubrene in neighbouring rows and layers. The coordination number of six K+ cations per rubrene anion is much larger than found in rubrene salts synthesized from solution: one R4- is only coordinated by four cations (Li+/Na+/Cs+).17,18 It is evident that K+…π interactions play important roles to stabilize the herringbone network and complete the 3D structure of the K2R phase, as the main π-π interactions seen in pristine rubrene are disrupted in K2R (shown in Figure S8).
[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK114][bookmark: OLE_LINK116][bookmark: OLE_LINK117]Key bond lengths and angles of R2- derived from the Rietveld refinements are listed in Table S5 and S6. Most bond lengths associated with the tetracene sub-unit of R2- in K2R are slightly larger than those in pristine rubrene, consistent with population of the rubrene LUMO.16 In pristine rubrene, the tetracene core is not planar but has a mean plane deviation of 0.077(2) Å. This deviation increases to 0.15 (1) Å in K2R.
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Figure 9. Coordination environments in K2R. (a) Coordination environment of R2- about the K+ cation and (b) coordination environment of K+ about R2-. Colours as Figure 2, black lines represent the main K-C interactions, and the broken bonds represent the omitted phenyls or aromatics. 
These molecular rearrangements by intercalation of K into rubrene are in stark contrast to those seen in the K2Pentacene and K2Picene systems, with big differences in the shape and size of the resulting void spaces and hence the nature of the potassium sites. The potassium sites are well ordered in K2Rubrene while disordered in K2Pentacene and K2Picene. 
In the K2Pentacene and K2Picene systems, the dominating C-H…π intermolecular interactions seen in the pristine material are retained in the intercalated structures and remain the dominating intermolecular interaction, with the formation of a single large void space per molecule within the herringbone layers. This is enabled by a simple rotation about the molecular long-axis along the stacking direction, combined with a slight in-plane rotation to bring about a better alignment of the acenes with the stacking direction. These void spaces are so large that each single void per molecule is occupied by 2 K+ cations, disordered over multiple sites within void spaces with little interaction of the K+ with the aromatic systems of the anionic acenes. This lack of interaction is due to the preservation of the C‑H…π interactions between neighbouring (phen)acenes causing steric crowding above the aromatic systems, blocking any potentially favourable K+ binding sites. 
In K2R, the dominating π-π interactions within the layers seen in the pristine material are completely disrupted by much more pronounced reorientation upon intercalation, with the creation of two well-defined voids per molecule. The potassium sites in these smaller voids are better ordered than in the K2Picene/K2Pentacene cases, and each void is capable of accommodating only a single, well-localised K+ cation. The dominating interaction within the layers become K+…π interactions as the rubrene anions form a well-defined coordination environment around the K+ within well-defined pockets, giving a much stronger interaction with the anionic acene derivative than seen in K2Picene or K2Pentacene.  
In addition, in the (phen)acene cases, as the void space created is much larger than required to accommodate the intercalated K+, there is a much greater unit cell expansion from pristine materials than seen for K2R (15% expansion per pentacene in K2Pentacene and 11.4% per picene in K2Picene c.f. 6.4% per rubrene in K2R).
These differences are due in part to both the relative orientation of the acene moiety in rubrene in comparison with pentacene and picene, and the absence of dominating C-H…π interactions in rubrene due to the presence of the bulky phenyl rings. If an equivalent rearrangement were observed in the rubrene system to that of the pentacene and picene systems i.e., a rotation about the axis aligned to the stacking direction, which in the case of rubrene would be the molecular short-axis, the accompanied disruption of the π-π interactions would be energetically unfavourable and the void spaces created would be so large that the layered structure would likely collapse. 
A consequence of the difference in structural reorganisation between the different systems is that in K2Pentacene and K2Picene, where K+ cations sit in pockets surrounded by anions without disruption of the main intermolecular interactions seen in the neutral species, the crystal structure of the neutral molecules can be restored once K+ is removed by exposure to air.6 In K2R with the complete disruption of the π-π interactions seen in the parent material, the structure collapses after removal of K+ cations, as shown by the PXRD results of air-exposed KH-2-250 samples: no crystalline rubrene was regenerated but K2O and KOH·4H2O were observed as the major crystalline phases (see Figure S10).    
2.3 Determination of minor impurities in the potassium-rubrene reactions.
The nature of the amorphous materials resulting from the reaction of potassium and PAHs is under-explored, with the low shielding fractions reported for the claimed superconducting alkali metal intercalated PAHs potentially associated with a minor by-product of the reactions used to form them. In the reaction of potassium with rubrene, materials other than K2R resulting from the decomposition of rubrene are a1so observed as both amorphous and crystalline phases (Figure 3). We have identified candidate components of these phases through a combination of NMR and mass spectrometry. All decomposition products are K+ containing materials with rubrene derived anions, all of which decompose on exposure to air.
2.3.1 Amorphous content accompanying K2R. 
1H NMR spectra of all K-rubrene reaction products with two or more equivalents of potassium show R2- as the major species (Figure S12), and the fraction of protons arising from R2- (against all signals in the sample) in different samples (see section 5.2.1 in SI) is given in Table S7. K-2-210 samples have a maximum R2- proton fraction of 73(2) %, while the samples used for Rietveld refinements, K-2-250 and KH-2-250, have R2- proton fractions of 62(1) % and 60(1) % respectively. The relative amounts of amorphous products can also be evaluated using the area ratio of the amorphous diffuse scattering against the strongest crystal peak of K2R (Ia/Ic, see Figure 4b). The plot of amorphous fractions from PXRD data against the fraction of impurity proton signals presents good linearity (R2=0.94) (Figure S14), suggesting the amorphous content observed in PXRD corresponds to the impurity signals observed in 1H NMR, i.e., the amorphous phases do not contain R2-.
The center of the amorphous diffuse scattering (see Figure 4b), corresponding to a d value of ca. 13.5 Å, is very close to the longest dimension of the rubrene molecule, suggesting that the tetracene core is not completely disrupted in these amorphous materials.
The source of potassium gives slight differences in the K-intercalated rubrene decomposition products. The analysis of 1H NMR and 2D 1H-1H COSY NMR spectra of KH-2-210 samples (Figure S15) suggest the presence of two impurities, neutral benzene and a decomposition product of rubrene missing two phenyl rings (see section 5.2.2 in SI). This decomposition product of rubrene is likely to be either 5,12-diaryltetracene (1) or 5,11-diaryltetracene (2) shown in Scheme 1.23-25 Mass spectrometry data shows the presence of peaks corresponding to m/z 380.16 (Figure S16). Though these peaks could plausibly be a result of the ionisation process of K2R, when coupled with NMR data it suggests molecules 1 or 2 are formed during the reaction of potassium and rubrene. It is reasonable to assume that rubrene decomposes by breaking a C-C single bond (dissociation energy 347-356 kJ/mol) instead of a C-Haromatic bond (dissociation energy 473 kJ/mol). Both dissociated phenyls and residual fragments would need to acquire extra protons from KH to form benzene and phenyl-deficient decomposition products. Elongated reaction time at 210 °C did not produce an evident change in PXRD patterns, indicating that the formation of K2R inhibits the breaking of the C-C bond, in good agreement with the shortened C-C single bonds in K2R (see Table S5) which are consistent with an increase in the bond strength.
[image: C:\Users\jilzhang\Documents\Scheme1-decomposition.jpg]
Scheme 1 Possible pathways for decompositions of rubrene during reactions with KH. 
KH-2-250 samples show only a very weak 1H NMR signal for benzene compared to KH-2-210, suggesting a decomposition pathway in which benzene is not formed or the produced benzene was further degraded; it is reported that benzene can be decomposed even below 200 °C in the presence of metallic Ni or Ce4+/Mn3+ ions.26,27 Some impurity signals overlap with R2- 1H NMR signals inhibiting further NMR analysis (Figure S17a). Apart from rubrene, the mass spectrum of KH-2-250 does show a species of mass 530.21(3) amu (Figure S18), which is consistent with a dehydrogenated derivative of rubrene and is designated R* in Figure 3. A sp3 carbon is observed in the 13C NMR spectrum of KH-2-250 (Figure S17b). The only reported derivative of rubrene with a sp3 carbon that matches the accurate mass of the unidentified species from KH-2-250 is 5,12-diphenyl-5,6:11,12-di-o-phenylene-5,12-dihydrotetracene (3 in scheme 1, C42H28).28,29 Further evidence that 3 and similar species are produced under these conditions comes from the reaction of Li metal and rubrene at 250 °C (see SI Section 1.3). Crystals obtained at the interface between the Li metal and rubrene were shown by single crystal XRD to contain 3 as a co-crystal with a partially cyclised species 5,6,12-triphenyl-11,12-o-phenylene-5,12-dihydrotetracene (see section 8 in the SI). Accurate mass spectrometry of these crystals also showed a mass peak at 530.21(3) amu (Figure S19) consistent with the presence of 3.  For reactions with potassium metal, the pre-reaction step performed at 210 °C produces an additional amorphous impurity that has not been identified. (see Figure S20, and section 5.2.4 in SI).

2.3.2 Crystalline impurities K(RR*) and KxRʹ. In addition to the amorphous impurities discussed above, another K-intercalated crystalline material was observed in reactions with less than two equivalents of potassium; as a minor phase at temperatures below 250 °C and as a major or single phase above 250 °C (designated K(RR*) in Figure 3). A further crystalline impurity was also observed for reactions with two or more equivalents of potassium at 210 °C (KxRʹ in Figure 3). Both K(RR*) and KxRʹ phases are air sensitive, indicating the intercalation of K within the structures.
The product of KH-1-250 gives K(RR*) as a single phase material based on PXRD data that can be indexed to an orthorhombic unit cell with space group Pbca: a = 36.3475 Å, b = 13.6772 Å, c = 11.53079 Å, which gives a good Pawley fit (see Figure S21) with structural parameters listed in Table 1. Elemental analysis shows a composition of K1.09(9)C42.0(1)H27(1), close to the starting composition. Attempts to unambiguously identify the organic species in the structure to allow full Rietveld structural determination have not been successful. However 1H (Figure S22) and 13C NMR spectra (Figure S23) as well as mass spectrometry of KH-1-250 give some indication of the nature of the organic species present in the compound. High resolution mass peaks, (Figure S24) assigned to rubrene (532.23(3) amu) and 3 (C42H26, 530.21(3) amu), indicate a mixture of organic molecules in the product. The 13C NMR spectrum displays one signal from a sp3 carbon, which is not expected from rubrene anions, but is consistent with the presence of 3.
Reflections relating to a minor crystalline impurity, designated KxRʹ, in K-4-210 were indexed to the Pccn space group and yielded a good Pawley fit (Figure S25) with structural parameters listed in Table 1. The amount of KxRʹ increased with increasing amount of potassium at constant temperature as determined by PXRD and 1H NMR. The proton chemical shifts for KxRʹ are different from those of 1 and 2 (Figure S26) and thus Rʹ cannot be 1 or 2. As the amorphous material related to the decomposition of rubrene in KH-2-210 is dominated by the removal of phenyls to form 1 and/or 2, the Rʹ anion is likely also to be a substructure of rubrene. The phenyl-deficient molecules have a smaller molecular volume compared to rubrene in agreement with the smaller unit cell volume of KxRʹ, calculated from the Pawley fit, compared to K2R. It was not possible to isolate a pure sample of KxRʹ to enable the determination of the full chemical composition.
The results here illustrate the numerous products possible from the reactions of alkali metals with PAHs and the care that must be taken in the synthesis and analysis of the products wherever possible. Even minor impurities may be responsible for the observation of superconductivity from these reactions. It is reported that the reproduction of the synthesis of K3Picene by other researchers produces ferromagnetic impurities instead of superconductors.5

3. CONCLUSIONS

The systematic investigation of K-rubrene solid state reactions using both K and KH sources reveal competition between K intercalation and decomposition of rubrene, which yields not only the K-rubrene compound K2R but also amorphous by-products and K intercalated compounds with rubrene degradation products. In K2R, the rearrangement of pristine rubrene to incorporate K+ completely disrupts the dominating intermolecular interactions seen in pristine rubrene, creating two large voids per rubrene within the molecular layers, each large enough to accommodate a single K+. This yields an ordered structure with a well-defined K+ site and coordination environment, with K cations surrounded by three rubrene dianions exhibiting strong cation-π interactions, with η6, η3 and η2 binding modes each to a separate rubrene dianion. In the η3 cases, interactions are not only with tetracene cores but also with the phenyl groups of respective rubrene. 
The herringbone packing is retained in K2R but with significant differences from the rubrene host. This is in strong contrast to K2Picene and K2Pentacene. The role of K+- π interactions is reminiscent of those that dominate the crystal structure of non-herringbone CsxPhenanthrene synthesized from solution,7 and reflects the reduced importance of C-H… π interactions in the rubrene case. The K-rubrene bonding arrangement is in contrast to other intercalated PAHs that contain only a single channel-like void per molecular species created by a molecular reorientation that retains the same intermolecular interactions observed in the pristine materials.6 In the non-substituted phen(acenes) each void contains two highly disordered alkali metal cations, which only weakly interact with the surrounding host anions.
NMR analysis was used to identify the organic impurities from K-rubrene reactions, which form by decomposition of rubrene in competition with intercalation of rubrene by potassium. We propose that the removal of phenyls by breaking C-C single bonds at low temperature (210°C) lead to the formation of 1 and/or 2 and that there is a loss of aromaticity at high temperature (250°C), forming 3. These decomposition products are probably present in the crystalline phases K(RR*) and KxRʹ, resulting from reactions with K:R ratios of 1:1 at 250 °C and reactions with K:R ratios >2:1 at 210 °C respectively. The understanding of the products of these decompositions may provide clues as to the identity of the compounds responsible for the claimed superconductivity in other PAHs intercalated with potassium, where breaking of single bonds (C-H in this case) under the aggressive reaction conditions may lead to oligomerisation.

4. METHODS
4.1 Sample preparation. All reagents and samples were stored and handled in an argon-filled glove box (O2 and H2O <1 ppm). All reactions were carried out in Pyrex ampoules with an internal diameter of 5 mm and an approximate length of 10 cm and sealed under vacuum (<10-4 mbar). Pre-reactions were performed on the mixture (ca. 80 mg) of K chunks (99.99% from Sigma Aldrich) and rubrene powder (sublimed grade, 99.9% from TCI Chemicals) at 210 °C (see SI) with a heating rate of 1 °C/min and dwelling time of 3 days. All other reactions were performed on pellets (ca. 80 mg each) of materials from pre-reaction, or mixtures of rubrene and KH (Sigma Aldrich, washed with anhydrous pentane under inert atmosphere and containing minor unidentified impurities, see Figure S7) at 210, 230, 250 °C with a heating rate of 1°C/min. Reactions were performed with four different starting K:R ratios of 1:1, 2:1, 3:1 and 4:1. All reactions of pellets were performed first for 3 days, and then the products were reground and repelletized and then reacted for an additional 3-day at the same temperatures to yield the final products.
Solvent syntheses for NMR identification of R2-/2K+ was achieved by adding 0.5 mL dried THF-d8 into a Schlenk flask containing 0.05 mmol K and 0.025 mmol rubrene. The mixture was stirred for 15 hours to yield dark blue R2-/2K+ solution. 
4.2 Powder X-ray diffraction. All PXRD data were collected in capillary mode at room temperature. PXRD data collections were first carried out using a laboratory X-ray diffractometer (Bruker D8, with monochromated MoKα, λ=0.71073 Å. Samples exhibiting the best crystallinity were chosen for synchrotron PXRD on the I11 beam line at Diamond Light Source (λ=0.82566(1) Å) at room temperature using 0.5 mm or 0.7 mm diameter borosilicate capillaries. All structural analysis on PXRD data (including indexing, Pawley fitting, simulated annealing and Rietveld refinements) were performed using Topas Academic (Version 5).30
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]4.3 NMR. THF-d8 was dried with Na metal. NMR tubes were purged with high purity N2 gas using Schlenk techniques prior to sample preparation. Sample powders of ca. 16 mg were loaded into NMR tubes with Schlenk connectors inside glove boxes. 0.5 ml of dried THF-d8 was then transferred into the NMR tube. The solution was frozen by submersing the bottom of the NMR tube in liquid N2. The tube was evacuated and sealed using a micro torch. NMR spectra were collected immediately on a Bruker AVANCE 400 MHz NMR spectrometer once the solution had thawed. The NMR spectra of KH-1-250 were collected using anhydrous Toluene-d8 (anhydrous, Sigma Aldrich). All analyses of NMR spectra were performed using MestReNova. 
 
4.4 Elemental analysis. The K contents were measured using a Spectro Ciros ICP_OES radial view instrument. 5 mg of product powders were digested using a mixture of concentrated nitric acid (4 mL) and sulphuric acid (1mL). The C and H contents of the products were identified using a Thermo EA1112 Flash CHNS-O Analyzer. Powders of ca. 1 mg were loaded into a Pb capsule which was sealed mechanically inside a He filled glove box. The final compositions were given by averaging results of three samples from the same reaction.
4.5 Mass spectra. Mass Spectrometry Analysis were obtained with an Agilent QTOF 7200 instrument with CI ionization (methane) and analyzing accurate mass (High resolution mode) in positive mode on air-exposed samples. A total ion chromatogram (TIC) was performed first to identify the number of different species.
4.6 Magnetometry. SQUID magnetometry data were collected for K-2-250 samples contained within silica ampoules using a Quantum Design MPMS XL-7 SQUID magnetometer under an applied field of 20 Oe. The contribution of empty silica ampoules were measured in advance for corrections. 
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