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Restricting Conformational Space: A New Blueprint for Electrically Switchable Self-Assembled Monolayers
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Abstract: Tunnel junctions comprising self-assembled monolayers (SAMs) from liquid crystal-inspired molecules show a pronounced hysteretic current-voltage response, due to electric field-driven dipole reorientation in the SAM. This renders these junctions attractive device candidates for emerging technologies such as in-memory and neuromorphic computing. We here report on the novel molecular design, device fabrication and characterization of such resistive switching devices with a largely improved performance, compared to our previously published work. Those former devices suffered from a stochastic switching behavior limiting reliability, as well as from critically small read-out currents. The present progress is based on replacing Al/AlOx with TiN as new electrode material and as a key point, on redesigning the active molecular material making up the SAM: a previously present, flexible aliphatic moiety has been replaced by a rigid aromatic linker, thereby introducing a molecular “ratchet”. This restricts the possible molecular conformations to only two major states of opposite polarity. The above measures have resulted in an increase of the current density by 5 orders of magnitude as well as in an ON/OFF conductance ratio which is more than ten times higher than the individual scattering ranges of the high and low resistance states.
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[bookmark: _Toc165302485]Synthesis
Reagents and analytical methods. The phenols 5 and 10 (Schemes 1 and S1) were obtained from Merck Electronics KGaA (Darmstadt, Germany). The HPLC analysis of the phosphonic acids 2 and 3 was done on a Purospher Star RP-8e 250-1 1x 6b column using an acetonitrile/water (1% HCOOH) gradient. The other intermediates were analyzed on an Agilent Zorbax SB C18 HPLC column (C18 RP, 4.6 x 250 mm, particle size 5 m, part no. 880975-902) using a water/THF step gradient. The syntheses were conducted by Colour Synthesis Solutions, Manchester, UK.
6: DMSO (245 mL), 5 (49.1 g, 0.174 mol; 1.2 equivs.) and K2CO3 were charged to a 1 L three-neck round bottom flask equipped with a stirrer bar, water condenser and nitrogen bubbler. A solution of 4 (24.5 g, 0.145 mol; 1.0 equivs.) in DMSO (245 mL, 10 volumes) was added over 5 minutes. No exothermicity was observed during addition. Once the addition was complete the mixture was heated at 125°C (internal) overnight under nitrogen. HPLC showed >99.5% conversion of the starting material. The mixture was cooled to 40°C (internal) then added to water (1.5 L) and stirred for 30 minutes. Ethyl acetate (400 mL) and brine (50 mL) were added and the layers separated. The aqueous was extracted further with ethyl acetate (2 x 300 mL). The organics were combined, dried over magnesium sulfate, filtered and concentrated under vacuum at 45°C to give the crude material (79.4 g) as a brown oil.
The oil was dissolved in n-heptane (160 mL) and purified over silica gel (200 g) eluting with heptane (4 x 500 mL fractions) and 5% ethyl acetate/heptane (2 x 500 mL fractions). The purest fractions were combined and evaporated to dryness in vacuo to give 46g of a beige solid. Impure fractions were re-purified in the same way, but over 5 weights of silica, yielding a further 10 g of beige solid. The two batches were combined and recrystallized from acetonitrile (392 mL), cooling to room temperature overnight and then to 2°C before filtering and washing with cold acetonitrile (50 mL). The solid was dried in a vacuum oven at 45°C to give the product 6 as a beige solid, 52.3g (87%, >99.3% purity by HPLC).
1H NMR (400 MHz, CDCl3): δ = 0.89 (3 H, t, J = 7.0 Hz), 1.00-1.15 (2 H, m), 1.17-1.35 (9 H, m), 1.35-1.46 (2 H, dd, J = 12.3 Hz, 2.3 Hz), 1.86 (4 H, br. d, J = 10.9 Hz), 2.25 (6 H, s), 2.77 (1 H, m), 6.12 (1 H, m), 6.75 (1 H, m), 8.02 (2 H, s) ppm. 
13C NMR (101 MHz, CDCl3): δ = 14.01, 16.36, 22.64, 32.12, 32.82, 33.30, 37.00, 37.15, 37.21, 109.16 (d, J = 2.9 Hz), 120.77 (t, J = 5.1 Hz), 124.34, 130.12 (dd, J = 12.5 Hz, 1.5 Hz), 132.95, 140.69 (dd, J = 248.7 Hz, 16.1 Hz), 143.43 (dd, J = 8.8 Hz, 2.9 Hz), 144.79, 148.37 (dd, J = 247.2 Hz, 10.3 Hz), 155.90 ppm.
19F NMR (377 MHz, CDCl3): δ = -158.9 (1 F, d, J = 19.1 Hz), -141.4 (1 F, d, J = 19.1 Hz) ppm.
7: 5% Pd-C (50% wetted, 1.95 g, 5% w/w) was charged to a 2 L Parr pressure vessel followed by a solution of 6 (39.0 g, 90.38 mmol; 1.0 equivs.) in isopropanol (585 mL) and THF (117 mL). Hydrogen was charged to a pressure of 5 bar. After 90 minutes the pressure had dropped to ~1 bar and exothermicity was observed (22.8°C to 27.5°C). Hydrogen was re-charged to a pressure of 5 bar and stirred overnight. The vessel had retained pressure overnight indicating that the reaction was complete. The catalyst was filtered off and washed with isopropanol (50 mL) and the filtrates concentrated to dryness to give the product 7 as an off-white solid (35.5 g, 98%; 98.5% purity by HPLC). The material was not purified further.
1H NMR (400 MHz, DMSO-d6): δ = 0.85 (3 H, t, J = 6.9 Hz), 0.95-1.07 (2 H, m), 1.13-1.32 (9 H, m), 1.33-1.46 (2 H, m), 1.76 (4 H, t, J = 14.3 Hz), 1.90 (6 H, s), 2.67 (1 H, tm, J = 12.0 Hz), 3.34 (1 H, s), 4.93 (2 H, s), 6.20 (1 H, m), 6.32 (2 H, s), 6.90 (1 H, m) ppm.
13C NMR (101 MHz, DMSO-d6): δ = 13.81, 15.70, 22.14, 26.04, 31.64, 32.36, 32.88, 36.40, 36.56, 36.78, 109.27, 114.03, 121.12 (m), 127.46 (d, J = 11.7 Hz), 130.19, 139.63 (dd, J = 245.4 Hz, 15.8 Hz), 140.27, 145.10 (m), 146.13, 148.65 (dd, J = 243.6 Hz, 10.3 Hz) ppm.
19F NMR (377 MHz, DMSO-d6): δ = -160.90 (1 F, d, J = 21 Hz), -143.67 (1 F, d, J = 21 Hz) ppm.
8: 7 (29.8 g, 74.22 mmol, 1.0 eq) and CH2Cl2 (218 mL) were added to a 1 L three-neck round bottom flask and stirred until a solution formed. A solution of sodium nitrite (25.6 g, 371.1 mmol; 5.0 equivs.) in water (218 mL) was added in one portion followed by addition of diiodomethane (39.76 g, 148.4 mmol; 2.0 equivs.). The mixture was stirred for 15 minutes, then acetic acid (89.1 g, 85 mL, 1.48 mol; 20.0 equivs.) was added dropwise over 25 minutes (Tinternal 14°C to 26°C). During the addition, off-gassing was observed and the rate of addition was controlled accordingly. The mixture was stirred overnight at room temperature. HPLC showed no starting material remaining. The layers were separated and the aqueous extracted with dichloromethane (2 x 200 mL). The organics were combined and washed with 20% sodium bisulfite (3 x 200 mL) and saturated brine (2 x 200 mL). The organics were dried over magnesium sulfate, filtered and concentrated to dryness to give crude material as a red oil (60 g). The oil was purified on silica gel (300 g, 5 weights) eluting with 2.5% dichloromethane/n-heptane collecting 250 mL fractions. The pure, product containing fractions were combined and evaporated to dryness in vacuo giving an almost colorless oil (26.35 g) that crystallized on standing. The material was recrystallized from hot acetonitrile (53 mL, 2 vols.), once at reflux two layers were observed and during cooling large pieces of solid formed these were broken up with a spatula as much as possible. The mixture was cooled to 15°C before filtering and washing the solids with acetonitrile (3 x 25 mL). The solids were dried in a vacuum oven at 50°C giving the product 8 as a white solid (22.90 g, 60% yield, 99.3% purity by HPLC at 220 nm). 
1H NMR (400 MHz, CDCl3): δ = 0.91 (3 H, t, J = 7.0 Hz), 1.04-1.12 (2 H, m), 1.18-1.47 (11 H, m), 1.87 (4 H, br. d, J = 10.8 Hz), 2.12 (6 H, s), 2.77 (1 H, tm, J = 12.2 Hz), 6.14 (1 H, m), 6.72 (1 H, m), 7.46 (2 H, m) ppm.
13C NMR (101 MHz, CDCl3): δ = 14.11, 15.77, 22.69, 26.60, 32.17, 32.89, 33.37, 36.98, 37.20, 37.27, 89.70, 108.98 (d, J = 3.7 Hz), 120.55 (m), 129.24 (d, J = 12.5 Hz), 133.81, 137.84, 140.64 (dd, J = 248.0 Hz, 16.2 Hz), 144.13 (dd, J = 8.1 Hz, 2.9 Hz), 149.54 (dd, J = 246.5 Hz, 10.3 Hz), 150.79 ppm.
19F NMR (377 MHz, CDCl3): δ = -159.79 (1 F, d, J = 20.5 Hz), -142.22 (1 F, d, J = 20.5 Hz) ppm.
9: 8 (28.5 g, 55.62 mmol; 1.0 equivs.) was added to dioxane (285 mL) and stirred until dissolved. Triethyl phosphite (23.1 g, 139.05 mmol; 2.5 equivs.) was added and the solution de-gassed and back-filled with nitrogen. Pd(OAc)2 (1.56 g, 6.95 mmol; 0.125 equivs.) was added in one portion and the reaction heated to reflux. The reaction was sampled after 75 minutes at reflux and HPLC showed full conversion of starting material. The reaction was cooled to 30°C, n-heptane (400 mL) and water (400 mL) were added, the layers separated and the aqueous extracted with ethyl acetate (400 mL). The organics were combined, washed with saturated brine (2 x 200 mL), dried over magnesium sulfate, filtered then concentrated to dryness. This gave the crude material (38.37 g) as a pale-yellow oil that crystallized on standing. The crude material was purified on silica (345 g) eluting with 10% ethyl acetate/CH2Cl2 collecting 50-100 mL fractions. The product enriched fractions were combined and concentrated to dryness giving the product as an off-white solid (25.15 g, 87% yield).
1H NMR (400 MHz, CDCl3): δ = 0.89 (3 H, t, J = 7.0 Hz), 1.02-1.10 (2 H, m), 1.15-1.45 (18 H, m), 1.84 (4 H, d, J = 11.0 Hz), 2.18 (6 H, s), 2.75 (1 H, m), 4.06-4.23 (4 H, m), 6.09 (1 H, m), 6.71 (1 H, m), 7.56 (2 H, d, J = 13.3 Hz) ppm.
13C NMR (101 MHz, CDCl3): δ = 13.97, 16.03, 16.25 (d, J = 6.6 Hz), 22.58, 26.49, 32.06, 32.79, 32.26, 36.88, 37.09, 37.16, 62.07 (d, J = 5.9 Hz), 109.08 (d, J = 2.9 Hz), 120.51 (t, J = 5.1 Hz), 125.15 (d, J = 189.3 Hz), 129.36 (d, J = 11.7 Hz), 131.82 (d, J = 16.1 Hz), 132.64 (d, J = 10.3 Hz), 140.58 (dd, J = 248.3 Hz, 15.8 Hz), 143.82 (dd, J = 8.4 Hz, 2.6 Hz), 149.47 (dd, J = 246.2 Hz, 9.9 Hz), 154.16 (d, J = 3.7 Hz) ppm.
19F NMR (377 MHz, CDCl3): δ = -159.6 (1 F, d, J = 19 Hz), -142.1 (1 F, d, J = 19 Hz) ppm.
31P NMR (162 MHz, CDCl3): δ = 18.80 ppm. 
2: 9 (22.35 g, 42.77 mmol; 1.0 equivs.) was added to CH2Cl2 (325.3 mL) and stirred until dissolved. Trimethylsilyl bromide (65.82 g, 427.7 mmol, 10.0 equivs.) was added dropwise over 25 minutes resulting in a small exotherm (Tinternal 25-27°C). The solution was stirred overnight at room temperature, after which, TLC (40% ethyl acetate/n-heptane) showed no starting material remained. Methanol (225 mL) was added over 15 minutes (no exothermicity observed) and the solution stirred for 30 minutes before concentrating to dryness. The resulting solid was dissolved in tetrahydrofuran (325 mL) and filtered through a 0.7 µm glass fiber filter to remove particulates. n-Heptane (225 mL) was added and the THF was removed slowly on a rotary evaporator (bath set to 60°C, vacuum set to 560 mbar) until solid started to precipitate out, at which point, the evaporation was stopped and the mixture allowed to cool to room temperature with stirring overnight. The resultant solid was filtered off, washed with heptane (4 x 50 mL) and pulled dry giving a cream solid (15 g). This solid was recrystallized from ethyl acetate (60 mL, 4 vols) and cooled in an ice bath before filtering. The solids were washed with cold ethyl acetate (3 x 30 mL) then dried in a vacuum oven at 45°C giving the product as a white solid 2 (7.1 g, 36% yield). A second crop of 2 was obtained from the filtrates as a white solid (1.6 g, 8% yield). Total yield of 2 for this step was 8.7 g, 44% yield.
1H NMR (400 MHz, THF-d8): δ = 0.90 (3 H, t, J = 7.0 Hz), 1.03-1.14 (2 H, m), 1.21-1.35 (9 H, m), 1.42-1.52 (2 H, m), 1.85 (4 H, t, J = 13.0 Hz), 2.14 (6 H, s), 2.77 (1 H, tm, J = 12.1 Hz), 6.20 (1 H, m), 6.80 (1 H, m), 7.59 (2 H, d, J = 13.4 Hz) ppm.
19F NMR (377 MHz, THF- d8): δ = -162.86 (1 F, d, J = 20.4 Hz), -145.71 (1 F, d, J = 20.4 Hz) ppm.
31P NMR (162 MHz, THF- d8): δ = 15.91 ppm.
ES (-ve) MS: m/z = 465.1998, 100% [M-H]-, C25H32F2O4P- requires 465.2006.
Crystals of 2 (C25H33F2O4P) were grown from methanol: crystal size 0.275 x 0.089 x 0.078 mm, monoclinic, I2/a, a = 7.5845(3) Å, b = 8.8739(4) Å, c = 78.192(3) Å, = 90,  = 91.435(3),  = 90, V = 5261.0(3) Å3, Z = 8, calcd = 1.234 g·cm-1, Rint = 4.03% R1 = 6.71% for 4022 observed independent reflections (9.05  2  123.124). Crystallographic data for the structure reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication No. CCDC-2256820. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk/).
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Figure S1. The crystal structure of 2 shows the dihedral angle C21-O20-C15-C16 with 146.7(3)°, which is most relevant for the orientation of the molecular dipole moment relative to the surface. The torsion between the two aromatic moieties (C27-C21-O20-C15) is -69.2(4)°, the valence angle of the ether oxygen (O20) is 118.1(3)°.
[image: ]
Scheme S1. Synthesis the phosphonic acid 3: a) 10, K2CO3, DMSO; 125°C, 18 h (91%). b) H2, 5% Pd-C, i-PrOH, THF; 5 bar, room temp., 18 h (66%). c) NaNO2, CH2I2, HOAc, CH2Cl2, H2O; room temp., 18 h (63%). d) P(OEt)3, cat. Pd(OAc)2, dioxane; reflux, 75 min (97%). e) Me3SiBr, CH2Cl2; room temp., 18 h (80%).
4 (10.0 g; 1.0 equiv.), DMSO (200 mL) and 10 (17.5 g; 1.2 equivs.) were added to a flask and stirred to dissolve. K2CO3 (12.3 g, 1.5 eq) was added and the mixture heated to 125°C. HPLC analysis after 3 hours showed full conversion of starting material. The reaction was cooled to 60°C, poured into water (750 mL) and stirred for 30 minutes. Ethyl acetate (400 mL) was added, stirred for 5 minutes and the layers separated. The aqueous was extracted with ethyl acetate (2 x 200 mL) and the organics were combined and washed with water (100 mL) and saturated brine solution (100 mL). The organics were dried (MgSO4), filtered and concentrated to dryness as a beige solid (25.9 g). The material was dissolved in 20% DCM/heptane (260 ml vols) at 40°C and filtered through silica (60 g) eluting with 20% DCM/heptane (4 x 250 mL). Product containing fractions were combined and concentrated to dryness as a pale yellow solid (22.3 g). The solids were recrystallized from hot acetonitrile (155 ml), cooling to room temperature and then stirring in an ice bath for 1 hour. The solids were filtered and washed with chilled MeCN (50 mL), pulled dry and collected as a pale-yellow solid 11 (21.3 g, 91% yield; >99.5% purity HPLC 265 nm): mp. 102-104°C.
1H NMR indicated the product contained 0.8% (w/w) / 7.1 mol% residual acetonitrile.
1H NMR (400 MHz, DMSO-d6): δ = 0.77 - 0.91 (3 H, m), 0.92 - 1.08 (2 H, m), 1.10 - 1.46 (11 H, m), 1.66 - 1.86 (4 H, m), 2.15 (6 H, s), 2.33 - 2.47 (1 H, m), 6.68 (2 H, d, J = 8.68 Hz), 7.15 (2 H, d, J = 8.68 Hz), 8.10 (2 H, s) ppm.
13C NMR (101 MHz, DMSO-d6): δ = 13.22, 15.53, 21.60, 25.57, 31.23, 32.74, 33.59, 36.37, 36.43, 42.60, 113.91 ppm.
12: Pd/C (5% loading, 50% wetted, 1.0 g, 5 wt%) was charged to a 1 L Parr pressure vessel followed by a solution of 11 (19.75 g, 1.0 eq) in isopropanol (296 mL, 15 vols) and THF (59 mL, 3 vols). Hydrogen was charged to a pressure of 5 bar. Within 45 minutes the pressure had dropped to ~1 bar and an exotherm was observed (23°C to 28°C). Hydrogen was re-charged to a pressure of 5 bar and stirred overnight. The vessel had retained pressure overnight indicating that the reaction was complete. The catalyst was filtered off and washed with isopropanol (60 mL) and the filtrates concentrated to dryness to give an off-white solid (17.7 g). The material was dissolved in DCM (5 vols) and purified on silica (90 g) eluting with DCM (15 x 100 mL). Product containing fractions were concentrated to dryness to give the target compound as an off-white solid (12.1 g, 66%; 99.7% purity by HPLC 265 nm): mp. 111-113°C.
1H NMR (400 MHz, DMSO-d6): δ = 0.84 (3 H, m), 0.91 - 1.07 (2 H, m), 1.09 - 1.44 (11 H, m), 1.77 (4 H, t, J = 9.6 Hz), 1.89 (6 H, s), 2.36 (1 H, tt, J = 12.0, 2.8 Hz), 4.81 (2 H, s), 6.31 (2 H, s), 6.60 (2 H, d, J = 8.7 Hz), 7.07 (2 H, d, J = 8.7 Hz) ppm.
13C NMR (101 MHz, DMSO-d6): δ = 13.81, 16.02, 22.16, 26.12, 31.69, 33.13, 34.02, 36.68, 36.91, 42.95, 113.74, 114.03, 127.43, 130.42, 139.47, 141.14, 145.39, 156.35 ppm.
13: 12 (11.65 g, 1.0 eq) and DCM (85 mL, 7.3 vols) were stirred until a solution formed. A solution of sodium nitrite (11.0 g, 5.0 eq) in water (85 mL) was added in one portion followed by addition of diiodomethane (5.1 mL, 2.0 eq). The biphasic mixture was stirred for 5 minutes then acetic acid (36.5 mL 20.0 eq) was added dropwise over 5 minutes. During the addition, a red/burgundy color formed and off-gassing was observed, and the rate of addition was controlled accordingly. HPLC analysis showed full consumption of starting material after 50 minutes. The layers were separated and the aqueous extracted with dichloromethane (2 x 100 mL). The organics were combined and washed with 20% sodium bisulfite (3 x 100 mL) and saturated brine (3 x 200 mL). The organics were dried over magnesium sulfate, filtered and concentrated to dryness to give crude material as a red/brown oil (16.4 g). The oil was dissolved in heptane (50 ml) and filtered through a pad of silica (50 g) eluting with heptane, collecting 100 mL fractions. The product containing fractions were combined and evaporated to dryness in vacuo giving an off-white solid (11.1 g). The material was recrystallized from DCM (110 mL) and methanol (110 mL) giving the product as a white solid (9.6 g, 63%; >99.9% purity by HPLC 265 nm): mp. 73-74°C.
1H NMR (400 MHz, CDCl3): δ = 0.90 (3 H, t, J = 7.0 Hz), 0.96-1.11 (2 H, m), 1.16-1.48 (11 H, m), 1.80-1.91 (4 H, m), 2.08 (6 H, s), 2.41 (1 H, tt, J = 12.1, 3.0 Hz), 6.66 (2 H, t, J = 8.7 Hz), 7.07 (2 H, d, J = 8.7 Hz), 7.43 (2 H, s) ppm.
13C NMR (101 MHz, CDCl3): δ = 14.12, 16.07, 22.71, 26.65, 32.21, 33.62, 34.50, 37.28, 37.37, 43.68, 88.93, 114.24, 127.81, 134.21, 137.64, 141.03, 151.41, 155.41 ppm.
14: 13 (9.3 g, 1.0 eq) was added to dioxane (93 mL) and stirred until dissolved. Triethyl phosphite (8.4 mL, 2.5 eq) was added and the solution de-gassed and back-filled with nitrogen. Pd(OAc)2 (0.55 g, 0.125 eq) was added in one portion and the reaction heated to reflux. The reaction was sampled after 1 hour at reflux and HPLC showed full conversion of starting material. The reaction was cooled and partitioned between heptane (150 mL) and water (150 mL). The aqueous layer was extracted with ethyl acetate (400 mL). The organic extracts were combined, washed with saturated brine (2 x 150 mL), dried over magnesium sulfate, filtered then concentrated to dryness to a pale yellow oil (12.5 g). The crude material was purified on silica (90 g) eluting with 20% ethyl acetate/dichloromethane collecting 150-200 mL fractions. The product containing fractions were combined, filtered (GF/F) to remove trace silica and concentrated to dryness, giving the product 14 as an off-white solid (9.2 g, 97%; >99% area purity by HPLC 265 nm). 1H NMR showed over-integration in the region 0.8-1.5 ppm due to residual solvent. 
1H NMR (400 MHz, CDCl3): δ = 0.90 (3 H, t, J = 7.0 Hz), 0.97-1.10 (2 H, m), 1.15 -1.47 (17 H, m, includes an embedded 6H, triplet, J = 7.0 Hz), 1.78-1.95 (4 H, m), 2.16 (6 H, s), 2.41 (1 H, tt, J = 12.1, 3.0 Hz), 4.05-4.25 (4 H, m), 6.65 (2 H, d, J = 8.7 Hz), 7.08 (2 H, d, J = 8.7 Hz), 7.55 (2 H, d, J = 13.3 Hz) ppm.
13C NMR (101 MHz, CDCl3): δ = 14.08, 16.36 (d, J = 6.0 Hz), 16.43, 22.68, 26.63, 32.18, 33.59, 34.48, 37.30 (d, J = 8.1 Hz), 43.68, 62.05 (d, J = 6.0 Hz), 114.35, 124.41 (d, J = 191 Hz), 127.84, 132.24 (d, J = 16.3 Hz), 132.57 (d, J = 10.4 Hz), 141.22, 154.94 (d, J = 4.4 Hz), 155.22 ppm.
31P NMR (162 MHz, CDCl3): δ = 19.28 ppm.
3: 14 (8.8 g, 1.0 eq) was added to dichloromethane (132 mL) and stirred until dissolved. Trimethylsilyl bromide (24.0 mL, 10.0 eq) was added dropwise over 10 minutes and the solution was stirred overnight at room temperature, after which, TLC (25% ethyl acetate/DCM) showed no starting material remained. The reaction mixture was concentrated to dryness to a pale yellow oil (11.4 g). Methanol (10 vols) was added and the solution concentrating to dryness to a pale yellow waxy solid (9.1 g). The solids were recrystallized from THF (10 vols) and heptane (10 vols), removing THF at 50°C under vacuum, cooling to room temperature and then stirring in an ice bath. The resultant precipitated solid was filtered off and washed with chilled heptane (15 mL). Drying under vacuum at 50°C gave the target compound 3 as a white solid (5.0 g, 80%). Analytical data were consistent with the product structure and indicated a high purity. 
1H NMR (400 MHz, methanol-d4): δ = 0.91 (3 H, t, J = 7.0 Hz), 0.99-1.12 (2 H, m), 1.16-1.52 (11 H, m), 1.77-1.93 (4 H, m), 2.13 (6 H, s), 2.41 (1 H, tt, J = 12.09, 3.13 Hz), 6.62 (2 H, d, J = 8.7 Hz), 7.11 (2 H, d, J = 8.7 Hz), 7.56 (2 H, d, J = 13.3 Hz) ppm.
13C NMR (101 MHz, methanol-d4): δ = 14.65, 16.71, 23.91, 27.93, 33.54, 34.95, 35.89, 38.74 (d, J = 2.2 Hz), 45.28, 115.44, 129.20, 129.71 (d, J = 187 Hz), 133.02 (d, J = 2.9 Hz), 133.15 (d, J = 8.8 Hz), 142.58, 155.61 (d, J = 3.7 Hz), 156.91 ppm.
31P NMR (162 MHz, methanol-d4): δ = 16.20 ppm.
ES (-ve) MS: m/z = 429.2190, 100% [M-H]-, C25H34O4P- requires 429.22.
[bookmark: _Toc165302486]Design of Test Chip Layout
In order to avoid electrical sneak paths as they occur in classical crossbar arrays, the chip layout was designed under the constraint of not adding complexity in fabrication or measurement compared to our previous communication.[9] In our new 1D crossbar concept, this is achieved by providing each cross-point with a unique pair of contacts as shown in Figure S2. [12,14] To achieve this in a fashion utilizing the area efficiently, contact pads for bottom and top contacts were placed in two parallel rows. Both rows share the same spacing between contact pads in the same row, and they are off-set by half of the spacing between each other. Each contact pad was connected to two perpendicularly oriented, rectangular leads. In the upper contact pad row, the leads point to the right and down and, in the lower contact pad row, they point up and to the right. This way, between each pair of top and bottom contact pads, there is only one device while at the same time the number of contact pads is minimized. This also has the advantage, that characterizing a sequence of devices requires movement of only one probe tip in only one direction at a time. 
[image: ]
Figure S2. In our 1D crossbar layout, top (orange) and bottom (blue) contacts are reinforced by robust contact pads. The areas of overlap constitute the individual junctions (green). 
[bookmark: _Toc165302487]Fabrication of Test Chips
Bottom Electrodes and SAM Deposition. 1D crossbar chips (8 x 8 mm2, on p++Si and 500 nm of SiO2; obtained from Fraunhofer EMFT, Munich) with pre-structured TiN bottom electrodes (50 nm thickness) were immersed in a 1 mM solution of the corresponding SAM precursors (1, 2 or 3) in THF inside an air-tight container for 72 h, then removed from the liquid, annealed on a hotplate for 1 h at 130°C, cooled down, rinsed in an ethanol stream for 10 s and annealed again for 3 minutes at 130°C. 
Top Electrodes. A nickel shadow mask was then aligned to the substrate, and 10 nm titanium and 80 nm gold were deposited via e-beam physical vapor phase deposition at rates of ca. 0.1 nm·s-1 without breaking the vacuum between subsequent deposition steps.
[bookmark: _Toc165302488]Scanning Transmission Electron Microscopy (STEM)
Selection of samples for transmission electron microscopy (TEM) was carried out after the preparation of p++Si/SiO2 (500 nm)/TiN (50 nm)/2/Ti (10 nm)/Au (80 nm) molecular junctions. Junctions demonstrating dipolar switching were selected for microscopic analysis, which was carried out by STEM. Thin lamellae were extracted by focused ion beam (FIB) milling in a Hitachi High-Tech NB-5000. Gallium ion milling of the extracted sample yielded lamellae with a thickness of around 70 nm. Process-induced ion-beam damage can be expected in the outer regions of the specimen. The thinned lamellae were transferred onto a molybdenum carrier mesh for further analysis.  
Transmission electron micrographs are collected using a Hitachi High-Tech HD-2300A at an acceleration voltage of 200 kV. The lamellae analysis was conducted in STEM mode and bright-field (TE) images were collected with a maximum resolution of 0.23 nm. The derived TEM images, such as in Figure S3, visually confirm the integrity of the SAM after Ti top contact deposition. It can be clearly recognized as a white contrast stripe between the gray-contrasted areas of the TN and N electrodes. For the calculation of the SAM thicknesses, two different spots in the image were selected (Figure S3) and the average SAM thickness of 2.35 nm was calculated based on those measurements. 
Note that while the presence of TiO2 was revealed in the XPS measurements (see above), it is not visible in TEM imaging (Figure S3). This is because TiN and TiO2 have a similar contrast in TEM imaging whereas the SAM, which contains only lighter elements, can be distinguished clearly from the surrounding layers. 
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Figure S3. A cross-sectional STEM image of a junction (p++Si/SiO2 (500 nm)/TiN (50nm)/2/Ti (10 nm)/Au (80 nm)) indicates the presence and integrity of a SAM of 2.2-2.5 nm thickness (hence somewhat thicker than estimated by XPS; see below), sandwiched between the TiN bottom and Ti/Au top electrode.
[bookmark: _Toc165302489]X-Ray Spectroscopic Methods
The phosphonate SAMs were characterized by X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. The measurements were conducted at the bending-magnet HE-SGM beamline of the synchrotron storage ring BESSY II in Berlin. A custom-designed experimental station was used.[15] The measurements were performed at room temperature and under ultra-high vacuum (~2·10-9 mbar).  
The XP spectra were measured in normal emission geometry, using a Scienta R3000 electron energy analyzer. Several different primary photon energies (PE) were used. The energy resolution was varied depending on the PE, being 0.3 eV at the lowest excitation energy (350 eV) and ~0.75 eV at the highest excitation energy (750 eV). The binding energy (BE) scale was referenced to the Au 4f7/2 peak of a reference sample at 84.0 eV.[16] 
NEXAFS spectra were measured at the C K-edge in the partial electron yield acquisition mode with a retarding voltage of 150 V. Polarization factor of the primary X-ray beam was ~90% (linear polarization). The X-ray incidence angle, , measured with respect to the substrate surface, was varied in steps to monitor the orientational order and molecular orientation in the SAMs.[17] The E vector of the primary synchrotron light was directed parallel and nearly perpendicular to the substrate surface at the normal ( = 90°) and grazing ( = 20°) incidence, respectively. The energy resolution was ~0.3 eV. The photon energy scale was referenced to the pronounced π* resonance of highly oriented pyrolytic graphite at 285.38 eV.[18] Raw NEXAFS spectra were normalized to the incident photon flux by division through a spectrum of a clean gold sample and, subsequently, reduced to the standard form with zero and set-to-one intensities in the pre-edge and far post-edge ranges, respectively.[17] 
Along with the SAM 2 and the reference monolayers 1 and 3, we have also studied two other reference systems, viz. the SAMs 15 and 16 (see Scheme S2 for the structure of all SAM-forming molecules). The structure of 16 is similar to that of 1 except for the partial fluorination of the phenyl ring. Also, the parameters of the SAMs 16 and 3 can be compared to each other in the same way as the parameters of the monolayers 1 and 2, provided additional information on the molecular-structure-related changes in the molecular organization in the SAMs. As for 15, it represents a pure aliphatic SAM with the same anchoring group as that in all other SAMs, serving as a spectroscopic reference for the phosphonate anchoring groups and aliphatic chains in the multicomponent molecular backbones. Finally, the bare substrate was characterized as well, providing general reference to all the SAMs.

[image: ]
Scheme S2. The structures of the SAM-forming molecules for the SAMs characterized by XPS and NEXAFS spectroscopy.
X-Ray Photoelectron Spectroscopy (XPS). The Ti 2p, C 1s, P 2p, F 1s, and O 1s XP spectra of the blank TiN substrate and the phosphonate SAMs are shown in Figure 1. The Ti 2p spectra in Figure S4a show a single Ti 2p3/2,1/2 doublet, with the characteristic[16,19] shape and spin-orbit splitting of ~5.6 eV and the BE energy of the Ti 2p3/2 peak of 458.83 eV. This energy is distinctly different from that of TiN (455.03 eV,[20] 455.2 eV,[21] 455.8 eV)[16] and is characteristic of TiO2 (458.7 eV,[22] 459.0 eV[21] and 459.1 eV).[19] Consequently, the topmost part of the TiN substrate is comprised of TiO2. Considering the attenuation length () of ~0.65 nm for the Ti 2p3/2 photoelectrons at the given kinetic energy (~125 eV),[23] one can assume that the thickness of the TiO2 layer is at least 2 nm (3).[24] The intensity of the Ti 2p signal in the SAM spectra is much lower than that for the bare TiN substrate, which is expectable. However, the latter substrate is not entirely clean but contaminated to some extent, as evidenced by the respective C 1s XP spectrum in Figure S4b, which shows a broad peak associated with C/C=C carbon at ~285.1 eV, a shoulder at ~286.8 eV related to CO, and a weak peak at ~289 eV assigned to C=O/COOH carbon. The character of the C 1s spectra changes noticeably in the case of the SAMs. The spectra of the SAMs 15, 16, and 3 exhibit a strong single peak at ~285.0 eV, assigned to the molecular backbone. For the SAMs 1 and 2, this peak is accompanied by an additional shoulder at ~287.0 eV, associated with the carbon atoms in the phenyl ring bonded to fluorine (see the molecular structure in Scheme S2).[25] 


Figure S4. Ti 2p (a), C 1s (b), P 2p (c), F 1s (d), and O 1s XP spectra of the phosphonate SAMs and the bare TiN substrate. The Ti 2p and O 1s spectra of TiN are scaled down by the specific factors marked in the figure. Individual peaks in (b) and (e) are marked by letters (see text for details). The spectra were acquired at photon energies of 350 eV (C 1s and P 2p), 580 eV (Ti 2p and O 1s), and 750 eV (F 1s).
[bookmark: _Hlk130300410]The intensity of the Ti 2p signal for the SAM 16 is lower than that for the SAM 3, which also is the case for the SAMs 1 and 2. Thus, as expected, the effective thickness of the SAM 16 is larger than that for the SAM 3 and the same relation takes also place for the monolayers 1 and 2. Note, however, that these thickness relations are not fully reflected by the C 1s XP spectra which rather show similar intensities for all SAMs studied. The reason for this behavior is self-saturation of the C 1s signal at the given kinetic energy of the photoelectrons (~60 eV).[24]
The P 2p spectra of all the SAMs in Figure S4c exhibit a single P 2p3/2,1/2 doublet at ~133.5 eV assigned to the phosphonic acid anchoring groups bonded covalently to the substrate. The absence of other doublets and the similarity of the BE positions and the entire doublet shapes for all the SAMs suggest a similar bonding configuration for all SAM-forming molecules.[26-29] The intensity of the P 2p signal for the SAM 16 is lower than that for the SAM 3, which also is the case for the SAMs 1 and 2, reflecting, similar to the Ti 2p signal, the differences in the effective thicknesses of these SAMs. Finally, as expected, the P 2p spectrum of the blank TiN substrate does not exhibit any P 2p signal, which confirms that this signal in the case of the SAMs does not stem from any contamination but is indeed related to the phosphonic acid anchoring groups.
The F 1s spectra of the SAMs 1 and 2 in Figure S4d exhibit a single peak at a BE of ~687.2 eV, representative of the fluorine substitution of the phenyl ring in the molecular backbone. The intensity of this peak is higher in the case of 1, corresponding to the higher effective thickness, associated most likely with a higher packing density.
The O 1s spectrum of the bare TiN substrate in Figure S4e exhibits a superposition of two peaks, at ~530.5 eV (h) and 532.4 eV (g). The latter peak, disappearing or nearly disappearing in the spectra of the SAMs, is most likely related to contamination, wiped away upon the SAM formation. The former peak, observed also in the spectra of the SAMs, stems completely (TiN) or predominantly (SAMs) from the oxygen atoms in the TiO2 overlayer. For the SAMs, it also contains contributions from the phosphonate anchoring groups but they can be hardly distinguished.
Apart from the above qualitative consideration, numerical evaluation of the effective thickness of the SAMs was performed. For this purpose, we used the intensity of the Ti 2p signal assuming the exponential attenuation of the respective signal by the SAMs[24] with the kinetic-energy-specific attenuation length measured for alkanethiolate (AT) SAMs on Au[23] and the signal of the bare TiN substrate taken as the reference. This signal is of course underestimated to some extent as compared to the really blank substrate because of the presence of contamination but can still be used for a coarse evaluation. The resulting values of the effective SAM thicknesses are 1.5, 2.4, 1.6, 2.35, and 1.6 nm (0.15 nm) for the SAMs 15, 16, 3, 1, and 2, respectively, corresponding indeed to the values expected for monolayers. Also, these values reflect the expected differences in the SAM thicknesses between the SAMs 16 and 3 and between the SAMs 1 and 2. Interestingly, the thicknesses of the SAMs 2 and 3 are close to that of 15 but the P 2p signal of the latter film is noticeably higher (Figure S4c). Consequently, the packing density of the SAMs 2 and 3 is noticeably lower than that of 15, which is reasonable in view of the structure of the SAM-forming molecules (see Scheme S3). Note that, generally, an XPS-derived effective SAM thickness represents a “coalescence” of the real thickness and the packing density. This is also a reason for an additional underestimation of the effective thickness values for all the SAMs of the present study (but, especially, for the monolayers 1, 16, 2, and 3 featuring complex backbones), since their packing density is certainly lower than that of the reference AT SAMs on Au and, consequently, the respective attenuation length is slightly higher. Considering both this aspect and the underestimation of the signal of the bare substrate (see above), we can reasonably assume that the real thicknesses of the SAMs studied are by 0.3-0.5 higher than the calculated values, in good agreement with the STEM-derived thickness of 2 (see Figure S3). 
[bookmark: _Toc165302490]NEXAFS Spectroscopy
The C K-edge NEXAFS spectra of the phosphonate SAMs and the bare TiN substrate are presented in Figure 2. In Figure S5a, the spectra acquired at the so-called magic X-ray incidence angle (~55°) are shown, which are exclusively characteristic of the electronic structure of the systems studied and are not affected by molecular orientation effects.[17] Complementary, in Figure S5b, the difference between the spectra collected under normal (90°) and grazing (20°) incidence are shown, which represents a fingerprint of orientational order and molecular orientation in the systems studied, relying on the linear dichroism effects in X-ray absorption.[17]
The 55° spectrum of the blank TiN substrate exhibits a typical signature of contamination, with a weak * resonance of C=C/phenyl moieties at ~285.0 eV (e),[17] characteristic * resonance of COOH at 288.4 eV (f),[31] and a variety of further, non-specific resonances at higher excitation energies. The 55° spectrum of the reference SAM 15 exhibits the characteristic resonances of alkyl chains,[32-38] viz. a most prominent feature at 287.7 eV (a), representing the so-called 'CH' band[36,37] and comprised of several mixed *CH / Rydberg resonances, and two broader resonances at 293.4 eV (b) and 301.6 eV (c) related to valence, antibonding CC * and CC' * orbitals, respectively. These resonances exhibit pronounced linear dichroism, i.e., intensity dependence on X-ray incidence angle, as evidenced by the appearance of the intense peaks at the positions of these resonances in the difference spectra in Figure S5b. This suggests a high orientational order in the SAM 15. Considering that the transition dipole moment (TDM) of the 'CH' band and * CC resonances are oriented perpendicular and along the alkyl backbones,[32-38] the positive and negative signs of the respective difference peaks suggest an upright orientation of the molecular chains in the SAM 15 (as expected). A tentative evaluation of the 'CH' band intensity as a function of X-ray incidence angle, performed within the standard formalism for a plane-like orbital,[17,40] gave the average molecular tilt angle with respect to the surface normal of 305°.



Figure S5. C K-edge NEXAFS spectra of the phosphonate SAMs and the bare TiN substrate: (a) the spectra acquired at an X-ray incidence angle of 55°; (b) the difference between the spectra measured under normal (90°) and grazing (20°) incidence. Most prominent absorption resonances are marked by letters (see text for details). The horizontal gray dashed lines in panel b correspond to zero. The vertical scale in (b) is scaled up by a factor of 2 compared to (a) to make the linear dichroism effects better visible.
The 55° spectra of the other SAMs (16, 3, 1, and 2) also exhibit the characteristic absorption resonances of the alkyl chain, which is expectable since the respective moieties build a part of the molecular backbones. The spectral weights of the respective resonances, which are larger for the SAMs 16 and 1 compared to the SAMs 3 and 2, correlate with the lengths of the alkyl moieties in the backbones. In addition to the above resonances, the characteristic[17,31] * resonance of the aromatic rings in the backbones at either 285.05 eV (16 and 3) or 285.3 eV (1 and 2) is also observed in the spectra (d). The spectral weight of this resonance correlates well with the presence of either one (16 and 1) or two (3 and 2) phenyl rings in the molecular backbones. The upward shift of the * resonance energy for the SAMs 1 and 2 compared to the monolayers 16 and 3 is related to the fluorine substitution.[24] The contributions of the cyclohexane ring are comparably non-intense and less specific,[39] and cannot therefore be unequivocally distinguished in the spectra. 
Similar to the reference 15, the spectra of the other SAMs (16, 3, 1, and 2) exhibit pronounced linear dichroism, as manifested by the peaks at the positions of the characteristic absorption resonances in the difference spectra (Figure S5b). In all the spectra, the difference peaks associated with the * resonance of the phenyl rings and the 'CH' band of the alkyl chains are positive and those related to the CC * and CC' * orbitals of the molecular backbone are negative. In view of the TDM orientation for the alkyl chain (see above) and the fact that the TDM of the * resonance of the aromatic rings is directed perpendicular to the ring plane,[17,31] the data in Figure S5b suggest an upright orientation of the entire molecular backbones in all the SAMs (16, 3, 1, and 2).
The relative height of the difference peaks with respect to the corresponding resonances in the 55° spectra represents a fingerprint of the extent of the orientational order and the average molecular inclination. Considering the data in Figure S5b in this context, one can conclude that the SAMs 16 and 1 have much higher orientational order and smaller molecular inclination compared to the monolayers 3 and 2. This behavior correlates well with the structure of the SAM-forming molecules and agrees perfectly with the XPS data, suggesting a higher effective packing density for the SAMs 16 and 1. Nevertheless, both the reference SAM 3 and the electric-field-switchable monolayer 2 exhibit a certain degree of the orientational order with an upright orientation of the SAM-forming molecules.  

[bookmark: _Toc165302491]Electrical Characterization
Equipment and Methods. Solid state devices were characterized in a Lakeshore TTPX vacuum probe station using a Keithley 2635 SMU. Samples were measured under vacuum using tungsten probe tips. For each chip, the applied voltage was first swept at 200 mV·s-1 until a distinct rapid increase of the measured current was observed. This voltage was then taken as breakthrough voltage and all subsequent measurements were performed limiting the maximum absolute voltage applied across junctions to a voltage at least 0.2 V smaller than the breakthrough voltage. The voltage across at least 3 junctions per chip was cycled between the reported voltages 3 times at 100 mV·s-1, and the resulting currents were averaged at each measurement point over 400 ms after a 100 ms delay. Current densities, averages of the positive sweep direction and the negative sweep directions, as well as envelopes were then calculated using a Python script. We decided on the use of envelopes as representation of the variance between sweeps or devices, since they indicate the highest and lowest current values measured over 3 cycles (on 3 devices) at each voltage for each conductance state. Hence, they show if and at which voltages an ON/OFF ratio >1 is preserved for all sweeps and thereby serve as the most transparent indicator for device performance.
The comparison of the electrical characteristics of 2 with its non-fluorinated analogue 3 was done by contacting an "open" p++Si/SiO2 (~840 nm)/TiN (100 nm)/SAM chip (8 x 8 x 0.25) mm3 with an eutectic gallium-indium (EGaIn) tip as described by Whitesides et al.[42] The EGaIn was obtained from Sigma-Aldrich. For the SAM deposition, the wafers were immersed in water within a beaker at room temperature and sonicated for 3 min. Subsequently, the wafers were transferred to acetone and sonicated for 5 min. Sonication was repeated in a fresh batch of acetone and finally in isopropanol. Following these cleaning steps, the wafers were blow-dried with nitrogen and treated in an UV ozone cleaner (NanoBioAnalytics UVC-1014, 20 W) for 15 min. The thus treated chips were immersed in a 20 mL glass vial containing a solution of either 2 or 3 in THF (1 mM, 10 mL) and left undisturbed for 72 hours at room temperature. After the immersion, the chips were dried with a nitrogen stream, annealed on a hot plate (120°C, 30 min), and rinsed with THF (approximately 1 mL per chip).
The EGaIn junctions were established through an EGaIn droplet, administered through a Hamilton syringe. The EGaIn electrode was shaped into a conical geometry with a tip diameter of approximately 100 μm via manipulation with a gold substrate.[41] Operating as the top electrode, the EGaIn cone was put on a bias potential while the bottom electrode remained at ground. The bottom contact (ground) was created by carefully scratching the bottom side (p++ Si) and top sides (TiN layer) of the chip, and then creating a connection between both sides applying silver contact paste. Contacting both sides is important in order to electrically bypass the thick SiO2 layer within the chip. The silver contact is also pasted onto a copper block providing the actual ground contact.
The J-V scans of the EGaIn junctions were performed using a Keithley 2635B sourcemeter. They were acquired within a voltage range from -2 V to +2 V with increments of 10 mV. The J-V characteristics were obtained through three complete cycles (scan from 0 V to +2 V to -2 V and back to 0 V), using 6 measurements at different spots on the test chips. The final analysis considered the mean value derived from the set of 6 measurements. Current densities and averages of both positive and negative sweep direction were subsequently computed using a Python script. In the case of the SAM 3 sample, 7 out of a total of 25 measurements (28%) provided useable J-V curves, i.e., did not show short circuits. The shorted contacts were omitted from the calculation. For 2, 6 out of 25 measurements (24%) provided reliable data.
Current-voltage characteristics. Figure S6 shows the large effect of the change of the electrode materials on current densities, for junctions comprising the same SAM (1): switching from Al/Al2O3/1/Pb/Ag[9] to TiN/TiO2/1/Ti/Au increases the current density by at least 2 orders of magnitude, measured at ±1V. While our XPS analysis also revealed an about 2 nm thick TiO2 layer on top of the TiN electrode, both oxides layers (Al2O3 and TiO2) contribute differently to the overall resistance of either device. First of all, the thickness of Al2O3 (~3 nm)[9] exceeds the one of TiO2, thereby leading to a further decease of tunneling currents, which are exponentially attenuated with distance. Secondly, both oxides have strongly disparate material properties:[42] while TiO2 has a bandgap of about 3 eV and a reported (thin-film) resistivity of about 1 ·cm or smaller,[44] Al2O3 is a wide-band gap insulator with a bandgap of up to 8-9 eV and a resistivity of 1014 ·cm.[45] While for our nanometer-thin films these properties may be well expected to deviate from their bulk or thin-film properties, depending on microscopic crystal structure, interface dipoles and band bending, valence and conductance band line-up, defects etc. this gives an important first indication towards the origin of these observed, large differences in current densities. Finally, and in addition, the character of transport may have shifted from predominantly hole tunneling, as anticipated in our previous work,[9] to predominantly electron tunneling, due to the relatively lower (in energy) positioned conduction and valence band of TiO2. In that case, also the presumably different effective masses of both carrier types would directly impact the tunneling current, as calculated from Gruverman’s formula for asymmetric tunneling barriers[46], and which we have discussed in ref.[9], Supporting Information.
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Figure S6. J-V characteristics of the same compound 1 with an oxidized aluminum bottom electrode (Al/Al2O3/1/Pb/Ag; pink curves)[9] and on a TiN bottom electrode (TiN/1/Ti/Au; green curves) in comparison. The scan direction is indicated by arrows.
[bookmark: _Hlk142471650]In contrast to compound 2, the J-V trace of its non-fluorinated, non-polar analogue 3 shows a much smaller hysteresis occurring in a different voltage range (Figure S7). This might be due to a residual, small orientable dipole moment even in the non-fluorinated compound 3. 
When comparing the data for 2 from Fig. S7 with those from Fig. 4 it becomes apparent, that the current densities measured with EGaIn were some 4-5 orders of magnitude smaller than those measured with the Ti/Au top contact. In fact, often the current densities measured with EGaIn electrodes are reported to be lower by about such a factor, compared to solid state devices, presumably due to the formation of an insulating Ga2O3 layer with uneven morphology between EGaIn electrode material and the SAM. The measurement of absolute current densities using EGaIn contacts has been subject of several studies by the groups of Whitesides and Nijhuis: [41,42,47,48] the effective contact area has been shown to depend very much on the exact device geometry and measurement conditions. However, while we observe a similarly, much smaller absolute current density for EGaIn electrodes (as outlined above), our results indicate that within the same series of experiments the current densities differ by at most one order of magnitude. The maximum voltages of the scans (±2 V) were optimized to be high enough for 2 and 3 to show hysteresis, but low enough to preclude dielectric breakthrough or hysteresis caused by degradation products of the electrode materials (Ga2O3, TiO2).[49]
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Figure S7. Current density vs. voltage characteristics of TiN/SAM//EGaIn (100 µm diameter) junctions comprising SAMs of 2 in comparison to its non-fluorinated analogue 3. The J-V curves show averages from the second and third sweeps (sweeps from -2.0 V to +2.0 V and back to -2.0 V, scan direction as indicated by arrows) on 6 different spots on the chip, each.
Based on the cyclic, hysteretic J-V traces displayed in Figures 4 and S7, the conductance ratios of all junctions can be calculated, to provide a quantitative comparison. Figure S8 shows the ON/OFF ratios as function of applied voltage. As already anticipated from the raw data, for compound 1 the maximum achieved ratio (based on the average current over 20 J-V cycles in a solid state device) is similarly high (17.6) as for compound 2 (13.3) (Figure S8, left), whereas for the non-polar reference compound 3 less than half of the value measured for 2 was obtained, and in a different voltage range (both measured in an EGaIn junction, Figure S8, right). 
While both compounds 1 and 2 show a comparatively high ON/OFF ratio >10 in the solid-state device, it has to be kept in mind that these are values obtained after averaging: In fact, when there is a large scattering of one or both of the states, the practically usable ON/OFF ratio can be comparatively small, cf. Figures 4 and 5.
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Figure S8.  Conductance ON/OFF ratio for all junctions under study, as function of voltage: Left: In a solid-state device (TiN/SAM/Ti/Au) for compound 1 the maximum ratio (based on the average current over 20 J-V cycles) is 17.6, for compound 2, 13.3. Right: In an EGaIn junction, for compound 2 a ratio of 6.6 is measured, and for the non-polar reference compound 3, a ratio of 2.6 (average over the second and third sweeps on 6 different spots on the chip). The maximum ON/OFF ratio for 2 occurs in a similar voltage range of around -0.5 V for both junction types. 
[bookmark: _Toc165302492]Computational Chemistry
Density Functional Theory. The dihedral scans of the model compounds A and B were done using Gaussian 16[10] on the M06-2X-D3/6-31G(d) level of theory, the minima and maxima where then optimized by M06-2X-D3/6-31G(d,p) including frequency analysis with zero point energy correction.[50]
The HOMO-LUMO gap of the alkane moiety of 1 was estimated from a DFT calculation (B3LYP/6-31G(d)) on n-octane for the alkyl moiety. Since HOMO and LUMO of 1 and 2 are both located on the aromatic moiety, and they lie within the band gap of the aliphatic parts of the molecule, a DFT-based estimate for the aromatic fragment was based on a calculation of the whole molecules 1 and 2. 
Single molecule conductance. The molecular conductances of anti-1a and anti-2a (Figure S9; simplified versions of 1 and 2 without the phosphonate group) were calculated using the TranSiesta package.[51] The input files were prepared using the tutorial script provided by S. Hedström et al.[52] with a DFT-generated input geometry (B3LYP/6-31G(d) level of theory). The model compound was coupled to the central gold atoms of the electrodes via van der Waals contacts (rvdW (Au) + rvdW (H) = 2.86 Å) with the most remote, terminal hydrogen atoms.
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Figure S9. Right: Geometries of gold-contacted compounds anti-1 and anti-2 for the transmission calculation, including dipole moments m, molecular length l and HOMO-LUMO gap Eg. Left: Calculated single-molecule I-V characteristics of the two model compounds. 
Whereas the current response for anti-1a is relatively symmetric, it shows a pronounced rectification for anti-2a. This is presumably due to the asymmetry of 2a with the aromatic moiety occupying one half of the structure and the aliphatic moiety as the other half. In contrast, in 1a, the aromatic moiety is placed roughly in the middle between two aliphatic substructures. At a bias of +0.1 V the current through anti-2a is 5.9 orders of magnitude higher than for anti-1a.
[bookmark: _Toc165302493]Benchmark
Table S1 lists a comparison of our SAM-based device with a selection of recent inorganic, state-of-the-art, solid-state ferroelectric thin-film tunnel junctions, published by academic as well as industrial groups.[13,53-55] In addition, one FTJ with an organic ferroelectric polymer layer was included.[7] In some publications listed in the table, not all the parameters we compare are explicitly mentioned: in such cases we calculated them from the provided data or estimated them from the displayed graphics. Most devices are using absolute READ voltages <0.5 V.
Table S1. Benchmark of our SAM-based tunnel junction with various state-of-the-art devices.
	Parameter
	our work (2024)
TiN/SAM
	Max et al.  (2020)[53] 
HZO/Al2O3
	Berdan et al.  (2020)[54]
SiO2/HfSiO
	Bégon-Lours et al. (2021)[55]
WOx/HZO
	Cheema et al. (2022)[13]
SiO2/Zr:HfO2
	Majumdar et al. (2018)[7]
NSTO/PVDF

	Device Area 
[m2]
	 25
	~31400
	0.09
	~11300
	1260-14300
	90000

	Film Thickness [nm]
	2-2.5
	14
	4
	~5
	1
	3

	ON/OFF ratio

	 ~15
	14
	~5
	10
	200
	~104

	READ voltage 
[V]
	 -0.45
	2.0
	3.0
	0.1
	<0.5
	-0.1

	LRS READ Current Density [mA/cm2]
	104
	6.4 x 10-3
	~6 x 104
	~2 x 10-3
	103-104
	~1
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