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Abstract
6,6′,13,13′- tetrahydro-6,6′-bipentacene (HBP), the intermediate molecule connecting pentacene to previously observed peripentacene and extended pentacene oligomers through the formation of a carbon-carbon bond, is synthesised and crystallographically characterised. Heating pentacene to 300 ºC under vacuum for 200 hours results in pale golden crystals of HBP and amorphous material containing pentacene oligomers, offering experimental evidence that pentacene preferentially dimerizes at the 6,6′- position. Continued heating of HBP results in co-crystals of 6,13-dihydrogenated pentacene (HP) and pentacene and further amorphous pentacene oligomers. The amorphous material consists of layered carbonaceous species with a graphenic nature, as determined by Raman spectroscopy and electron microscopy, and suggests HBP as an intermediate to hydrogenated pentacene species and pentacene oligomers, such as peripentacene, of interest in organic electronics.

Introduction
Conjugated small organic molecules have been the focus of intense research for use in organic electronic devices due to high charge mobility, mechanical flexibility and low cost (compared to typical inorganic compounds).1,2 Pentacene, consisting of five linearly-fused aromatic rings (P, Figure 1a), has generated more interest than any other conjugated molecule for use in these devices thanks to its particularly high conductivity and the availability of a range of deposition techniques leading to uniform highly-ordered thin films.1,3 When making thin films, the most widely-employed technique is vacuum deposition, not least because it can be considered a simultaneous purification step.3 This technique typically involves high temperature and low pressure to increase the P partial pressure. Roberson et al.4 showed that under an inert gas flow at 320 °C, in competition with its sublimation, P disproportionates to give a 2:1 co-crystal of 6,13-dihydrogenated pentacene (HP, Figure 1a) and P,5 and peripentacene (PP, Figure 1a), detected by mass spectrometry. PP can be considered as two pentacene molecules completely fused along one long axis and has been described as a graphene fragment.6,7 The mechanism for this transformation in the solid state is a matter of some debate,4,8 and since the initial report of PP, considerable effort has gone into developing a rational route to its synthesis.6,9 Thermolysis of a variety of other acenes has been demonstrated to drive both intramolecular C–C bonding10,11 and intermolecular addition reactions to form oligomeric12 and graphitic species.13 Recently Rogers et al.6 succeeded in preparing single molecules of PP on an Au surface via the dehydrogenation of 6,6ʹ-bipentacene (BP, itself chemically synthesised in bulk from functionalised pentacene derivatives6), which ab initio calculation4 proposes as an intermediate in PP formation in the solid state. Subsequent calculations8 showed that the mechanism is likely to be initiated when a 6-hydropentacenyl radical (HPR, Figure 1a) – formed by the hydrogen atom transfer from catalytic amounts of HP to P – dimerizes to give the intermediate species 6,6′,13,13′-tetrahydro-6,6′-bipentacene (HBP, Figure 1a), or adds to a P molecule to form a dimer radical. Either HBP or the dimer radical can be transformed to PP by a series of H abstractions by P or HPR species to generate significant quantities of HP. To date, no experimental reports of formation of any intermediate dimers (BP or HBP) through C-C bond formation upon heating solid pentacene have been published and their status as intermediates in the thermal formation of PP remains unclear. The evidence for the existence of PP is mass spectrometry, which may be identifying only the most volatile components of the bulk material, and Raman spectroscopy,14 for which the features are common to all sp2 carbon phases. By heating at the slightly lower reaction temperature of 300 °C under vacuum and studying the resulting materials with a range of bulk characterisation methods, we demonstrate the transformation of as-received pentacene to a mixture of single crystalline HBP and a carbon-rich amorphous phase (Figure 1c), likely to be composed of oligomerised pentacene. This represents experimental evidence for preferential intermolecular C–C bond formation at the 6, 6ʹ positions in the thermal oligomerisation of pentacene, yielding a crystallographically-characterised pentacene oligomer by solid-state thermal transformation. HBP is shown to be unstable, and upon further heating it is further transformed to give the previously reported 2HP:P co-crystals and additional amorphous oligomerised pentacene as formed in the first heating step. The transformation of HBP to 2HP:P co-crystal and amorphous material demonstrates the importance of HBP as an intermediate compound in the thermally-driven formation of pentacene-based oligomers, and hydrogenated pentacene. The amorphous material has been shown to consist of thin, extended sheets which can be readily exfoliated, suggesting this material may be ‘graphenic’ in nature.
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Figure 1. (a) Pentacene (with carbon positions numbered) and related derivatives relevant to its thermal reactivity. (b) SXRD patterns of pentacene heated at 300 °C for 0 – 300 hours, showing the peaks arising from polymorphs of pentacene (so called ‘14.1 Å’ and ‘14.4 Å’ polymorphs) , HBP and 2HP:P co-crystals. (c) Scheme of observed products from heating of as-received pentacene. 

Results and Discussion
Figure 2b shows the synchrotron powder X-ray diffraction (SXRD) pattern of as-received pentacene (Sigma Aldrich, sublimed grade >99.9% trace metals basis). Fitting to this pattern shows that it contains a mixture of the two known bulk-phase polymorphs,3,15-18 but also a significant proportion (12.3(2)% by mass, Table S2) of 2HP:P co-crystals, where HP has been previously suggested as a likely catalyst in pentacene disproportionation.8 50 mg of this as-received pentacene powder was pelletized and sealed in a Pyrex tube evacuated to 2 × 10‑5 mbar. Upon heating at 300 °C for 24 hours pale, golden-coloured crystals were observed on the surface of the black pellet. Single crystal X-ray diffraction confirms the identity of these crystals as the previously undetected HBP (Figure 2a, Figure S3). The unit cell (space group P21/n, Figure S4) contains just one 6′-hydropentacenyl subunit within the asymmetric unit, with a centre of inversion at the centre of the dimer molecule. The C–C bond between the two 6-hydropentacenyl subunits forms between the 6 and 6′ carbons, yielding the isomer calculated to be the most energetically favoured.8 This bond is notably long at 1.601(2) Å (at 150(2) K); ~0.1 Å longer than a typical C–C bond. This can be thought of as arising from quadrupolar repulsion of the neighbouring aromatic systems with C···C distances of as little as 3.166(2) Å between the 5 and 5ʹ (and 7 and 7ʹ) positions, Figure 2a). Similar bond lengths are also observed in ‘sandwich photodimers’ of acenes,19-21 whereby two new C–C bonds form between two parallel stacked acene subunits across an aromatic ring overlapping π systems.  For example, in s-dipentacene21  (Figure 1a) C–C bonds form between the 6:6′ and 13:13′ positions with a mean bond length of 1.611(2) Å, leading to π···π interactions between the closest aromatic rings of mean distance 3.885(3) Å (as measured from the aromatic centroids), close to the ideal distance for π···π stacking.22 Note this is significantly longer than the C5–C5ʹ distance in HBP, due to larger bond angle around the sp3 carbon atoms in the sandwich dimer (~112.5°, compared to ~109° in HBP). In HBP there is only one C–C bond between the subunits, and the resulting ‘stepped’ configuration minimises quadrupolar repulsion within the molecule. Raman spectroscopy of a HBP (point group C2h) single crystal (Figure 3a) shows sharp peaks at 790 cm-1, 834 cm-1, 931 cm-1, 1017 cm-1, 1387 cm-1, 1469 cm-1 and is used as a fingerprint for the identification of HBP in the Raman spectra of bulk samples.
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Figure 2. (a) Refined structure of HBP from single crystal X-ray refinement (data measured at 150(2) K) with thermal ellipsoids at 50% probability. (b) SXRD of as-received Sigma Aldrich pentacene with multi-phase Rietveld refinement of two pentacene polymorphs3,16 and 2HP:P co-crystals.5 Rwp = 5.03%. Inset shows partially resolved (001) peaks of both pentacene polymorphs. (c) SXRD of pentacene after heating in vacuo at 300 °C for 200 hours, with multi-phase Rietveld refinement of HBP with a residual amount of pentacene. Rwp = 4.48%. Full details of refinements in Tables S2 and S3.
The pellet of P treated at 300 °C for 24 hours was ground into a fine powder and SXRD (Figures 1b, S5) shows that a majority of the P is converted to HBP. Optimisation of the synthesis time found that heating at 300 °C for 200 hours yields a sample where > 90% (by mass) of the crystalline component was HBP, with P comprising the remainder of the crystalline portion (Figure 2c, Table S3). Despite this high degree of conversion, the pellet remains a black colour, inconsistent with the observed pale colour of the single crystals of HBP, suggesting the presence of a secondary amorphous phase. Raman spectroscopy confirms the presence of the secondary amorphous phase by comparison of the bulk material and single crystals of HBP extracted from the surface of the pellet (Figure 3a). The Raman spectra show four broad peaks (ν = 1224 cm-1, 1259 cm-1, 1331 cm-1 and 1585 cm-1) present in the bulk material in addition to peaks assigned to HBP. Elemental analyses of as-received pentacene gave a measured C:H mass ratio of 18.9 and the mixture of HBP and amorphous material produced by the thermal treatment show the same measured C:H mass ratio (18.8), and since HBP is hydrogenated with respect to pentacene (theoretical C:H mass ratio for HBP is 17.5), the amorphous material is assumed to be carbon-rich with respect to the starting material. Quantification of the amorphous component by SXRD using an internal standard (monocrystalline diamond powder, Sigma Aldrich) shows the sample contains approximately one-third (by mass) amorphous material (Figure S6, Table S4). This is a larger amorphous contribution than would be expected if PP were the only component of the amorphous phase (~17%). For comparison, as-received pentacene was found by the same method to contain ~10% amorphous material. An attempt to separate HBP from the amorphous material by heating the mixture to 300 °C at the end of a sealed evacuated tube with the opposing end of the tube at room temperature (Figure S1) led to the decomposition of HBP, resulting in sublimation of only yellow and purple–red 2HP:P co-crystals and a small quantity of unreacted pentacene. Subsequent powder SXRD of the residual post-sublimed material showed no crystalline peaks, confirming that HBP is unstable over extended heating periods and decomposes to form hydrogenated pentacene species and amorphous material.
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Figure 3. (a) Raman spectra (exciting laser λ = 785 nm) of single crystals of HBP, residual post-sublimed amorphous material and the bulk mixture of HBP and amorphous material. (b) High resolution EI-MS data of residual post-sublimed amorphous material. Full MS spectrum (50 ≤ m/z ≤ 900) shown in Figure S9.
Heating pentacene at 300 °C for the longer time of 300 hours leads to formation of a product consisting of 2HP:P co-crystals and amorphous material (Figures 1b, S5) with a small quantity of HBP remaining, suggesting that HBP initially formed in the reaction is transformed over the extended heating period. The transient nature of HBP is the most likely explanation for the difficulty in observing it in earlier experiments.4 Sublimation of the mixture of 2HP:P co-crystal and amorphous material, as described above for the HBP/amorphous mixture, resulted in 2HP:P co-crystals at the cool end of the tube, with a significant proportion of residual post-sublimed black material remaining which was further characterised to determine the nature of any oligerimized pentacene products potentially formed during the annealing of sublimed pentacene thin films for use in organic electronics as discussed in the introduction. The black material is completely amorphous by SXRD (Figure S7), and the Raman spectrum (Figure 3a), an effective probe of carbonaceous structure,23-27 consists of only 4 peaks at 1228 cm-1, 1254 cm-1, 1330 cm-1 and 1584 cm‑1, coinciding with the peaks of the secondary phase observed in the Raman spectrum of the as-made mixture of HBP and amorphous material (Figure 3a), suggesting that this amorphous material is formed concurrently with HBP and is unchanged by further heating. The spectrum agrees broadly with both the calculated Raman spectrum for PP and the observed spectra of pentacene samples heated under vacuum at higher temperatures (425 °C – 800 °C).14 However, the two strongest peaks, at 1584 cm-1 and 1330 cm-1, can also be assigned to the G (resulting from in-plane optic phonons) and D (caused by structural defects) modes of extended sp2 carbon structures, such as graphene and carbon nanotubes, respectively. The high ratio of intensities I(D):I(G) and the lack of any observed second-order modes (>2000 cm-1, Figure S8) would suggest a high degree of disorder,24,27-29 consistent with a material containing a distribution of pentacene oligomers, including PP, or an extended, partially hydrogenated graphitic material, or graphene nanoribbons, which could be formed by extensive oligomerization. Recently graphene nanoribbons have been shown to exhibit weak phonon modes in the range of 1200-1300 cm‑1, which were ascribed to breathing modes of six-atom rings30 and which closely resemble features seen in the Raman spectrum of the amorphous material at 1228 cm-1 and 1254 cm-1 (Figure 3a). Elemental analysis of the residual post-sublimed amorphous material showed an increased C:H mass ratio (21.9) over the starting pentacene (18.9, consistent with the sublimation of 2HP:P co-crystals), but still significantly lower than expected for pure PP (theoretical C:H mass ratio of 29.1), suggesting only partial fusion or a mixture of products. Sampling by gas chromatography (GC) of the gas in the sealed Pyrex tube after reaction (Figure S2) shows no significant quantity of H2 gas is evolved at any stage (corresponding to ≪1% of the total number of H atoms in the starting material; Figure S10, Table S5). This suggests that fusion under vacuum is not generating gaseous H2 as previously proposed,14 but is driven by H atom transfers to P or HPR, calculated to be a much lower-energy process.8
In previous work, mass-spectrometry (MS) data have offered the most definitive evidence for the presence of PP.4 High resolution electron ionisation MS (EI-MS) data from the residual post-sublimed amorphous material in the mass range for dimeric pentacenyl species (Figure 3b), show that the sample contains a spectrum of m/z values from 546.1 to 558.2, coinciding with masses of PP and HBP, respectively. A similar distribution of m/z values was seen in previous work,4 and was ascribed by the authors to partial fusion of the pentacene monomers and/or a misalignment of the pentacene subunits. Based on the computed high favourability of 6,6ꞌ-dimerization of HPR over formation of other adducts,8 and our experimental observation of HBP as the only (crystalline) intermediate, we assign this distribution of masses to partial fusion and hydrogenation, rather than significant occurrence of misaligned monomers. There is also another cluster of m/z peaks between 818.2 and 834.4 (Figure S9), corresponding to the mass range of trimeric, partially dehydrogenated pentacene species (the trimeric analogues of PP and HBP have masses of 814.2 and 836.3, respectively), demonstrating the ability of the system to further oligomerize. Higher mass oligomers were not observed, but it is unclear whether this is due to their low abundance or poor volatility.
Scanning electron microscopy (SEM) of the residual post-sublimed amorphous material suggests that it is composed of thin layers (Figure 4a, b, Figure S11), consistent with an extended sp2 material. A suspension of the material in N-methyl-2-pyrrolidone (NMP), a common solvent used in the exfoliation of graphene sheets,31 was generated by sonication for 35 hours.  After sonication the suspensions have a dark-brown/black colour which is retained for (at least) several months. A droplet of the sonicated suspension was deposited onto a glass slide and the solvent allowed to evaporate. Optical microscopy reveals the presence of sheets up to 200 μm across (Figure 4c), the Raman spectra of which (collected at multiple locations to confirm homogeneity) have modes at the same frequencies as observed in the bulk material (Figure S12). TEM and SEM (Figure 4, Figure S13) show the presence of layers in the material but their thickness was difficult to quantify. For comparison, pristine pentacene in NMP was also sonicated, yielding a suspension which rapidly (<5 minutes) settles to give a black powder and yellow solution of 6,13-pentacenequinone formed by oxidation of pentacene.32 Immediately after sonication, a droplet of the suspension was deposited onto a glass slide. After the NMP evaporated, optical microscopy shows only small black crystals of pentacene and their agglomerates can be observed with no indication of extended sheets forming (Figure S14).
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Figure 4. (a) SEM of the bulk amorphous residue material after sublimation of HBP/2HP:P, zoomed area shows a single layer exfoliated from the bulk material (b) SEM of bulk residual post-sublimed amorphous material at high magnification showing the layered structure (c) Optical microscopy and (d) TEM of exfoliated residual post-sublimed amorphous material. 
Conclusions
We have shown that the previously unobserved dimer HBP forms readily upon heating samples of pentacene containing trace amounts of HP. The observation of HBP represents the first crystallographic characterisation of a C-C bond between pentacene units on the path to extended sp2 C-C based species. HBP is unstable and upon further heating is easily cracked to give 2HP:P co-crystals and an amorphous by-product, consisting of oligomerized pentacene species at various stages of fusion. Whilst previous work4 has suggested that PP is the main constituent of this amorphous material, high resolution mass spectrometry data we present suggest that dimeric and higher-order oligomers with various degrees of fusion are also present. Further characterisation of this amorphous mixture indicates partially-hydrogenated graphitic or graphene-like constituents may be present, formed by extensive oligomerization of pentacene which are not detectable by mass spectrometry due to low volatility or fragmentation. No H2 gas is observed in the reaction vessel at any stage, suggesting that fusion occurs by a series of H-transfer steps. The results confirm the theoretical predictions8 that 6-6’ fusion is strongly preferred and that formation of isolatable HBP is the first step in pentacene oligomerization, providing a starting point for future experimental mechanistic studies. Reliable synthesis of HBP offers a useful starting material in the rational synthesis of PP and nanographene.
Experimental Section
a) Pentacene Thermolysis
50 mg of as-received pentacene (Sigma Aldrich, sublimed grade, >99.9% trace metals basis) was pressed into a 5 mm diameter pellet under a pressure of 1 ton in an Ar-filled glovebox (with measured levels of O2 and H2O <1ppm). The pellet was then placed into a Pyrex tube (outer diameter ~9.5 mm, inner diameter ~5.5 mm), which was subsequently evacuated to a pressure of 2 × 10-5 mbar. The Pyrex tube was then sealed at a length of 10 – 12 cm and placed in a fan-assisted oven at room temperature. The oven was then heated to 300 °C at a heating rate of 5 °C min-1. After heating for 24 – 300 hours, the oven was cooled to room temperature at a cooling rate of -5 °C min-1.
Heating at slightly lower temperatures (280 – 290 °C) yields the same reaction, albeit at a much reduced rate, necessitating heating times of over 1000 hours to achieve maximum conversion from pentacene to HBP. Single crystals of HBP could then be isolated by manually separation (Raman 1469.4, 1386.8, 1016.8, 931.5, 842.8, 790.5 cm-1). Heating pentacene at 320 °C failed to isolate HBP, instead a mixture containing only amorphous material and 2HP:P co-crystals were produced. 
b) Sublimation
A subsequent sublimation step was used to separate crystalline, hydrogenated products from the amorphous, hydrogen-poor material which exhibits low volatility. The mixture was ground into a fine powder using a pestle and mortar and loaded into narrow Pyrex tube (outer diameter ~5 mm, inner diameter ~3 mm, length ~6 cm), which was then itself loaded into a Pyrex tube (outer diameter ~9.5 mm, inner diameter ~5.5 mm). The tube was then evacuated to 2 × 10-5 mbar and sealed at a length of ~30 cm. The tube was then placed in a three-zone tube furnace such that the sample was at the centre of the furnace and the opposing end was at room temperature (Figure S1a). The centre of the furnace was heated to 300 °C at a heating rate of 5 °C min-1. A thermocouple was used to determine the temperature profile along the length of the tube furnace (Figure S1b), which shows a gradient from 300 °C at the centre to 120 °C at the edge of the furnace. After 18 hours the furnace was cooled at a rate of 5 °C min-1 to room temperature. After heating, crystals of P and 2HP:P co-crystals were found to be sublimed at the cool end of the tube (Figure S1c).
c) X-ray diffraction
Single crystal XRD data for HBP were collected using a Rigaku MicroMax™-007 HF with a molybdenum rotating anode microfocus source and a Saturn 724+ detector. The structure was solved and refined using SHELX-2013.22 Hydrogen atoms were placed in calculated positions using built-in SHELX riding models and assigned isotropic thermal parameters 1.2 times those of their parent atoms. Full crystallographic details are included in Table S1. The supplementary crystallographic data for HBP can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif, CCDC identifier 1811701.
Powder XRD and synchrotron powder X-ray diffraction (SXRD) data were collected at room temperature in transmission mode from 0.7 mm borosilicate capillaries. Laboratory XRD data were collected from a Bruker-AXS D8 Advance diffractometer with a fine focus Mo Kα source (λ = 0.71073 Å), whilst SXRD data were collected at Beamline I11 at Diamond Light Source, UK (λ = 0.82602(1) Å) using Mythen PSD detectors.
Rietveld refinements were carried out using TOPAS Academic v5.1 Starting models were either taken from structures reported in literature or (in the case of the new compound HBP) obtained from single crystal XRD. For the Rietveld refinements lattice parameters and a single C constrained thermal displacement parameter were the only structural parameters allowed to refine.
To calculate the amorphous content of HBP/amorphous mixture and pristine pentacene, the sample (20 mg) was ground and thoroughly mixed with a known quantity of monocrystalline diamond powder. A sample of this mixture was then loaded into a 0.7 mm borosilicate capillary for SXRD. Collected SXRD patterns were fitted to multiphase models yielding the ratio of crystalline sample mass: internal standard mass. By comparison to the ratio of total sample mass: internal standard mass, the proportion of the sample that is crystalline (and thus amorphous) is determined (Table S4).


d) Other Characterisation Techniques
Raman spectroscopy was collected using a Renishaw inVia Raman Spectrometer with an excitation laser wavelength of 785 nm.
Elemental analysis for C and H content was performed using a Thermo EA1112 Flash CHNS-O Analyser.
Gas chromatography (GC) to detect any hydrogen emission from the sample was carried out using an Agilent 6890N with He as the carrier gas. After reaction at 300 °C, the circumference of the sealed Pyrex reaction tube was scored at its centre and PTFE washers were placed around the top and bottom. This was then placed in a custom-made break-seal apparatus (Figure S2) adapted from an earlier design by Caldwell et al,33 inside an Ar filled glove box (O2 and H2O levels <1 ppm). The ground glass joint was sealed with a SubaSeal© septum. The greaseless stopcock was turned to exert a force on the Pyrex tube at the score mark until it was opened. After 1 minute (to allow the gas to equilibrate), a needle was used to collect a 500 μL sample of the gas, which was injected into the GC. The gas evolved from 50 mg samples of pentacene heated at 300 °C for 200 hours (i.e. at maximum conversion to HBP and amorphous oligomerised material) and 450 hours (i.e. after formation and subsequent decomposition of intermediate HBP to 2HP:P co-crystals and further amorphous oligomerised material) was measured. In addition, the H2 levels from an empty tube and 50 mg picene (an isomer of pentacene consisting of zig-zag (rather than linearly) fused aromatic rings that is not susceptible to reaction), both heated at 300 °C for 200 hours were measured. The GC was calibrated to allow quantification using a reference gas of accurately known concentration (500 ppm), which determined a sensitivity of 7(2) × 10-9 mgH per unit area of the H2 peak. Approximation of the total volume of the break-seal apparatus allowed an estimate of total H2 gas inside to be calculated.
Electron ionised mass spectrometry was conducted at the EPSRC UK National Mass Spectrometry Facility using a Thermo Scientific DSQ-II.
Exfoliation of the amorphous material was conducted using sonication. 2-3 mg of the amorphous material was added to 0.5 ml of N-methyl-2-pyrrolidone (NMP) in a 2 ml vial. The vial was then sonicated for 3 hours to form a suspension that remains stable for (at least) several weeks. A drop of this suspension was deposited onto either a glass slide (for optical microscopy) or a bare (i.e. no carbon support) 400 mesh nickel TEM grid (for TEM). The sample was left open to the air for at least an hour to allow solvent evaporation.
Scanning electron microscopy (SEM) was carried out using a Hitachi S-4800 Field-Emission SEM using an accelerating voltage of either 3 kV (for imaging sonicated material suspended on TEM grid) or 10 kV, to collect images of the bulk amorphous material, for which a small amount of powder was spread onto carbon tape and sputter-coated with gold. 
Transmission electron microscopy (TEM) was carried out using a 300 kV JEOL 3010.
Optical microscopy was carried out using a Meiji MT9430 microscope.
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