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ABSTRACT. This paper describes the syntheses of several functionalized dihydropyrene (DHP) molecular switches with different substitution patterns. Regioselective nucleophilic alkylation of a 5-substituted dimethyl isophthalate allowed the development of a workable synthetic protocol for the preparation of 2,7-alkyne-functionalized DHPs. Synthesis of DHPs with surface anchoring groups in the 2,7- and 4,9-positions is described. The molecular structures of several intermediates and DHPs were elucidated by X-ray single crystal diffraction. Molecular properties and switching capabilities of both types of DHPs were assessed by light irradiation experiments, spectroelectrochemistry and cyclic voltammetry. Spectroelectrochemistry, in combination with DFT calculations, shows reversible electrochemical switching from the DHP forms to the cyclophanediene (CPD) forms. Charge-transport behavior was assessed in single-molecule STM break junctions, combined with density-functional-theory-based quantum transport calculations. All DHPs with surface contacting groups form stable molecular junctions. Experiments show that the molecular conductance depends on the substitution pattern of the DHP motif. The conductance was found to decrease with increasing applied bias. 
INTRODUCTION
The manipulation of charge transport through molecules defines the field of molecular electronics, which has a rich history.1 This multidisciplinary field uses molecules, or arrays of molecules, to mimic the function of electronic devices, currently the exclusive domain of complementary metal–oxide–semiconductor (CMOS) components. Molecules are an attractive option to maintain the rate of miniaturization of electronic components and overcome the challenges of top-down nanofabrication. Additionally, measurements of the electrical properties of single-molecule junctions have also provided a wealth of information on molecular charge transport. Studies of single-molecule junctions have helped to understand the dependence of charge transport on molecular and electronic structure, molecular conformation, the contacting electrode materials, bias voltage and electrochemical potential and molecule-electrode interaction.2-4 These studies have contributed to the design and fabrication of junctions which are optimized in terms of stability, robustness, reproducibility and of course function. The feasibility of such an endeavor has recently been investigated by incorporating molecular junctions as the active components in audio clipping circuits.5
While architectures for electron transport through molecular wires, are well developed,6 more functional electronic components such as molecular rectifiers (diodes) and molecular switches7, 8 are subject to current efforts in the field. A rectifier is a two-terminal device in which current flow is permitted for a given polarity of the voltage applied across its termini but impeded when the polarity is reversed. Traditional electronics has relied on the applied bias, but memory elements are commonly addressed by magnetic or optical stimuli.2 Various approaches have been used to mimic rectification behavior with single-molecules. Amongst the first ideas of theoretical nature, was the Aviram-Ratner diode based on a donor-acceptor type molecule.9 More recently, a number of molecular diodes, in either single-molecule devices10, 11 or large-area ensemble devices have been fabricated.12-14 Switching is a particularly desirable function which involves reversible control of current flowing through a molecular junction using an external stimulus.15-17 As an alternative to gating through conformational changes to the orientation of the phenylene ring systems in bis(thiolate) contacted biphenyl based molecular transistors,18 other topological switching moieties can be introduced into the conjugation pathway. Optoelectronic devices based on photochromic molecules are attractive for molecular electronic studies, since fast controllable switching might ultimately be achievable. For example, the dithienylethene molecular switch is a popular motif for incorporation into nascent molecular components and memory applications.19-21
	Here, we consider structures shown in Figure 1 based on dihydropyrene (DHP) as precursors to switchable molecular components.
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[bookmark: _Ref80878200]Figure 1. (a) Schematics of a single-molecule scanning tunneling microscope (STM) junction of a 2,7-substituted dihydropyrene sandwiched in-between two gold electrodes. (b, c) Different substitution patterns of the compounds studied herein and their molecular lengths. (d) The trans-10b,10c-dimethyl-10b,10c-dihydropyrene (1) and its cyclophanediene valence tautomer (1').

DHPs are photochromic molecules, which can isomerize to the cyclophanediene (CPD) isomer 1' when irradiated with visible light. Back-conversion can be achieved by irradiation with UV light, or heat. The colored DHP is significantly more conjugated than the colorless CPD isomer, which in turn results in the DHP being more electrically conductive.22, 23 This allows switching of electrical current by isomerization when incorporated into a molecular device.24-27
	With respect to molecular electronics applications, DHPs may offer advantages over dithienylethene-based components as there is less structural re-organization between the open 1' and closed 1 forms. In addition, there is greater scope for functionalization of DHPs when compared with the rather prescriptive structures necessary for efficient switching of dithienylethenes.24, 28-30 With the appropriate internal substituents; thermal half-lives of the less-stable CPD isomer at 20 C can be greater than ten years, time-frames compatible with long-term memory storage.31 A large number of DHPs, with varying degree of functionalization, have been reported, all of which require multistep synthetic procedures.31-39 Some systems are relatively straightforward to obtain with optimized protocols, such as 2,7-di-tert-butyl-trans-10b,10c-dimethyldihydropyrene40 (5, Scheme 1). The tert-butyl substituents assist both in the regioselective preparation of starting materials with appropriate substitution pattern (step a), and the macrocyclization (step b) involved in the synthesis of 5.40
Due to its optimized large-scale synthesis,40 5 is perhaps the most studied and derivatized DHP. In contrast to their 4,9-substituted regioisomers, DHPs bearing 2,7-substituents other than tert-butyl are relatively rare and considerably more difficult to synthesize. Syntheses require many steps,41-43 overall yields are low, and the scope for late-stage diversification is limited. Possible strategies for preparation of useful 2,7-disubstituted DHPs include regioselective functionalization of the parent DHP or application of established DHP synthetic routes to suitably substituted starting materials. We reasoned that 2,7-substitution with the appropriate internal substitution would provide good candidates for stable molecular electronic junctions, as the number of binding configurations in the junction would be minimized. Larger internal substituents would result in the reduced probability of the molecule of interest lying flat down in the junction, with an anticipated higher probability of end-to-end binding through the surface anchoring groups.  Molecular shape through substitution has been found to significantly affect the orientation of the molecule in metal/molecule/metal junctions.44, 45 
	Herein we describe the synthesis of DHPs substituted with 2,7-ethynyl substituents, represented in Figure 1, enabled by the serendipitous discovery of a novel nucleophilic oxidative aromatic alkylation reaction. In addition, we report analogous 4,9-substituted DHPs for comparative characterisation. We examined the charge transport properties of both types of DHP motifs synthesized and their subsequent stability in those junctions. Spectroelectrochemical experiments, supported by DFT calculations, demonstrate electrochemical switching.

RESULTS AND DISCUSSION
Syntheses of 2,7-functionalized DHPs. We developed a viable synthetic route to 2,7-diethynyl-DHPs starting from dimethyl 5-bromoisophthalate. The originally proposed route to 2,7-diethynyl-DHPs 12 is set out in Scheme 1. After Sonogashira coupling of commercially available dimethyl 5-bromoisophthalate with a protected acetylene, directed metalation of 7 to give 8, would be followed by reaction with an electrophile to provide aryl halides 9. Further modification would allow installation of the substituent R in 10. Reduction and dehydroxyhalogenation would then provide key m-xylylene dihalides 11 necessary for macrocyclization towards the target DHPs 12.

Scheme 1. (a) Established synthesis of 2,7-di-tert-butyl-trans-10b,10c-dimethyldihydropyrene (5). (b) Proposed route to a 2,7-diethynyldihydropyrene.
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There is one report of the magnesiation of an isophthalate diester,46 and the corresponding sym-diisopropylisosphthalamide has been 2-lithiated.47 Ethyl benzoate can also be ortho-lithiated at low temperature with LiTMP, and the aryllithium captured by electrophiles in high yield, leaving the ester functionality intact.48 With these precedents in mind, the lithiation of the TIPS-protected isophthalate diester 7 was attempted with various bases, followed by quenching with iodine (Scheme 2). LDA, either at –78 C or 0 C gave a complex mixture of products, as did LiTMP at 0 C. t-BuLi gave a mixture of carbonyl addition/substitution products predominating, while sec-BuLi gave a complex mixture of products. n-BuLi/TMEDA gave predominantly the corresponding bis-tertiary alcohol and none of the desired iodide. In the absence of the additive TMEDA, 13a was the major product, independent of reaction temperature. Under the same conditions (low temperature, short reaction time) with EtLi, only traces of the ring-ethylated product 13b were formed, but on switching to ether at room temperature, 13b was the major product. MeLi was more reactive (than EtLi) at low temperature in THF, giving mainly the tertiary alcohols, and only a trace of the ring-methylated product. The results suggest that the outcome of the reaction is strongly influenced by the state of aggregation of the organolithium reagent.

Scheme 2. Reaction of dimethyl isophthalate 7 with organolithium compounds, followed by addition of iodine.
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Mechanism. Intrigued by the successful ring-alkylation of 7, we investigated the mechanism of the reaction. One hypothesis was that metalation was followed by reaction with in-situ generated iodoalkane by lithium-halogen exchange. However, additions of tri-n-butyltin chloride or excess dry ice after treatment with the organolithium gave no arylstannane or carboxylic acid, respectively. A persistent, intensely pink-colored intermediate was observed after addition of the alkyllithium reagent to 7, which is suggestive of Meisenheimer-like intermediates. Attempts were made to characterize these intermediates by NMR spectroscopy. 1H and 13C NMR spectra suggest the presence of a complex mixture of, possibly, geometric isomers. 
Based on the products obtained and observations described above, the mechanism shown in Scheme 3 is proposed. Nucleophilic addition of the alkylithium to the most electrophilic ring carbon in 7 results in a mixture of Meisenheimer-like stabilized lithium enolate intermediates I1 and I2, which are responsible for the intensely pink color. In addition to E/Z isomerism, variable aggregation possibly contributes to the complex NMR spectra (SI) observed for these intermediates. 

Scheme 3. Proposed mechanism of nucleophilic oxidative alkylation of 12.
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Iodination of the enolates I1/I2 to give I3, followed by elimination of HI results in net oxidative re-aromatization. Indeed, small quantities of 13b were observed to form upon long term storage of the intermediates (putatively I1/I2 with R = Et) under Ar, presumably triggered by trace oxygen entering the vessel. While oxidative-alkylation of electron-deficient heterocycles with alkyllithium reagents such as n-BuLi,49 and MgEt2–EtLi mixtures,50 is reasonably well known, reports of such transition metal-free transformations on substituted benzenes are restricted to nitrobenzenes,48, 51-57 often with DDQ used as the oxidant. To the best of our knowledge the reaction is unprecedented for benzoates. Interestingly, when the reaction of organolithium reagents with dimethyl isophthalate was attempted, only carbonyl addition (substitution) products were observed, suggesting that the ethynyl substituent stabilized the putative Meisenheimer complex.
	Having 13a and 13b in hand, the preparation of DHPs was pursued (Scheme 4 and Scheme S1). Reduction to the alcohols 14a/b and subsequent conversion to the dibromides 15a/b proceeded in good yield (see SI, Scheme S1 for structures of the intermediates). All were characterized by X-ray crystallography (SI, Figure S2). While most macrocyclizations to give bis-thioether metacyclophanes have been carried out with dithiols, we chose the bis-thioacetates.58 This reduces the number of steps by one, and the thioacetates are air-stable, whereas the dithiols are prone to oxidative disulfide formation. The reaction of bromides 15a/b with thioacetates 16a/b under high dilution conditions generated the symmetrical metacyclophanes 17a and 17b in good yield (Scheme S1, SI). Isolation of the pure anti-metacyclophanes 17a/b was achieved by recrystallization. Their molecular structures, as determined by X-ray diffraction, are depicted in Figure S2 (SI).

[bookmark: _Ref82522825]Scheme 4. Synthesis of 2,7-diethynyl-DHPs, starting from metacyclophanes 17a/b and representations of the molecular structures of the DHPs 21a and the thiomethyl-DHP 22b as determined by X-ray crystallography. Hydrogen atoms are omitted for clarity. Atomic displacement ellipsoids are shown at a probability level of 50% for 21a and 30% for 22b.
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Metacyclophanes 17a/b were converted to corresponding DHPs via established routes,31, 59 beginning with a 1,2-Wittig rearrangement induced by treatment with n-BuLi, followed by in situ trapping of the intermediate dithiolates with methyl iodide. This gave mixtures of isomeric ring-contracted thioethers 18a/b (Scheme 4). As expected, the NMR spectra of these mixtures are complex, but their APCI mass spectra were comparatively simple and elemental analyses gave satisfactory results. Further methylation with dimethoxycarbenium tetrafluoroborate (Borch-reagent) presumably gave the corresponding sulfonium salts 19a/b. The crude intermediates were subjected to a Hofmann-like elimination by treatment with t-BuOK in THF.
	While the route outlined in Scheme 4 works well for many DHPs, it afforded the target compounds 21a/b only in trace amounts. Using this methodology, low yields have been reported for a chromium-DHP complex,60 a DHP with internal naphthalene substituents,61 and an unsubstituted DHP bearing internal alkyne groups.31 In the current work, an important early observation was that standard elimination conditions produced unusual DHPs side-products in a similarly low yield. The purple-colored DHPs, which were slightly more polar than the desired targets, bear a thiomethyl group in the 5-position (22a/b, Scheme 5). This substituent results in desymmetrization and the generation of two stereocenters, as reflected in the increase in complexity of the internal alkyl group signals in the 1H NMR spectra of 22a/b, relative to 21a/b. The chemical shift range of the internal alkyl substituents in the 1H NMR spectrum of the crude mixture from preparation 21b is shown in Figure S1 (SI).
	A comparable side-product was observed during the final Hofmann-like elimination leading to the synthesis of an aza-DHP containing a bridgehead nitrogen atom,62 and for a pyrene derivative;63 in the latter case a 1,4-sigmatropic rearrangement with elimination of methane was proposed to explain its formation. A possible mechanism for the formation of the thiomethyl derivatives 22 is set out in Scheme 5, in a similar fashion as described for naphthalene based paracyclophanes.64, 65

Scheme 5. Generation of the desired DHPs (Pathway A) and a competing side-reaction leading to formation of a 4-thiomethyl-DHP (Pathway B).
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The desired pathway (A) involves successive Hofmann-like (β) elimination reactions of each dimethyl sulfide leaving group in 19, via 26 and to give cyclophanediene 20, which then undergoes isomerization to the DHP 21. However, deprotonation can also occur in α-position to a sulfonium group in 19 or 26 resulting in ylid formation, as illustrated for 26, in the alternative pathway (B). The resulting 27 can undergo [1,4]-sigmatropic rearrangement with loss of methane, leading to the observed thiomethyl DHPs 22. The α-deprotonation can also occur at both positions, which in turn results in formation of various other possible isomers. We characterized several of these fragments from preparation of DHP 21a by mass spectrometry from fractions obtained from preparative thin layer chromatography. These side-reactions are the main reason behind the low yields of DHPs reported here. 
We attempted to improve the final Hofmann-like elimination step by suppressing the described side-reactions. Methylations of 18 with Borch reagent in DCM to give sulfonium salts 19 are followed by solvent removal and purification of the solids remaining by washing with EtOAc, which deactivates and remove the excess Borch reagent. This works well for preparation of many DHPs but fails in the current case as 19a/b are both too soluble in EtOAc and no separation is achieved. For the subsequent deprotonation in THF, three equivalents of t-BuOK were found to be optimal, with less failing to generate the DHP and more leading to decomposition. As such, increasing the amount of t-BuOK to deactivate the excess Borch reagent in THF was not a viable option. However, this step has been exclusively reported in THF (representative examples31, 60, 66). We initially were able to isolate small amounts of DHPs prepared under the standard conditions in THF albeit accompanied by thiomethyl DHPs 22. The elimination step was repeated in toluene, diethyl ether or pentane and proceeded in all solvents. In toluene and diethylether, the DHPs 21 were formed at room temperature, but the thiomethyl side-products 22 were produced in similar quantities. Pentane gave the best results as less side-products formed. The sulfonium salts 19 and t-BuOK are poorly soluble in pentane, thus the reaction proceeds significantly slower than in other solvents, and it could be this fact that suppresses the formation of 22. A larger excess of t-BuOK (7.5 eq.) could be used in pentane avoiding the need to triturate the crude sulfonium salts with EtOAc. This modification led to a further improvement in yield, affording the target DHPs in workable yields of 10–12% over the last three steps. The low yields likely originate in a complex combination of several factors, which includes the unexpected side-reaction likely facilitated by the presence of the TIPS-alkyne substituents. 
Molecular structures of 21a, 21b and 22b were obtained from X-ray single crystal diffraction experiments. The structures of 21a and 22b are depicted in Scheme 4. We have reported the X-ray structure of 22b, and its unusual thermal single-crystal-to-single-crystal transformation elsewhere.67
Syntheses of target molecules for conductance studies. Having established a viable route to the TIPS-protected DHPs 21, we proceeded with installing 4-pyridyl substituents as electrode anchoring groups by in situ deprotection and Sonogashira coupling with 4-iodopyridine, yielding Pyr-DHP-1 from 21a (Scheme 6). Pyridine moieties were chosen for anchoring to the gold electrodes as they been shown to be effective in forming robust single-molecule junctions.68 Pyridyl anchoring groups bind to gold through the N-lone pair on their terminal nitrogen. Although the Au-N binding energy is considerably weaker than Au-thiolate contacting, it is noteworthy that strongly chemisorbed electrode contact groups have shown to be detrimental to photochemical processes without appropriate decoupling spacer groups, as evident in diarylethene single-molecule junctions.20 Alkynyl spacer groups were selected to allow increased conjugation across the single-molecule junction and thereby increase the single-molecule conductance.
For comparison, we synthesized two DHPs with pyridyl anchor groups, tethered by alkynyl linkers to the 4,9-positions. For this, the well-known 4,9-dibromo DHP (26, Scheme S2, SI) was subjected to Sonogashira coupling reaction to afford DHP 27 (Scheme 1 and SI, Scheme S2). Deprotection yielded bis alkyne 28, which was used for coupling with 4-iodopyridine and 3-iodopyridine to give Pyr-DHP-2 and Pyr-DHP-3, respectively. The molecular structures of Pyr-DHP-1 and Pyr-DHP-2 are shown in Scheme 6. 
[bookmark: _Ref80882479]Structurally comparable, although flat, alkylated and non-alkylated pyrene derivatives bearing two pyridyl substituents were synthesized recently by similar C-C coupling reactions from brominated pyrenes and Bpin-pyridines.69


Scheme 6. Syntheses of the target DHPs for single-molecule conductance studies. (a) Derivatives with surface anchoring groups in 2,7-positions. (b) Derivatives with surface anchoring groups in 4,9-positions; and representations of the molecular structures of Pyr-DHP-1 and Pyr-DHP-2 as determined by X-ray crystallography. Hydrogen atoms are omitted for clarity. Atomic displacement ellipsoids are shown at a probability level of 30% for Pyr-DHP-1 and 50% for Pyr-DHP-2.
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Molecular properties of the DHPs

Switching
We attempted to photochemically switch Pyr-DHP-1, Pyr-DHP-2, Pyr-DHP-3, 21a and 27 to the corresponding CPD isomers using different experimental conditions. Varied parameters included light sources, wavelengths and solvents (see SI for details, S29 – S34). While none of the alkynyl derivatives isomerized fully reversibly to the CPD isomers in the experiments, the known DHP 2,7-di-tert.-butyl-trans-10b,10c-dimethyl-10b,10c-dihydropyrene (5, Scheme 1) did isomerize in our experiments. In some instances, when irradiating DHP samples in solution, a decrease or vanishing of characteristic DHP bands were observed in UV/Vis spectrum. During subsequent heating of the samples, several DHP bands reappeared although at lower intensity. This is ascribed to a significant degree of radical or oxidative decomposition that has been detailed in the literature.70, 71 Furthermore, many DHPs do not open upon visible light irradiation and a paradigm correlating substituents and excitation wavelength does not exist.31 

Electrochemistry. We investigated the electrochemical behavior of the DHPs by cyclic voltammetry. The TIPS protected compounds 21a, 21b and 27 were used as model systems which do not feature surface contacting groups, which could possibly interfere with the electrode surface during the measurement. The cyclic voltammograms (CVs), recorded at a scan rate of 50 mV/s, of all samples exhibit similar features (Figure 2). CV curves recorded at varying scan rates are reported in the SI (S35-S36). Important data are summarized in Table 1. A reversible redox process attributed to the DHP/DHP+ couple is situated at ~ +300 mV (vs Fc/Fc+), which is in good agreement with other DHPs.23 Compounds 21a and 21b show essentially the same redox behavior as observed previously with the DHP/DHP+ process occurring for 21a slightly below that of 21b (349 mV vs 360 mV), indicative of a subtle increase in the electron-donating ability of the internal butyl group compared to the ethyl group on the DHP system. A slight increase in the oxidation potential of the first process compared to DHP 5 (E1/2 = 125 mV (vs Fc/Fc+) is attributed to HOMO stabilization from the alkyne functional groups.72 Compound 27, bearing two electron rich tert-butyl groups, shows a lower first oxidation potential of 315 mV. 
Oxidation to DHP2+ occurs irreversibly for 21a and 21b at + 1.0 V and above. In that potential region, the CV of 21a shows two weakly pronounced oxidation peaks, while the CV of 21b shows only one weakly pronounced peak. CVs show an indistinct oxidation peak with no visible return cathodic peak. DHP 27 shows a similar first reversible oxidation; however, it did display a more pronounced return cathodic peak after the second oxidation. 
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[bookmark: _Ref80957872][bookmark: _Ref80957868]Figure 2. Cyclic voltammograms of DHPs 21a, 21b and 27 recorded at a scan rate of 50 mV/s with an analyte concentration of 1 mM. The supporting electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate in dichloromethane. All data are reported vs the Fc/Fc+ couple.
[bookmark: _Ref80958423]Table 1. Summary of oxidation potentials obtained from cyclic voltammetry. All potentials are reported vs the Fc/Fc+ couple.
	Compound
	E1/2 (DHP/DHP+) [mV]
	Ox (DHP2+/DHP+) [mV]

	21a
	349
	1012/1154a

	21b
	360
	1097a

	27
	315
	1050


aThese processes are not well resolved, reported values corresponds to the peak potentials of the observed oxidation waves (Epa).

Spectroelectrochemistry. Spectroelectrochemistry is a valuable tool to gain spectroscopic information about electrochemically generated redox species.73, 74 There are a range of spectroscopic methods that have been coupled to electrochemical scans; here, we conducted spectroelectrochemical measurements on two of the compounds, by electrochemically oxidizing the compounds and recording in-situ UV/Vis spectra.
Figure 3 shows the electrode potential-dependent UV/Vis spectra, up to a potential inducing the second oxidation (DHP2+). Firstly, we have assigned bands in the spectrum recorded at 0.0 V, which corresponds unambiguously to the DHP form, based on both comparison to previous studies of similar compounds22, 72 and on density functional theory (DFT) calculations (SI, p S38-40). The initial UV-vis spectrum shows the typical broad absorptions at ca. 350, 420 and 550 nm associated with π–π* (1B and 1L) transitions of the DHP. The additional fine bands are tentatively assigned to π–π* transitions from the ethynyl pyridyl functional groups. The large band below 300 nm is assigned to either a charge transfer process or π–π* transitions from a lower energy molecular orbital. During the experiment, the potential was ramped up in 0.1 V increments. Up to +0.6 V, no significant changes were observed. At +0.7 V, the intensities of the major DHP assigned bands begin to decrease, and at +0.8 V a further stark depletion of the bands takes place. At +0.9 V, the intensity decreased slightly further. From this point onwards the spectrum stabilizes, and no significant changes were observed with increasing the potential further. In conjunction with the diminution of DHP-related absorptions, bands at ~300 and 630 nm appear, which we assign to the dication of the open CPD form. Interestingly, when decreasing the applied potential again to 0 V in 0.1 V increments, again at the +0.7 V/+0.6 V step, the newly formed bands start disappearing and simultaneously the DHP associated bands reappear (Figure 3b). When ramping further down to 0 V, the DHP assigned bands slowly gain more intensity over each step; but do not reach full intensity immediately. After standing for 45 min, the band intensity again increased substantially. 
Whilst oxidation of DHP molecules are associated with significant changes in their UV-Vis spectrum,22 the complete disappearance of the 1B and 1L bands is typical of DHP to CPD isomerization.75, 76 Coupled with the thermal delay of the return of the original spectrum upon reducing the dication species back to the neutral species, the experiment suggests that the second oxidation of 27 coincides with electrochemical isomerization of the DHP to the CPD. To further support the hypothesis of electrochemical switching, we calculated the electronic spectra of the DHP and CPD forms and their cations (Figure S15, SI). The simulated spectra match the experiments, i.e. the simulated spectrum of the (closed) DHP matches the spectrum before oxidation and the simulated spectrum of the dication of the (open) CPD isomer matches the one obtained above +0.7 V.
Based on these results, we suggest 21b electrochemically switches from the DHP to the CPD form upon oxidation to the dication and coverts back to the DHP upon decrease of the potential. However, 21b on the reverse scan does not revert to the DHP on returning to the starting potential, full isomerization requires a further 45 mins.
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[bookmark: _Ref80965423]Figure 3. Applied electrochemical potential-dependent UV/Vis spectra for DHP 21b: (a) increasing of the potential incremental in 0.1 V steps from 0 to 1.1 V; (b) decreasing of the potential in 0.1 V steps, from 1.1 V back to 0 V. The plot shows two further UV/Vis spectra recorded at 5 and 45 min after 0 V was reached. (c) DFT calculated structures at 6-31G(d) level of theory for the closed DHP form of 21b and the corresponding open cyclophanediene (CPD) form in the dication state.

We similarly studied the DHP 27 by spectroelectrochemistry, as shown in Figure S11, SI. Upon oxidation to the dication, in analogy to compound 21b, the UV/Vis spectrum changes substantially with the main bands associated to the typical π–π* absorptions of the closed DHP disappearing. Upon returning to the starting potential, no immediate spectral changes are observed; however, a gradual return of the spectrum is observed over a 30 min window. This DHP isomerizes at a similar applied potential (~ 0.8 V), but switches back substantially slower as no immediate reversion to the DHP is observed upon reduction of the dication species. Again, we have simulated the UV/Vis spectra of the neutral open and closed forms of 27 (SI, Figure S16), and the outcome of the simulations matches the experiment for the open and closed form. The slower back thermal reversion at room temperature indicates a higher stability of the open form of this DHP compared to 2,7-ethynyl-subsituted derivatives, which is also in line with the successful photochemical switching of a recent example of similar structure, which is an isomer of Pyr-DHP-2.40
	Electrochemically assisted isomerization of DHP/CPD systems has been reported for a 6-RuIICp-benzo-fused CPD that underwent ring-closure upon electrochemical reduction,40 for a bis(ferrocenyl)dimethyl DHP,23 a benzodimethyl DHP,77 and other non-benzo fused DHPs.28, 78 While the examples presented here in the spectroelectrochemical experiments are not of exactly the same structure (TIPS vs. pyridyl substituents) as the compounds used in the single-molecule junctions below, they may serve as model systems for the latter. 
	In order to support our SEC observations of ring opening of the DHP to the CPD form, we undertook the chemical oxidation of samples of 21a/b. The strong oxidant SbCl5 is capable of receiving more than one electron and is often used when multi-electron oxidations are required.79 Solutions of 21a and 21b were reacted with one and 10 equivalents of SbCl5, respectively, and the resulting mixtures analyzed spectroscopically (see SI, pS38). The similar UV-Vis spectra of both solutions show the disappearance of bands in the visible region of the electromagnetic spectrum and the growth of bands in the UV region of the spectrum on oxidation. These latter observations are broadly consistent with the calculated spectra of the oxidized products (SI, Figure S15). In the case, of DHP 21a the solution was dried and subsequent 1H-NMR spectrum of the resulting solid confirmed the absence of upfield signals usually attributable to internal alkyl groups of DHP compounds. These data further support our assertion that CPD2+ is produced on the 2-electron oxidation of the DHP.

Charge Transport through the DHPs in Single-Molecule Junctions
Scanning tunneling microscopy break junctions (STM-BJ)80 were used to collect single-molecule conductance data of Pyr-DHP-1, -2, -3. Particularly relevant to our studies is the report of the charge transport characteristics of 2,7-di-tert.-butyl-4,9-dipyridyl-trans-10b,10c-dimethyl-10b,10c-dihydropyrene (Pyr-DHP-4), which we also have examined using the STM-BJ method complementing the reported mechanical break junction study (MC-BJ).25
In the STM-BJ, an STM is used to drive an Au tip into an Au substrate to form a metallic contact, and the tip is then withdrawn at a constant speed (20 nm/s). During the withdrawal process, the nanocontact thins to an atomic point contact, having conductance quantum equal to G0 (2e2/h = 77.48 μS). Further withdrawal breaks the point contact and generates a nanogap of size ~0.5 nm. Molecules with appropriate termini (present as a 1 mM solution in mesitylene) can self-assemble in the gap, thus fabricating the single-molecule junction. The withdrawal process is continued to stretch the molecule to its fully-extended state, and to then rupture the junction. The tip is driven again into the substrate and the process repeated thousands of times to acquire statistically significant data, which is compiled in statistical histograms and 2D density maps, where features at conductance values << G0 are attributed to transport through the molecular wire.
Figure 4 shows the single-molecule conductance of Pyr-DHP-2 at 100 mV bias as an example. Pyr-DHP-2 shows a conductance feature centered at ca. 10-4.4 G0 with an unadjusted plateau length of 1.60 nm (2.20 nm after snap-back adjustment). Pyr-DHP-2 shows the formation of extended plateaus in the 2D histogram and a clear and sharp 1D histogram peak consistent with the N-N separation (1.87 nm) calculated from the crystal structure (see Figure 1c).
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[bookmark: _Ref83366261]Figure 4. (a) 1D conductance histogram and (b) 2D conductance-electrode displacement map for Pyr-DHP-2 at 100 mV bias. More than 2000 individual breaking traces were compiled with no data selection.

[bookmark: _Hlk88303950][bookmark: _Hlk88304483]Irradiation of the break junction cell containing the Pyr-DHP-2 solution with visible light resulted in no change in observed junction conductance. Since Pyr-DHP-2 has the DHP core connected directly to alkyne groups it is important to consider how these alkyne spacers might impact the photoswitching of the DHP core. Functionalization of the DHP core with alkyne groups is known to lower ring-opening quantum yields compared to similar derivatives without alkynes, while [e]-annulated DHPs bearing alkynes improved the quantum yields.33, 75, 76, 81, 82 Nevertheless, an isomer of Pyr-DHP-2, bearing two 2-pyridyl groups instead of the two 4-pyridyl groups used as surface anchoring groups here, has been switched successfully in solution.83 Our observation of no conductance change in the STM-BJ determination of Pyr-DHP-2 after visible light irradiation implies that the alkyne spacer between the DHP and 4-pyridyl contact group negatively affects the photo-switching behavior. However, we document below positive impacts on the junction formation probability and stability from introducing an alkyne spacer between the DHP and pyridine contact group. As evinced by the conductance data measured for 28, deprotected 27 (Figure S17), and the comparison of that data to that of Pyr-DHP-4 and Pyr-DHP-2.
Table 2 shows the conductance data acquired for Pyr-DHP-1, -2, -3 and -4. Pyr-DHP-1 shows the highest single-molecule conductance of the studied molecules. Additionally, Pyr-DHP-2 shows a slightly higher conductance than Pyr-DHP-4, indicating the positive impact the alkynyl spacers have on this property. 
A recent theoretical study predicted a higher conductance ratio for the 2,7-substituted DHP core than that of the 4,9- as determined by the role of the phase and amplitude of the frontier molecular orbitals.84 


Table 2. Summary of the conductance and thermopower data for DHPs studied. All conductance values are taken at 100 mV bias. Break-off distances are at the 95% C.I. and are unadjusted for snap-back. For Pyr-DHP-1 (>2500), Pyr-DHP-2 (>2000), Pyr-DHP-3 (> 2500), Pyr-DHP-4 (> 3500) individual breaking traces, parentheses, were compiled with no data selection.

	Dihydropyrene
	Conductance [G0]
	Break-Off Distance (95% C.I) [nm]
	Seebeck Coefficient
S [K/K]

	[image: ]
	10-4.15±0.27
	1.90
	-1.8

	[image: ]
	10-4.36±0.31
	1.60
	-3.7
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	10-4.87±0.31
	1.02
	n.d.
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	10-4.60±0.57
	0.53
	n.d.


n.d. = not determined
On the other hand, Pyr-DHP-3 shows a marked decrease in single-molecule conductance and junction length relative to Pyr-DHP-2, as expected due to destructive quantum interference effects of meta-substituted contact groups.85-87 The slight decrease in nitrogen-to-nitrogen distance does not fully account for the shorter junction length, indicating that other factors play a role such as a reduced averaged junction stretching length for the meta connected molecule (Pyr-DHP-3) arising from less favorable junction configuration than the para connected (Pyr-DHP-2) analogue. 
The conductance quanta of Pyr-DHP-1 and -2 were measured at 100, 200, 300, 400 and 500 mV bias. Figure 5 collates these data. The conductance peak is seen to gradually shift to lower conductance values as the bias voltage is increased in 100 mV increments from 100 to 500 mV. Our initial hypothesis of this behavior was ascribed to bias-induced isomerization of the DHP, although this seemed an unlikely outcome at these relatively low bias voltage values. Alternatively, the conductance decrease could be attributed to molecular energy levels shifting to off-resonance with increasing bias, although our theoretical computations presented below do not indicate that this might be the case. However, further experiments suggest junction instability of specific geometries might better explain the observed phenomenon. This argument is discussed further below. A summary of conductance data is collected in Table 2.
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[bookmark: _Ref83366291]Figure 5. 1D conductance histograms of single-molecule junctions of Pyr-DHP-1 (a) and Pyr-DHP-2 (b) at varying applied bias voltages as marked. For Pyr-DHP-1 more than 2500 individual breaking traces were compiled at each bias with no data selection. For Pyr-DHP-2 more than 2000 individual breaking traces were compiled at each bias with no data selection.

To further explore the decreasing conductance with increasing bias voltage described above, current-voltage (I-V) sweeps for Pyr-DHP-2 junctions were recorded. Decreasing conductance (or increasing resistance) with increased bias voltage is referred to as negative differential resistance (NDR), and it can have various origins.88 I-V curves were recorded by using a modified STM-BJ method, where a staircase ramp (1 nm step, 100 ms hold) is applied to the STM piezoelectric transducer. During the hold portion, the bias is kept at 100 mV for 25 ms, and then swept from -600 to 600 mV at a rate of 24 V/s (50 ms), and finally returned to 100 mV for the remaining 25 ms. Post-collection analysis allowed the selection of events where the junctions was in place. Details on the methods are available elsewhere.89 The I-V curves in Figure 6 show no evidence of the decreasing conductance of the junction with increasing bias voltage, in apparent contradiction with the histograms of Figure 5 which clearly show that conductance decreases with increasing bias voltage. However, it should be noted that recording histograms at fixed bias voltage is very different to rapidly measuring I-V curves at fixed junction extension. The fact that these two methods give very different results indicates that the decrease in conductance at higher Vbias in the histograms in Figure 5 is a result of junction instability.  In addition, effect 
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[bookmark: _Ref83366335]Figure 6. I-V curves recorded for Pyr-DHP-2 single-molecular junctions. (a) 2D density map of I-V characteristics for Pyr-DHP-2. (b) Linear average calculated I-V curve (350 scans) for Pyr-DHP-2. A staircase ramp applied to the piezo stretches the junctions in 1 nm intervals for 100 ms. At a hold position the voltage bias is kept at 100 mV for 25 ms, and is then swept from -600 to 600 mV at a rate of 24 V/s (50 ms), and finally returned to 100 mV for 25 ms. Plots compiled from 346 out of 1048 raw traces (33% hit-rate).

[bookmark: _Hlk95412996]To further investigate bias-voltage jumps, Pyr-DHP-2 junctions were created at fixed extension to test their stability and robustness. This technique relies on the same method used for the collection of I-V characteristics, with voltage jump from 100 mV to 500 mV and back to 100 mV over 2250 ms intervals. A representative data set is shown in Figure S18, SI. These data also show just a small increase in conductance when the bias voltage is stepped from 100 to 500 mV while the molecular junctions is in place, in good agreement with the I-V characteristic of Pyr-DHP-2. These collective observations suggest that the decreasing conductance with bias voltage is observed only in the 1D histograms and does not have an “electronic” origin due, for example, to reversible charging or chemical change of the molecular bridge. Our calculations also show that the small conformational change that results from application of an electric field on molecules does not have significant effect on the transmission probabilities. Instead, we suggest that the behavior arises from a bias voltage-induced instability that only becomes apparent in the histogram data and is not observed in the rapidly measured individual I-V traces. We note that the differences between the data collection of rapid I-V measurements and break junction (histogram) measurements are well known and discussed in the literature and also for context discussed in the SI.
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Figure 7. 2D conductance-electrode displacement map for Pyr-DHP-2 at 200 mV (a), 300 mV (b), 400 mV (c), and 500 mV (d) bias. For Pyr-DHP-2 more than 2000 individual breaking traces were compiled at each bias with no data selection.

Figure 7 shows 2D histograms for Pyr-DHP-2 at different bias voltages as marked in the figure caption. 2D histograms shows the count density using a color scale at given conductance (y-axis) versus junction extension (x-axis). These 2D histograms are good for visualizing the junction conductance as it is extended to cleavage. All of these 2D histograms show a long, slightly slanting, conductance plateau in the conductance range between 10-4 – 10-5 G0. At 100 mV bias voltage at long plateau is observed which extends to between 1.5-2.0 nm (before addition of snapback distance). This long plateau becomes considerably shorter at high bias voltage values. We attribute this to the junction becoming less stable at the high bias-voltage values. Visual analysis of these histograms shows that there is a particular decrease in the propensity of the higher conductance molecular junctions, which is in line with the 1D histograms and shows that the conductance peak shifts in both height and conductance value as the bias voltage is increased. As molecular conductance peaks would be typically expected to comprise a population from many different junction geometries originating from molecular conformations and contact geometry, we suggest that higher electric fields result in instability of specific sub-populations of junction geometries leading to a decrease in their formation probability. In curcuminoid based molecules, applied bias voltage, using the MCBJ method, was shown to control conformational populations due to interactions of the molecular dipole with the electric field.90 Changes in electric fields are known to influence covalent and non-covalent bonds where strong electric fields can even cause bond cleavage.91, 92 Indeed the electric field in single-molecule junctions has been used induce chemical change and promote what has been termed “electrostatic catalysis” in single-molecule electrical junctions.93 Our present results indicate that the electric field also has a dramatic effect on junction stability, conductance, and sub-population distribution. 
The bias dependent conduction of Pyr-DHP-3 mirrors that of Pyr-DHP-2 for the two biases measured, Figure S10.
	Using a custom-built STM we are able to simultaneously measure the thermopower and the conductance in single-molecule junctions by creating a temperature difference between the tip and the sample.94 These measurements help to determine whether the charge transport proceeds through the frontier molecular orbitals of either HOMO or LUMO character.94-96 Seebeck coefficients (S, μK/K) for Pyr-DHP-2 and Pyr-DHP-1 were measured as -3.7 and -1.8 μK/K, respectively. The negative sign of the coefficient suggests LUMO conducting systems. Still, the low value indicates that the alignment of the Fermi level (EF) with respect to the gold electrodes is located more towards the center of the HOMO-LUMO gap rather than as a close alignment between the LUMO and EF. This phenomenon is typical of pyridine surface contacting groups. Moreover, the low magnitude of the coefficient suggests the DHP would exhibit poor thermopower performance.
The previously reported Pyr-DHP-4, which was studied using mechanically controlled break junctions (MCBJ),25 was also studied using our STM-BJ. The single-molecule conductance of this compound was measured as a control compound using the STM-BJ and this was then compared to the conductance measured previously in a MCBJ. Figure 8a-c show 1D and 2D conductance histograms and maps to compare junction behavior under different bias voltages for Pyr-DHP-4. The conductance of Pyr-DHP-4 from our STM-BJ data is 10-4.6 G0, with an unadjusted breaking length of 0.53 nm. This breaking length translates to 1.1 nm when a snap-back correction of 0.6 nm (± 0.25 nm) is added.97, 98 In the previous MCBJ studies of Pyr-DHP-4, three conductance peaks were observed and were correlated to different binding configurations. This conductance peak for Pyr-DHP-4 agrees with the medium conductance feature in the previously reported MCBJ experiments.25 A slight decrease in junction break-off length is observed as the bias voltage increases, mirroring the phenomenon seen in Pyr-DHP-2.
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[bookmark: _Ref83366528]Figure 8. Conductance histograms and conductance-displacement density maps for Pyr-DHP-4 for different bias voltages of (a) 100 mV; (b) 200 mV; (c) 300 mV, and from an irradiation experiment at a bias voltage of 100 mV; (d) pre-light exposure, 0.62 JFPR ratio (see main text); (e) after 30 min light exposure, there is a clear decrease in JFPR to 0.38; (f) after 30 min UV light exposure, 0.63 JFPR ratio. For Pyr-DHP-4 more than 3500 individual breaking traces were compiled at each bias and after irradiation with visible or UV light with no data selection.

Apart from the agreement between conductance values seen here for Pyr-DHP-4 with the STM-BJ and the medium conductance value determined using the MCBJ, there are some notable differences. Rather than the multiple conductance features seen by Roldan et al.,25 a single well-defined conductance peak is observed. This observation implies that the junction formation and breaking depends on the precise conditions and differs between the STM-BJ experiments here and the previous MCBJ ones.25
Figure 8d-f show histogram and conductance-distance profiles with a 100 mV bias voltage for Pyr-DHP-4 following photochemical irradiation. A solution of Pyr-DHP-4 was irradiated in-situ in the STM solution cell with visible light through an orange and UV filter, and single molecular conductance was re-collected following this irradiation.
To compare these data in the 1D histograms, we take a ratio between the height of the molecular peak (in counts per trace) and the height of the G0 trace (also in counts per trace). This is used as an approximate semi-quantitative guide to the formation probability of single-molecule junctions. We call this dimensionless value the junction formation probability ratio (JFPR), and smaller values within a given experimental set indicate that molecular junctions are formed with less probability or are less defined. For each of the 1D conductance histograms in Figure 12, the JFPR values are quoted. Before irradiation, the JFPR is 0.62, which substantially decreases to 0.38 following visible light irradiation. We attribute this decrease in JFPR to the partial conversion of Pyr-DHP-4 to the open CPD (Pyr-CPD-4) form upon visible light irradiation. In agreement with previous results, no extra conductance features are seen for Pyr-CPD-4, which are predicted to fall below the noise floor. However, there are differences to previous MCBJ data, which indicated that 100 % photochemical conversion might be possible. Our new results show only partial conversion, which agrees with findings from other measurement techniques. This suggests that either partial photo-conversion is attained or that during the experiment, Pyr-CPD-4 is converting back to Pyr-DHP-4 because of the thermal back reaction. Of relevance here is a first-principles study by Hu et al. that showed that the thermal activation energy of the CPD to DHP isomerization decreases when placed between gold electrodes, when compared to that of the calculated gas-phase.24 Following the visible light irradiation and conductance measurements shown in Figure 12, the same (in-situ) STM sample was irradiated with UV light and conductance data re-recorded. These data give a JFPR of 0.63, showing that this ratio reverts to close to the original value of 0.62. This indicates reversible switching back to the original Pyr-DHP-4 isomer.

Theoretical Calculations
To understand better the charge transport in Pyr-DHPs (1-4), we used density functional theory (DFT)99 combined with quantum transport calculations to compute the charge transport properties of the molecules with different connectivity. The optimized geometry and ground state Hamiltonian and overlap matrix elements of each structure studied in this paper was self-consistently obtained using the SIESTA implementation of density functional theory (DFT). SIESTA employs norm-conserving pseudo-potentials to account for the core electrons and linear combinations of atomic orbitals to construct the valence states. The Generalized Gradient Approximation (GGA) functional is used with Perdew-Burke-Ernzerhof (PBE) parameterization. A real-space grid was defined with an equivalent energy cut-off of 250 Ry. From the mean-field Hamiltonian of the converged molecular structures obtained from DFT, we calculate the transmission coefficient 100 for electrons of energy E passing from the source to the drain electrode via the molecule using the transport code Gollum99, 101 (see the method section in the SI for details). We found that the best agreement with experiment is obtained at E = -0.5 eV close to the middle of HOMO-LUMO gap toward LUMO resonance. This is consistent with the thermopower measurement where we found negative Seebeck coefficient that indicates LUMO transport. The conductance at this Fermi energy is 10-4.0, 10-4.45, 10-8.7 and 10-4.65 for Pyr-DHP(1-4) respectively as illustrated in Figure 9 and follows the order: Pyr-DHP-1> Pyr-DHP-2> Pyr-DHP-4> Pyr-DHP-3 in agreement with experiment. 
Pyr-DHP-1
Pyr-DHP-2
Pyr-DHP-3
Pyr-DHP-4

Figure 9. DFT-based transmission coefficients of the compounds Pyr-DHP-1, Pyr-DHP-2, Pyr-DHP-3 and Pyr-DHP-4, and their relaxed structures between gold electrodes.


CONCLUSIONS
We have developed a viable synthetic route to dihydropyrene (DHP) molecular switches bearing surface contacting groups, connected via alkynes, in the 2,7-carbon atom positions. The multistep route was enabled through a nucleophilic oxidative alkylation of an isophthalate diester precursor, and reactions enroute were studied in detail. Further DHP derivatives with surface contacting groups in 4,9-carbon atom positions were prepared by conventional routes.  Molecular properties of the DHPs were studied by cyclic voltammetry, spectroelectrochemistry and light irradiation experiments. Spectroelectrochemistry on two representative 2,7- and 4,9-examples showed electrochemical ring-opening to the cyclophanediene (CPD) isomers at elevated redox-potentials. DHP-CPD isomerization pathways through light, heat and electrochemical stimulus were investigated by DFT calculations. Single-molecule STM break-junctions using Au electrodes were fabricated from derivatives with pyridyl surface contacting groups. Charge-transport capabilities of the 2,7-substituted derivatives were juxtaposed against the 4,9-substituted analogues and a similar molecule lacking an ethynylene spacer. All DHPs with pyridyl surface anchoring groups interrogated in this study form stable molecular junctions at 100 mV voltage bias with break-off distances corresponding to experimentally determined molecular lengths; however, at higher biases we observed a destabilization of junction formation and stability. 
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