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Abstract 

The Thesis studies single-molecule conductance of helicenes by means of scanning 

tunneling microscopy-based break-junction (STM-BJ) device. Particularly, it focuses on 

a question how the conductance of helicenes changes with the increased number of aromatic 

rings.  

Firstly, Introduction about helicenes is given, namely their syntheses, properties, 

and applications. Further, methods of single molecule analysis, namely scanning tunneling 

microscope and break-junction techniques, are discussed with emphasis on organic molecules 

and their conductance. 

In the next part, Results and discussion, the synthesis of helicenes is presented and their 

single-molecule conductance is studied. Through STM-BJ measurements, decreasing trend 

in molecular conductance with increasing length of a molecular wire is proved. Above that, 

the correlation of experimental data with theoretical calculations and X-ray diffraction 

experiments confirms that a single-molecule conductance is measured.  

Finally, the Experimental section provides detailed description of experimental 

procedures both for organic and physical experiments. 
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Abstrakt 

Tato práce se zabývá měřením vodivosti helicenů na úrovni jednotlivých molekul 

pomocí break-junction metody založené na principu rastrovacího tunelovacího mikroskopu 

(STM-BJ z angl. Scanning Tunneling Microscopy-based Break-Junction). Zvláštní důraz je 

kladen na otázku, jak se mění vodivost helicenů se vzrůstajícím počtem aromatických jader. 

Nejprve jsou v teoretickém úvodu shrnuty informace o helicenech, jejich přípravě, 

vlastnostech a aplikacích. Dále jsou diskutovány metody studia látek na úrovni jednotlivých 

molekul, jmenovitě použití principů rastrovacího tunelovacího mikroskopu a break-junction 

techniky, se zaměřením na organické molekuly a jejich vodivosti. 

Ve výsledcích je představena syntéza helicenů a měření jejich vodivostí. Pomocí STM-

BJ metody byl potvrzen obecný trend klesající vodivosti pro vzrůstající délku molekul. 

Srovnání experimentálních dat s teoretickými výpočty a výsledky z rentgenové difrakce 

potvrzuje, že naměřené vodivosti odpovídají jedné molekule.  

Experimentální část obsahuje detailní popisy jak organických, tak fyzikálních 

experimentů. 
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1 Theoretical background 

1.1 Helicenes  

Helicenes are a class of polyaromatic hydrocarbons with all-ortho-annulated aromatic 

rings (Fig. 1a). To release steric repulsion between the ends of a molecule, the helicene leaves 

its planar geometry, favored for aromatic compounds, and forms a helix. Compounds as small 

as phenanthrene exhibit the distortion upon substitution in the “fjord” region.1 Although not 

planar, helicenes are more stable than their linear counterparts, acenes (Fig. 1b) since there are 

more Clar’s sextets (colored in red in Fig. 1) on a helicene molecule.2 They are also more 

soluble than acenes because the distortion makes them less prone to intermolecular π-π stacking.  

Newman and Lednicer published the nomenclature system for helicenes in 1956.3 

For helicene with n aromatic rings, they proposed a notation [n]helicene or to express 

the number of rings by greek prefixes penta-, hexa-, hepta- etc. They were first to intentionally 

prepare a helicene when they synthetized [6]helicene 1 (Fig. 1a) from 2 naphthyl blocks and 

resolved it into enantiomers by crystallization with a chiral agent.  

1
2

 

Fig. 1: a) Structure of [6]helicene 1 and b) its linear analogue hexacene 2 showing 3 Clar’s 

sextets (red) for helicene 1 compared to 1 for acene 2. 

Thanks to their helical shape, helicenes are inherently chiral, i.e., chiral even without 

any stereogenic center present. Therefore, two enantiomers can exist denoted with 

stereodescriptors P for dextrorotatory, and M for levorotatory enantiomer (Fig. 2). Helicenes in 

their optically pure form show extremely large values of specific optical rotation up to 

thousands deg∙mL∙g–1∙dm–1.4 They usually exhibit intense Cotton effect in their electronic 

circular dichroism (ECD) spectra, which is used for assigning the absolute configuration of 

enantiomers. There is an empirical rule reading, if the sign of the longest wavelength band is 

a)       b) 



8 

 

positive (or negative), the helicity is P (or M). Both specific optical rotation and ECD spectra 

can be calculated theoretically.  

 

Fig. 2: Structures of P and M enantiomers of [6]helicene 1. 

Generally, helicenes are chemically inert compounds, which do not react with common 

acids or bases, and are not affected by most of the oxidizing, nor reducing agents. As fully 

aromatic hydrocarbons, they absorb radiation in UV region and some helicenes fluoresce.5 

The energy of both absorption and emission is typically shifted to lower values for increasing 

number of aromatic rings in molecular backbone of helicene. Thanks to their ability to absorb 

UV radiation and fluoresce together with their non-linear optical properties, they have been 

envisaged for future application in optical devices such as circularly polarized organic 

light-emitting diodes6 and, for example, a transistor-based sensor for circularly polarized light 

using helicenes in an active layer has already been published.7 Beside organic electronics, 

helicenes are studied in fields like enantioselective catalysis,8 liquid crystals,9 chiral 

recognition,10 and spintronics.11 

Although helicenes are thermally stable compounds, their enantiomers undergo thermal 

racemization in solution. The racemization proceeds at room temperature for [5]helicene but 

elevated temperature is needed for [n]helicenes with n > 5.12 The process is described by 

the reversible first-order kinetics, and it is solely conformational process. 

The helicene structure can be varied. Heterohelicenes contain heteroatoms in their 

structure leading to aza-, oxa- or thiahelicenes (Fig. 3a). Cationic azahelicenes, called helquats, 

were studied with respect to their redox properties, where, for example, [5]helquat 4 (Fig. 3b) 

could undergo two one-electron reduction steps to form a neutral product.13 Other structurally 

similar compounds are heliphenes (Fig. 3c), helical oligophenylenes. Both helicenes 
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and heliphenes could be prepared via [2+2+2] cyclotrimerization, though the yields for 

heliphenes were rather low.14,15  

N

3

N
+

N
+

Tf O
–

4 5

Tf O
–

 

Fig. 3: Exemplary structures of a) 2-aza[5]helicene 3, b) [5]helquat 4, and c) [5]heliphene 5. 

1.2 Helicene synthesis  

Various synthetic approaches have been developed since the first preparation of 

azahelicene by Meisenheimer and co-workers in 1903.16 Helicenes have been prepared, 

for example, by Friedel-Crafts-type reactions17 or Diels-Alder reaction.18 In 1960s, 

photocyclodehydrogenation of stilbenes was introduced as another synthetic route to helicenes 

(Scheme 1).19 Since then, it became the most predominant method to synthesize helicenes20 

because the precursors are easy to prepare and a multiple reaction is also possible.21 

Scheme 1 

a

a) I2, benzene, RT, Hg lamp, 8 h, 13 % 

6 7

 

Basically, photocyclodehydrogenation reaction is based on a UV-initiated pericyclic 

reaction followed by an oxidative dehydrogenation. However, the UV radiation can trigger also 

an alternative reaction pathway on stilbenes, [2+2] cycloaddition.22 Consequently, stilbene 

must be used in a low concentration, what limits the reaction scale-up. Although there are other 

a)      b)                 c) 
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issues like a regioselectivity control,23 even long helicenes up to [16]helicene were prepared by 

this method.24 

Another important milestone in helicene synthesis was introduction of [2+2+2] 

cyclotrimerization of oligoalkynes by Starý and Stará in 1998.25 The reaction is mediated by 

transition metal complexes based on Co, Ni or Rh. It proceeds mostly intramolecularly and so 

three aromatic rings get created in one synthetic step. The energy released from aromatization 

determines then a highly exergonic character of the reaction.26 Beside triynes, nitriles and even 

dinitriles undergo cyclotrimerization and give azahelicenes or diazines,27 but the energy gain is 

not as high as for alkynes. 

Scheme 2 

TMS

TMS

TMS

TMSa

a) CpCo(CO)2 (40 mol%), PPh3 (80 mol%), decane, 140 °C, halogen lamp, 2.5 h, 71 %

8
9

 

The first cyclotrimerization experiments, which led to the partially saturated 

tetrahydro[5]helicenes,25 relied on triynes with two triple bonds attached to aromatic rings 

by a saturated alkane tether (Scheme 2). Fully aromatic helicenes were then prepared 

by oxidation of hydrohelicenes with DDQ.28 Another possibility was to start directly from 

cis,cis-dienetriynes29 analogous to triyne 8, which have the two triple bonds attached by 

ethylene linkers (Scheme 3, method a). However, the dienetriynes are chemically unstable and, 

therefore, a different approach, where the double bonds are incorporated into aromatic rings, 

has been designed (Scheme 3, method b). Indeed, such improved starting materials are stable 

and easily accessible through coupling reactions in high yields.30 
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Scheme 3 

 

 

 

 

 

 

1.3 Scanning tunneling microscopy 

Development of scanning tunneling microscopy (STM) enabled imaging single 

molecules deposited on a conducting surface by scanning it with a nanosized metallic tip 

(Fig. 4). The electric tunneling current between the tip and the surface is measured and once 

assigned to position on the substrate surface, it can serve for the image construction. The STM 

surface analysis is used by physicists in semiconductor or thin film research. Chemistry was 

also adapted to STM, so products of chemical reactions can be analyzed on metal surfaces.  

 

Fig. 4: Scheme of STM instrumentation with a magnified tip-substrate interface 

(© Michael Schmid, TU Wien31). 

a or b

a) Ni(cod)2 (1.0 eq.), THF, RT, 15 min, 83 %  (red parts omitted)

b) Ni(cod)2 (20 mol%), PPh3 (40 mol%), THF, RT, 10 min, 96 % (red parts involved)

10 11
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The first STM device was constructed by Young in 1972.32 The tip movement was 

controlled by a piezoelectric actuator, what persisted until today. Anyway, the author did not 

achieve the fullest resolution because of insufficient insulation from vibrations. This problem 

was solved in 1981 by Binnig and Rohrer33 from IBM Research lab in Zurich, who further 

developed this method and obtained images even with atomic resolution (Fig. 5).34 In 1986, 

they were awarded the Nobel Prize in physics “for their design of the scanning tunneling 

microscope.”35 

 

Fig. 5: STM image of Si(111) surface with 7 x 7 representation (adapted from ref. 34). 

The working principle of STM is based on the tunneling effect, a quantum mechanical 

phenomenon, which gives the particle a nonzero transmission probability to overcome 

a potential barrier of a finite height. The tunneling current I between the two metallic electrodes 

decays exponentially with the height of the barrier s (Eq. 1).36 

𝐼 = 𝑈𝐴(𝑈)exp(−2𝑠√
2𝑚𝜑

ħ2
) (1) 

Here, the bias voltage is represented by U, A(U) accounts for the voltage dependent 

influence of the electron structure of the tip and the sample, m is the effective mass of a particle 

(electron), φ stands for the height of the potential barrier (metal work function), and ħ is 

a reduced Planck’s constant.  

STM works basically in two operational modes. In a constant height mode, the tip moves 

in a horizontal plane parallel to the surface and the current amplitude is used for the image 

https://en.wikipedia.org/wiki/H_with_stroke
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construction. However, only flat surfaces can be analyzed by this method. The limitation is 

overcome by a constant current mode, where electric current is preserved at a particular 

reference level by a feedback loop. Actual current magnitude is compared with the reference 

value and their difference determines the change of input voltage applied to a piezo actuator. 

The incremental changes in voltage are used to construct the final image.  

A regular STM microscope operates at ambient conditions and can display objects as 

small as nanometres in size.37 Anyway, it is the ultra-high vacuum STM (UHV STM) devices 

which routinely achieve submolecular resolution. An example of STM image (Fig. 6a) shows 

a 2D array of molecules 12 (Fig. 6b).38 Ambient STM is much simpler in instrumentation 

and can be adjusted to scanning tunneling microscopy-based break-junction (STM-BJ) device. 

STM-BJ technique statistically measures the tunneling current through a molecule to obtain its 

conductance.  

 

Fig. 6: a) Overview constant-current UHV STM image of 2D array of molecules 12 on Cu(111) 

with the depicted crystallographic directions (adapted from ref. 38) and b) structure of 12 with 

the depicted molecular length. 

 

1.4 Scanning tunneling microscopy-based break-junction 

In a break-junction (BJ) mode, STM repeatedly pushes the metallic tip into the substrate 

surface and pulls it back. When the junction breaks, atomically thin electrodes are formed 

and if the surface is covered with organic compound, a molecule can get trapped between 

b 

12 
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the electrodes. When bias voltage is applied, conductance through a single molecule can be 

measured (Fig. 7). 

 

Fig. 7: STM-BJ setup scheme (adapted from ref. 39). 

Electrical conductance at a macroscopic level is governed by Ohm’s law, which is 

a consequence of electron inelastic scattering by impurities or lattice defects. Anyway, when 

the dimensions of the system become much smaller than the electron mean free path, electrons 

propagate through the system ballistically. Then, conductance is not a continuous function and 

cannot be tracked using Ohm’s law, so a different approach needs to be considered. 

In Landauer’s treatment, the nanojunction is imagined as a defect for propagation of the 

conduction electrons coming from the macroscopic electrodes.40 The electron can be either 

reflected or transmitted. In an ideal case of 1D continuous nanowire between the electrodes, 

we assume perfect transmission probability T = 1. For simplicity, we also set temperature 

T = 0 K resulting in sharp drops in Fermi-Dirac distribution functions f at Fermi level EF (Fig. 

8a). Applied bias voltage V then opens an energy window eV, which enables the tunneling event 

between the occupied and unoccupied levels at the same energy. In this 1D example, Landauer’s 

approach evaluates the conductance G to the following expression, called the conductance 

quantum G0:  

𝐺 = 𝐺0 = 
2e2

h
= 77.4 · 10−6 S (2) 

where e represents an elementary charge and h is a Plank’s constant. 
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Fig. 8: a) Energy diagram for metallic electrodes connected with 1D continuous nanowire (not 

shown) at T = 0 K and b) Energy diagram for metal-molecule-metal junction at ambient 

temperature (adapted from ref. 40). 

Taking into account the other two dimensions of the real junction gives rise to higher 

quantum states (channels). Their conductance corresponds to the multiples of the conductance 

quantum. When the junction is broken, the NL and NR channels in the left and right electrode, 

respectively, can couple together to form all possible pairs with different transmissions Tij 

at Fermi energy EF. The total conductance through the junction is then as follows: 

𝐺 = 𝐺0 ∑∑𝑇ij(𝐸F)

𝑁R

j=1

𝑁L

i=1

(3) 

When a molecule is put into the junction, the transmission is influenced by its electronic 

structure. High transmission values result from a molecular orbital positioned between 

the electrodes’ Fermi levels, a state called resonance. On the contrary, low transmission is 

associated with off-resonant transport. As a consequence, transmission becomes a function of 

bias voltage. Because transmission also varies with respect to energy, integration over all 

energy states is needed (Eq. 4). For T > 0 K, Fermi-Dirac distributions are S-shaped functions 

and their difference defines the energy window (Fig. 8b). These assumptions are considered 

in Non equilibrium Green's function theory (NEGF), which expresses the electric current 

through the metal-molecule-metal junction in the following way:  

𝐼 =
2e

h
∫ 𝑇(𝐸, 𝑉) [𝑓(𝐸 − 𝐸F,2)  −  𝑓(𝐸 − 𝐸F,1)] d𝐸

+∞

−∞

(4) 

a)         b) 
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where E represents energy, EF,1 and EF,2 stand for Fermi energy of the first and second electrode, 

respectively. 

In STM-BJ experiment, conductance is measured while the tip is repeatedly pushed into 

the surface and pulled back. The raw data consist of thousands of breaking curves (Fig. 9). 

At the beginning of an individual curve (here exemplified for gold), the tip is immersed into the 

bulk surface electrode. Next, it is pulled away and so the junction gets narrower, 

and conductance decreases linearly. Gradually, a stepwise character of a conductance profile 

appears, which is attributed to individual quantum states. Finally, gold single-atom contact 

electrodes are formed, whose total conductance nearly corresponds to G0 (Fig. 9, red ellipse). 

Then, a steep decrease in conductance follows, what is called a snap-back. It originates not only 

from the junction breaking but also from the reorganization of electrodes’ adatoms back to their 

crystal lattices right after the junction breaks. From this point, conductance copies the 

exponential decay according to Eq. 1 (Fig. 9, dashed red line) until it reaches the detection limit. 

 

Fig. 9: An exemplary breaking curve of pure gold (adapted from ref. 41) with the depicted 

single-atom contact electrodes’ conductance (red ellipse above) and exponential conductance 

decay (red dashed line below). 

Since there are thousands of curves produced in one STM-BJ experiment, they are 

statistically processed into a form of 1D and 2D histograms (Fig. 10). While the former shows 

the normalized count of data points in a particular bin, the latter also represents the conductance 

distribution in the electrode distance. Under the sharp peak of gold point contact electrodes 
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at 1 G/G0 (red line in Fig. 10), the signal of organic molecules is expected to appear in the range 

of approximately 10–1 and 10–5 G/G0.  

 

Fig. 10: Exemplary a) 1D histogram, b) a single breaking curve, and c) 2D histogram of gold 

with a red line showing the conductance of gold point contact electrodes, 1 G/G0 (adapted from 

ref. 41). 

There are two more important types of break-junction technique – mechanically 

controlled (MC-BJ) and electromigrated break-junction (EM-BJ).42 The former works on 

similar mechanical principle like STM-BJ. However, it uses two symmetrical nanocontacts 

obtained from lithography technique, which are then mechanically broken and connected again 

repeatedly. MCBJ offers higher mechanical stability and longer junction lifetimes, which make 

it possible to study the vibrational modes with inelastic electron tunneling spectroscopy 

(IETS).43 On the contrary, STM-BJ instrumentation is simpler and in combined STM/AFM 

mode, it enables measurements of the force between the two electrodes.44  

The electromigrated break-junction also makes use of lithographically fabricated 

nanowire but in this case, it is broken by passing a large electric current.45 This method is more 

advantageous for gating experiments since the junction can be prepared directly on the gate 

electrode. In contrast, the statistical evaluation is much harder as each experiment requires 

a new junction to be made. Also, electromigrated break-junctions made of gold suffer from 

migration of gold atoms at temperatures higher than 200 K.42 

 a)               b)      c) 
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1.5 Anchoring groups 

The anchoring group represents a linker element which connects the molecular bridge 

to the electrodes (Fig. 11). Typically, there is one anchor at either end of the molecule, but more 

anchors are also possible.46 Basically, it should provide a well-defined and reproducible binding 

geometry, strong anchoring to the electrode, and relatively high conductance.47  

 

Fig. 11: Scheme of the molecular junction (adapted from ref. 48). 

The anchors bind to the electrode either by donor-acceptor (dative) or covalent bond. 

In the dative coupling, the electrons of π- or σ-donors are shared with Lewis acidic metal atoms 

on the surface. Fullerenes and other π-conjugated hydrocarbons are examples of π-donors, 

whereas amines, thioethers, and phosphines with their lone pairs serve as σ-donors. The amines, 

for example, have been shown to bind selectively to the undercoordinated gold adatoms, what 

leads to well-defined binding geometry and gives narrower conductance distribution.49 

The covalent bond is formed when the anchoring group chemically reacts with the metal 

surface. Since the experiments are usually done on a gold surface, the most widely used 

anchoring group is thiol47 thanks to high affinity of sulfur to gold. The covalent linkages are 

advantageous as they couple strongly to the electrodes. As such, Au-S bond is much more 

thermodynamically stable than dative bond made by amine group.50 Anyway, thiols suffer from 

polymerization through oxidation to give polydisulfides.51 It is difficult then to ensure that 

conductance of a monomer is measured. This is no longer an issue when thiol group is protected, 

for example, with acetyl residue. Acetyl-protected thiols can lose their acetyl group on a gold 

surface and bind to it covalently. This binding was observed even without addition of any 

external base, though higher thiol concentration was required.51  

The anchoring group also influences the character of charge transport through 

the junction. Depending on the electron donating (-NH2, -SR, -PR3) or 
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withdrawing (-CN, -NO2, -F) nature of the anchor, it either raises or lowers the molecular 

orbital energy levels. Then, HOMO (Highest Occupied Molecular Orbital) or LUMO (Lowest 

Unoccupied Molecular Orbital) gets closest to the Fermi energy level of the electrodes (EF) and 

dominates the transport. Electrons or holes then mediate the current for HOMO- or LUMO-

dominated conductance. The character of charge transport can be determined theoretically52 or 

from thermopower measurements.53 

 

1.6 Metals 

The most widely used electrode material is gold because of its plasticity and chemical 

inertness, which makes it easy to work with even at ambient conditions.48 Other possible metals 

that have been used are silver,54 platinum,55 or palladium56 but these may require more 

sophisticated instrumentation like air-free or ultra-high vacuum conditions.48 

Since silver’s electronic structure is not much different from that of gold, similar 

experiments were carried out on silver surfaces. Conductance of a series of alkanes C3–C6     

(3–6 CH2 groups) and oligophenyls P1–P3 (1–3 aromatic rings) terminated with amino 

groups (both shown in Fig. 12c) were determined on both silver and gold (Fig. 12a,b).57 

In all cases, silver junctions provided lower conductance values and broader conductance 

distributions. The authors attribute this to higher Fermi energy of silver (–4.7 eV) than gold     

(–5.3 eV). Therefore, EF is further from HOMO, which dominates the transport through these 

compounds, and so the conductance is lower.  

Another feature that strongly influences conductance of a junction is the density of states 

(DOS) of a metal near Fermi level.36 Therefore, high values of DOS of platinum and palladium 

motivate their use in building metal-molecule junctions. The effect of these metals 

on conductance was demonstrated on a series of alkyldiisothiocyanates, where two to 

three times higher conductance was found for platinum and palladium junctions when 

compared to gold ones.56 
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Fig. 12: Logarithmic conductance histograms of oligophenyls P1–P3 a) and oligoalkanes        

C3–C6, b) on both Au and Ag, and c) structures of oligophenyls P1–P3 and oligoalkanes       

C3–C6 terminated with amino groups (adapted from ref. 57). 

 

1.7 Chirality-induced spin selectivity 

In 1999, Naaman and co-workers firstly observed spin-dependent photoelectron 

transmission through a thin film of chiral molecules deposited on a gold substrate.58 There was 

no explanation for their observation at the time, but several theoretical papers have been 

published since then.59 Anyway, this effect, termed chirality-induced spin selectivity (CISS), is 

not fully understood even two decades later.60 

A simplified model was later published by Naaman, Paltiel, and Waldeck.61 In this 

model, an electron propagates through a chiral molecule, for example helicene, along its helical 

backbone (Fig. 13) and experiences electrostatic forces from the other electrons and nuclei in 

the molecule. The moving electron is kept within the helical path by a centripetal force 𝐹c
⃗⃗⃗  , 

which is a radial component of the total electrostatic force 𝐸𝑟
⃗⃗⃗⃗  acting on the electron. In the rest 

frame of the moving electron, the centripetal force 𝐹c
⃗⃗⃗   is equivalent to a Lorentz force produced 

by an effective magnetic field 𝐵eff
⃗⃗⃗⃗ ⃗⃗  ⃗ parallel to the axis of propagation 𝑧. According to 

the Zeeman effect, the two spin states of the electron in the magnetic field give rise to two 

different energy states, i.e., two different energy barrier heights. As the transmission depends 

exponentially on the barrier height, the two spin states are passed through the molecule with 

different probability, what results in a spin selective electron transport.  

NH2NH2
n

P1–P3

(       )

NH2 NH2
n

( )

C3–C6

a)         b)       c) 

(n = 1–3) 

(n = 3–6) 
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Fig. 13: Scheme of an electron passing through a helical molecule. 

The CISS effect represents a new link between electron spin and chirality of molecules. 

It has been observed on various chiral systems such as DNA,62 oligopeptides,63 chiral organic 

polymers,64 and cationic helicenes.11 

In photoelectron experiments with DNA, Naaman and co-workers62 measured spin 

polarization (SP) up to approximately 60 % for dsDNA fragment of 78 bp deposited on a gold 

surface. This value corresponds to a ratio of spin up or down electron count I↑:I↓ of 4:1 as SP is 

expressed as follows: 

𝑆𝑃 =  
𝐼↑ − 𝐼↓
𝐼↑ + 𝐼↓

(5) 

In a similar type of experiment, Ernst and co-workers studied photoemitted electrons 

from a monolayer of [7]helicene on Cu(332), Ag(110) and Au(111) surfaces.60 They also found 

that the electrons were spin-polarized and SP on these metals was 11.7, 15.9 and 15.7 %. 

Beside photoemission experiments, magnetic conductive probe atomic force 

microscopy (mCP-AFM) was used by Naaman and co-workers to study spin polarization 

(Fig. 14a).11 In two setups, they examined the conductance of cationic [4]helicene 13 (Fig. 14b) 

in two opposite magnetic field orientations. On a ferromagnetic nickel substrate, helicene films 

did not form any oriented structure and then, when scanned with a nonmagnetic tip, they 

showed only little SP of approx. 4 % (here SP is defined similarly to Eq. 5 only with I↑, I↓ 

representing spin up or down electric current). In the other case, an organized helicene 

monolayer was observed on highly oriented pyrolytic graphite (HOPG) and with magnetized 

Fe-coated Si tip, the authors measured SP = 49 or 45 % for P and M enantiomer. All these 
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results point at a new possible application of organic compounds, including helicenes, to 

construct spin-filtering devices based on CISS effect. 

 

Fig. 14: a) Scheme of mCP-AFM experiment with a magnetic tip on HOPG and b) structure of 

cationic helicene 13 (adapted from ref. 11). 

  

a)        b) 

13 
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2 Goals 

The ultimate goal of this thesis is to examine the single-molecule conductance 

of helicenes, particularly to determine, how the conductance changes for helicenes of different 

length. 

The first objective is to prepare two representative acetylsulfanyl helicenes 14 and 15 

(Fig. 15) with 5 and 9 ortho-annulated aromatic rings in its main skeleton. [9]Helicene 15 will 

be then resolved into enantiomers and a model compound biphenyl 16 of similar length to 

[5]helicene 14 will be synthesized.     

The second objective is to obtain single-molecule conductance of these compounds 

using scanning tunneling microscopy-based break-junction technique.  

Finally, the results are planned to be compared with theoretical calculations and data 

from X-ray diffraction experiments. 

 

 

 

 

 

 

 

Fig. 15: Target acetylsulfanyl [n]helicenes 14 and 15 for n = 5 and 9, and a model compound 16. 

  

14 
16 15 
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3 Results and discussion 

3.1 Organic synthesis 

The following synthesis of acetylsulfanyl [n]helicenes 14 and 15 (n = 5 or 9) was 

designed based on previous research in Ivo Starý Group.30 The odd numbers of central aromatic 

rings come from symmetry of oligoalkyne precursor, which is prepared by consecutive 

Sonogashira and Suzuki coupling reactions and finally transformed to corresponding helicene 

in [2+2+2] oligoalkyne cyclotrimerization (Scheme 4). Acetylsulfanyl anchoring groups are 

installed by substitution of chlorine atoms attached during the synthesis. The tolyl groups are 

incorporated to increase the solubility the of the target helicenes.  

Scheme 4 

18: X = Cl
15: X = SAc17

Tol

Tol

Tol

Tol

Cl

Cl

[2+2+2]

SNAr

 

 

3.1.1 Synthesis of [5]helicene 14 

A commercially available halide 19 was chosen as a starting material for synthesis of 

[5]helicene 14 because it is possible to make it react successively at iodine and bromine atom 

in coupling reactions while the chlorine atom remains intact. In the first step, the halogen 

derivative 19 was transformed into halogenated alkyne 20 by means of a double Sonogashira 

coupling reaction with gaseous acetylene (Scheme 5) according to the literature.65 The reaction 

was stirred in acetylene atmosphere at 55 °C for 20 h to afford alkyne 20 (86 % yield), which 

was then subjected to Suzuki coupling reaction with boronic acid 22. Heating in mixture 

of toluene:n-PrOH:H2O (4:4:1) at 90 °C for 3 h led to triyne 21 in 75 % yield. 
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Scheme 5 

I

Cl

Br

Cl

Br

Br

Cl

a) acetylene atmosphere, Pd(PPh3)4 (10 mol%), CuI (20 mol%), DIPA, 55 °C, 20 h, 86 %

b) 22 (3.0 eq.), Pd(PPh3)2Cl2 (10 mol%), K2CO3 (3.0 eq.), toluene:n-PrOH:H2O (4:4:1), 90 °C, 3 h, 75 %

22

Cl

Cl

Tol

Tol

21
20

19

a b

Tol

B(OH)2

 

Synthesis of boronic acid 22 started from 2-bromo-1-iodobenzene 23 by a consecutive 

Sonogashira coupling-TIPS deprotection-Sonogashira coupling reaction sequence in one pot 

(96 % yield, Scheme 6). Alkyne 24 was then lithiated with n-BuLi and after addition of 

triisopropylborate, it yielded boronic acid 22 in 94 %. 

Scheme 6 

Triyne 21 was further transformed into dichloro[5]helicene 25 by Ni-complex mediated 

[2+2+2] cyclotrimerization by heating in toluene to 140 °C in a pressure flask for 1.5 h 

(Scheme 7). Finally, target [5]helicene 14 was obtained via nucleophilic aromatic substitution 

in NMP at 200 °C. Methyl thiolate was generated in situ from dimethyl disulfide by reduction 

with sodium and the reaction mixture was quenched with acetyl chloride to give final 

bis(acetylsulfanyl)-[5]helicene 14 in 89 % yield. 

Br

Tol

B(OH) 2

Tol

Br

I

a) b)

a) 1) TIPSA (1.05 eq.), Pd(PPh3)2Cl2 (1 mol%), CuI (2 mol%), DIPA, 0 °C, overnight

    2) n-TBAF (2.5M, 1.5 eq.), RT, 30 min  

    3) 4-iodotoluene (3.0 eq.), Pd(PPh3)2Cl2 (1 mol%), CuI (2 mol%), DIPA:toluene (1:1), from 0 °C to RT,

        12 h, 96 %, (over 3 steps)  

b) 1) n-BuLi (1.6M, 1.3 eq.), THF, –78 °C, 45 min   

    2) B(Oi-Pr)3 (1.5 eq.), from –78 °C to RT, 30 min   

      3) HCl (1M), RT, 1 h, 94 % (over 3 steps)

23 24 22
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Scheme 7 

 

 

 

 

 

 

 

3.1.2 Synthesis of [9]helicene 15 

The starting synthetic block, tetrayne 26, was previously prepared in our group 

by an internship student Martin McLaughlin (University of Bristol, UK). At the beginning, 

tetrayne 26 was coupled with organic halide 19 via double Sonogashira coupling reaction 

in mixture DIPA:toluene at room temperature to give dibromide 27 in 86 % yield (Scheme 8). 

After that, the double Suzuki coupling of dibromide 27 with boronic acid 22 was carried out in 

mixture toluene:n-PrOH:H2O (4:4:1) at 90 °C and afforded the doubly tolylated hexayne 28 

(80 %, Scheme 9). 

Scheme 8 

TIPS

TIPS

26 27

a) 19 (3.0 eq.), Pd(PPh3)2Cl2 (5 mol%), CuI (10 mol%), DIPA:toluene (4:1), RT, overnight, 86 %

Br

TIPS

TIPS

Br

Cl

Cl

Br Cl

I

a

19

 

Cl

Cl

Tol

Tol

a) Ni(PPh3)2(CO)2 (60 mol%), toluene, 140 °C, 1.5 h, 45 %  

b) 1) Na (45.0 eq.), DMDS (35.0 eq.), NMP, 200 °C, 3 h 

    2) AcCl (62.0 eq.), from 0 °C to RT, 2 h, 89 % (over 2 steps) 

25: X = Cl
14: X = SAc21

a

b
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Scheme 9 

27

22

a) 22 (3.0 eq.), Pd(PPh3)2Cl2 (8 mol%), K2CO3 (3.0 eq.), toluene:n-PrOH:H2O (4:4:1), 90 °C, 3 h, 80 %
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In the next step, two TIPS protecting groups of hexayne 28 were cleaved off by 

an addition of tetra-n-butylammonium fluoride trihydrate (Scheme 10) followed by another 

Sonogashira coupling reaction in one pot. In this way, two TIPS groups were exchanged for 

two tolyl groups leading to quadruply tolylated hexayne 17 in 78 % yield. 

Double [2+2+2] cyclotrimerization mediated by Ni-complex in toluene at 140 °C provided 

dichloro[9]helicene 18 (41 % yield). 

Scheme 10 

 

28: R = TIPS

17: R = Tol

R

R

Tol

Tol

Cl

Cl

a) 1) n-TBAF (1M, 3.0 eq.), toluene, RT, 20 min     

    2) Pd(PPh3)2Cl2 (5 mol%), CuI (10 mol%), 4-iodotoluene (2.4 eq.), DIPA:toluene (1:2), RT, 20 h,

        78 % (over 2 steps) 

b) Ni(PPh3)2(CO)2 (60 mol%), toluene, 140 °C, 1.5 h, 41 %

c) 1) Na (50.0 eq.), DMDS (31.0 eq.), NMP, 200 °C, 5 h 

    2) AcCl (70.0 eq.), from 0 °C to RT, 1 h, 58 % (over 2 steps) 

18: X = Cl
15: X = SAc

a

b

c
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In the end, the chlorine atoms were exchanged for acetylsulfanyl groups by nucleophilic 

aromatic substitution to give [9]helicene 15 in 58 % (Scheme 10). When compared with 

[5]helicene 14, the yield was approx. one third lower (58 % vs. 89 %) and the decrease was 

attributed to the larger sterical hindrance around the sites where substitution took place 

on the longer [9]helicene 15. 

3.1.3 Synthesis of biphenyl 16 

Bis(acetylsulfanyl)biphenyl 16 was designed as a model congener of [5]helicene 14 

according to the following simplification (Fig. 16). The molecular structure of helicene 14, 

though distorted, resembles benzo[ghi]perylene 29, which can be graphically reduced 

to biphenyl 16.  

SAc

SAc

Tol

Tol

SAc

SAc

Tol

Tol

SAc

SAc

2914
16

 

Fig. 16: The structural relevance of [5]helicene 14 to benzo[ghi]perylene 29 and biphenyl 16 

(colored red in a structure of perylene 29).  

To provide biphenyl 31, Ullmann coupling reaction of two equivalents of halide 30 was 

carried out at first. Activated copper powder was used as a catalyst, but the reaction did not 

yield the desired product. The Suzuki coupling reaction between halide 30 and boronic acid 32 

was chosen as an alternative and afforded biphenyl 31 in 59 % yield (Scheme 11). Then, 

nucleophilic aromatic substitution was utilized to give biphenyl 16 (79 %). 
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Scheme 11 

a) 32 (1.5 eq.), Pd(PPh3)2Cl2 (8 mol%), K2CO3 (3.0 eq.), toluene:n-PrOH:H2O (20:20:1), 90 °C, 3 h, 59 %

b) 1) Na (50.0 eq.), DMDS (31.0 eq.), NMP, 200°C, 4 h 

    2) AcCl (70.0 eq.), from 0 °C to RT, 1 h, 79 % (over 2 steps) 

Cl

Cl

SAc
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3.2 Separation of target [9]helicene 15 into enantiomers 

Since racemization barrier of [5]helicenes is not high enough to avoid racemization in 

solution at room temperature,12 only the target [9]helicene 15 was resolved. The separated 

enantiomers of racemic [9]helicene 15 might be used in future in STM-BJ experiments in 

magnetic field to measure the CISS effect. The resolution was carried out using 

semi-preparative chiral HPLC column Amylose SA. Enantiomeric excess was determined on 

analogous analytical column (tR,+ = 7.8 min,  tL,– = 11.2 min, heptane:IPA 98:2) 

and chromatograms from these measurements are shown in Fig. 17. For more details see 

the Experimental section. 

 

Fig. 17: HPLC chromatogram of rac-15 (black), (+)-(P)-15 (red,98 % ee), (–)-(M)-15 (blue, 

90 % ee). Individual chromatograms are offset in y axis for clarity. 
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3.3 Solubility comparison of [5]helicenes 14 and 33 

Tolyl groups were initially incorporated into the molecule of [5]helicene 14 to increase 

its solubility. To prove this effect, similar [5]helicene 33, which differs only in the absence of 

tolyl groups, was chosen for a brief solubility study. The organic solvents, such as DCM, 

acetone, and toluene, were used and the tolylated helicene 14 was found to be roughly 4 times 

more soluble in DCM than the non-tolylated helicene 33 (Fig. 18). The solubility of helicene 

14 was even 50 times higher than helicene 33 in acetone or toluene. For the solubility data see 

the Experimental section.  

 

 

 

 

 

 

 

 

Fig. 18: a) Solubility of the tolylated helicene 14 compared to the non-tolylated helicene 33 

in acetone, toluene, and DCM and b) structures of [5]helicenes 14 and 33. 

3.4 STM-BJ measurements  

To prove the reliability and reproducibility of the molecular conductance measurements, 

two simple compounds, stilbene 3466 and biphenyl 16, have been chosen for the first 

experiments (Fig. 19). As already mentioned, biphenyl 16 is a simplified congener of 

[5]helicene 14 and their sulfur-sulfur distances obtained from DFT calculations in Gaussian0967 

are almost the same (9.27 Å for 16 vs. 9.31 Å for 14). Similarly, the sulfur-sulfur distance on 

14: R = Tol 

33: R = H 

a)               b) 
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stilbene 34 (13.15 Å) is very close to that of [9]helicene 15 (13.37 Å) according to DFT 

calculations.  

   

  

 

 

 

 

Fig. 19: a) Structures of stilbenes 34 and 35, and the DFT optimized structure of stilbene 34 

with the depicted sulfur-sulfur distance and b) analogous structures of biphenyl 16 with 

the depicted sulfur-sulfur distance from DFT calculation. 

3.4.1 Stilbene 34 

In the first measurement, conductance of stilbene 34 was determined to have maximum 

at 4 ∙ 10–3 G/G0, which is in a full agreement with data obtained previously in our group. A very 

similar molecule 35 differing only in the anchoring groups (Me instead of Ac) was studied by 

Venkataraman.68 The conductance of stilbenes 34 and 35 appears close to each other as is shown 

in logarithmic 1D histogram (Fig. 20). 

A 2D histogram (Fig. 21) then shows a correlation of the conductance values to the 

electrode displacement. The conductance plateau of stilbene 34 ends at a lower effective length 

of molecule (~9 Å, white bar in Fig. 21) than expected when compared to the sulfur-sulfur 

distance from DFT calculations (13.15 Å). This may come from a snap-back relaxation of 

electrodes,69 which leads to widening the actual electrode displacement relatively to 

the instrumental displacement.  

a)              b)  
SR

SR

34: R = Ac
35: R = Me

34 

16 

AcS

SAc

16
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Fig. 20: Logarithmic conductance histogram of stilbenes 34 (red), 3568 (blue) and blank gold 

sample (black) with the denoted experimental conductance values. 

 

Fig. 21: 2D conductance-distance histogram of stilbene 34. 

  

4 ∙ 10
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 G/G
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1 ∙ 10
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34: R = Ac 

35: R = Me 
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3.4.2 Biphenyl 16  

The STM-BJ measurement of biphenyl 16 showed a low conductance with peak 

maximum at 1 ∙ 10–4 G/G0 (Fig. 22). It can be attributed to meta-linked character of this 

molecule, which typically results in low, or no conductance caused by negative quantum 

interference.48 

 

Fig. 22: Logarithmic conductance histogram of biphenyl 16 (red) and blank gold sample (black) 

with the denoted experimental conductance value. 

 

Fig. 23: 2D conductance-distance histogram of biphenyl 16. 

1 ∙ 10
–4

 G/G
0
 

16 
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In a corresponding 2D histogram (Fig. 23) we can see the distribution of conductance 

in electrode-electrode distance. The end of conductance plateau indicates the effective 

molecular length of ~ 9 Å (white bar in Fig. 23), which is in an agreement with distance between 

the sulfur atoms on biphenyl 16 (9.27 Å according to DFT calculation). 

 

3.4.3 [5]Helicene 14 

After introductory measurements, which proved the validity of the STM-BJ 

experimental method, the single-molecule conductance of [5]helicene 14 was studied. Several 

illustrative breaking curves are depicted in Fig. 24, where conductance through helicene 14 is 

shown between 10–3 and 10–4 G/G0. Moreover, the bright and the dark green curve have two 

horizontal sections in this interval, which seem to correspond to a switching between a low and 

high conductance state of helicene 14. This phenomenon most likely comes from the ability of 

acetylsulfanyl groups to bind to the gold electrode both by oxygen or sulfur atom.  

 

Fig. 24: Exemplary breaking curves from STM-BJ experiment of [5]helicene 14. 

The actual selected breaking curves afforded two conductance peaks (red curve in 

Fig. 25), when processed into a logarithmic histogram (Fig. 25). The high conductance peak 

(maximum at 1 ∙ 10–3 G/G0) represents the sulfur-bound state and the low conductance peak 

(maximum at 8 ∙ 10–5 G/G0) stands for the oxygen-bound state. Similar behavior has been 

already observed in our group for [5]helicene 33 (inset and blue curve in Fig. 25), which unlike 

[5]helicene 14 bears no tolyl groups. Above that, these two bonding states of the acetylsulfanyl 
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group were observed previously by Jelínek in a collaboration with our group in UHV STM.70 

The authors could even switch between these states on [7]helicene 36 (Fig.27a) by mechanical 

contact with STM tip or by application of bias voltage.  

 

Fig. 25: Logarithmic conductance histogram of [5]helicenes 14 (red, inset structures) and 33 

(blue) and blank gold sample (black) with the denoted experimental and calculated conductance 

values. 

Two different states were also observed in the 2D conductance histogram (Fig. 26). 

The high conductance plateau ends at ~8 Å (left white bar in Fig. 26), what is of slightly lower 

value than the sulfur-sulfur distance on helicene 14 obtained from DFT calculations (9.31 Å). 

On the contrary, the plateau length matches very well with the S-S distance disclosed by X-ray 

diffraction measurement (8.21 Å, Fig. 27b). 

14: R = Tol 

33: R = H 

8 ∙ 10–3 G/G0 (calc.) 

1 ∙ 10–3 G/G0 

8 ∙ 10–5 G/G0 

9 ∙ 10–4 G/G0 6 ∙ 10–5 G/G0 
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Fig. 26: 2D conductance-distance histogram of [5]helicene 14. 

The second low conductance plateau is ascribed to the oxygen-bound state and is 

of ~2 Å shifted to longer electrode separation (right white bar in Fig. 26). The same observation 

was made by Starý and Jelínek,70 who found a length difference of 1.8 Å between analogous 

two states on [7]helicene 36 (Fig. 27a) in UHV STM. Beside that, plateaus of both states end 

at similar distance like the model biphenyl 16 (~9 Å). 

   

Fig. 27: a) Structure of [7]helicene 36 and b) X-ray structure of helicene 14 with the depicted 

sulfur-sulfur distance.  

The experimental conductance of the sulfur-bound state was also compared 

with theoretical calculations. After optimization of molecular geometry with DFT/B3LYP 

in Gaussian09, the molecule of [5]helicene 14 was placed between Au(111) electrodes 

in QuantumWise ATK (Fig 28).71,72,73 Setting the Au-S distance to 2.66 Å according to 

36 

a)       b) 

14 
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literature,74 the slightly higher conductance of 8 ∙ 10–3 G/G0 was obtained (inset 

value in Fig. 25), which is in agreement in order of magnitude with the experimental value 

(1 ∙ 10–3 G/G0). Beside that, calculated transmission pathways show that the tolyl groups do not 

significantly participate on electron transport through helicene molecule (Fig. 29). 

 

Fig. 28: Helicene 14 in a gold-helicene-gold junction (electrodes were cut for clarity). 

 

Fig. 29: Relative weight of transmission pathways represented by arrows (from blue for low to 

magenta for high) showing negligible electron transmission through tolyl groups of 

[5]helicene 14. 

  

14 

14 
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3.4.4 [9]Helicene 15 

Finally, the single-molecule conductance of [9]helicene 15 was measured. 

Unlike the rigid molecules 34 and 16, molecular structure of long helicene 15 offers greater 

conformational freedom. As a result, courses of breaking curves are much more variable 

(Fig. 30) and no two distinguishable states were observed. 

 

Fig. 30: Exemplary breaking curves from STM-BJ experiment of [9]helicene 15.  

Similarly, a logarithmic 1D histogram (Fig. 31) shows a diffusive peak with maximum 

at 1 ∙ 10–4 G/G0, which spreads over more than three orders of magnitude. The oxygen-bound 

state peak, in this case, is probably below our detection level (10–6 G/G0). The single-molecule 

conductance of [9]helicene 15 was also confirmed by theoretical calculations using 

QuantumWise ATK (for more details see Experimental section). The obtained value of      

9 ∙ 10–5 G/G0 (Fig. 31) nicely matches to the maximum of the conductance peak from 

experiment (1 ∙ 10–4 G/G0).  
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Fig. 31: Logarithmic conductance histogram of [9]helicene 15 (red, inset structure) and blank 

gold sample (black) with the denoted experimental and calculated conductance value. 

In a 2D histogram (Fig. 32), a wide plateau appears, which ends roughly at 11.5 Å 

(white bar in Fig. 32). Although the DFT calculations predicted the higher sulfur-sulfur distance 

of 13.37 Å, the results are not unrealistic. The molecules tend to stick to the surface and so the 

effective molecular length taken from the 2D histogram is expected to be rather lower. Slightly 

higher distance between the sulfur atoms was also obvious from the X-ray diffraction 

experiment (12.54 Å, Fig. 33). Though the obtained distances do not match precisely, their 

similarity proves presence of only one molecule in a molecular junction. 

 

Fig. 32: 2D conductance-distance histogram of [9]helicene 15. 
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Fig. 33: X-ray crystal structure of [9]helicene 15 with the depicted sulfur-sulfur distance. 

 

3.4.5 Conductance comparison of helicenes 14 and 15 

Finally, the single-molecule conductance of target [5]- and [9]helicene were compared 

to each other. [5]Helicene 14 was found to be more conductive with higher conductance peak 

maximum at 1 ∙ 10–3 G/G0, whereas [9]helicene 15 showed a conductance peak maximum at 

1 ∙ 10–4 G/G0. This decrease of conductance is in an agreement with a general trend of 

exponentially decreasing conductance with increasing length of a molecular wire.  

However, in case of helicenes, the conductance decays much more slowly. For example, 

the same one order drop in conductance, achieved by prolonging the helicene backbone of four 

more aromatic rings, is equivalent to addition of only two ethylene units.75 It can probably be 

ascribed to aromaticity and an additional interaction of wide aromatic parts of a helicene with 

a metal surface. 

The conductance data obtained for helicenes 14 and 15 may be used to predict 

conductance of [7]helicene 37 (Fig. 33b). According to the exponential decay, a conductance 

value of approx. 3 ∙ 10–4 G/G0 would be expected for [7]helicene 37. Anyway, conductance of 

another [7]helicene 36 (Fig. 33b). was found to be 1 ∙ 10–2 G/G0,
41 what is even higher 

than value for [5]helicene 14 (Fig. 33a). However, their structures are quite different. 

For example, [7]helicene 36 bears the acetylsulfanyl anchoring groups at adjacent carbon atoms 

relatively to [7]helicene 37, and so their conductance may differ.  

15 
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Fig. 33: a) Logarithmic conductance plot of [5]helicene 14 and [9]helicene 15 (full squares), 

and [7]helicene 36 (hollow square)41 and b) structures of [7]helicenes 36 and 37.  

a)              b) 

37 

36 
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4 Conclusions 

Two target molecules, [5]helicene 14 and [9]helicene 15 (Fig. 34), were prepared 

in good to excellent yields. [2+2+2] Cyclotrimerization of [5]helicene 14 was found to proceed 

in a higher yield than that of [9]helicene 15, probably due to the smaller sterical hindrance. 

Above that, [9]helicene 15 was resolved into enantiomers to enable STM-BJ experiments 

on them, for example, for future studies of the CISS effect. Also, biphenyl 16 was designed 

and prepared as a model compound of similar length to [5]helicene 14.  

 

 

 

 

Fig. 34: Target acetylsulfanyl [n]helicenes 14 and 15 for n = 5 and 9, and a model compound 16. 

The single-molecule conductance of both helicenes 14 and 15, and model compound 16 

were measured in STM-BJ device, once the introductory experiments proved reliability of the 

method. Comparing the results showed a higher conductance of the shorter [5]helicene 14 than 

that of the longer [9]helicene 15, what is in agreement with a general trend of decreasing 

conductance with increasing length of a molecular wire. Next, the conductance histogram of 

[5]helicene 14 contains two peaks, which are attributed to sulfur or oxygen-bound species, as 

was already observed elsewhere.70 The conductance peak of [9]helicene 15 is more diffusive 

because of the greater conformational freedom on the longer helical backbone. 

The theoretical calculations were used to confirm the conductance of both 

helicenes 14 and 15. While the theoretically calculated conductance and the experimentally 

observed value were almost identical for [9]helicene 15, the results for [5]helicene 14 were only 

in order of magnitude agreement.  

The effective length of molecular junctions was taken from the 2D conductance-length 

histograms. The biphenyl 16 proved to be a good choice as a model, since its effective molecular 

length was only slightly lower than that of [5]helicene 14. Furthermore, the effective length of 

both helicenes 14 and 15 was correlated with the sulfur-sulfur distance obtained from DFT 

16 14 15 
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calculations or X-ray diffraction experiments. In both cases, X-ray diffraction afforded values 

closer to the actual effective length from STM-BJ measurements than DFT calculations.   
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5 Experimental section 

5.1 General information 

Melting points were determined on Mikro-Heiztisch Polytherm A (Hund, Wetzlar) 

apparatus and are uncorrected. 

The NMR spectra were measured on Bruker Advance III HD 400, 500, and 

600 instruments, respectively. The 1H NMR spectra were measured at 400.13 MHz, 

499.88 MHz, and 600.13 MHz, the 13C NMR spectra at 100.61 MHz, 125.71 MHz, 

and 150.90 MHz in CDCl3. For referencing the spectra, the residual chloroform signal was used 

(δ 7.26 ppm for 1H and δ 77.16 ppm for 13C NMR spectra). The chemical shifts are given in 

δ-scale, the coupling constants J are given in Hz. For the assignment of both the 1H and 13C 

NMR spectra of the key compounds, homonuclear 2D-H,H-COSY and heteronuclear 

2D-H,C-HSQC, and 2D-H,C-HMBC experiments were performed by Dr. Radek Pohl. 

The UV-Vis absorption, fluorescence, and ECD spectra were measured 

on a spectropolarimeter Jasco 1500 equipped with a fluorescence emission monochromator 

(FMO522) and a separate fluorescence emission detector (FDT-538). The UV-Vis absorption 

and the ECD spectra were obtained in the range of wavelengths of 225–500 nm. 

The measurements were carried out in a 10 mm quartz sample cell with scan-speed of 

20 nm/min, response-time of 4 s and a standard device sensitivity. After baseline correction, 

the UV-Vis spectra were expressed in terms of the molar extinction coefficient (ε) and the ECD 

spectra in the molar extinction coefficient difference (Δε). The fluorescence spectra were 

measured with the constant slit widths of an emission and excitation monochromator (10 nm, 

5 nm). All samples were the 10–4 M CHCl3 solutions and the pure CHCl3 was used as a baseline.  

The IR spectra were measured in a KBr cell in a CHCl3 solution on Nicolet 6700 FT-IR 

spectrometer (Thermo Fisher Scientific, USA) equipped with a standard mid-IR source, a KBr 

beam-splitter and a DTGS detector and with a cell compartment purged by dry nitrogen. Optical 

rotations were measured in CHCl3 using an Autopol IV instrument (Rudolph Research 

Analytical). 

The low resolution ESI mass spectra were recorded on Q-Tof micro (Waters) and the 

high resolution ESI mass spectra and APCI spectra using the Orbitrap mass analyzer (LTQ 



45 

 

Orbitrap XL, Thermo Fisher Scientific). The MALDI-TOF spectra were measured 

on UltrafleXtremeTM MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Germany).  

Crystallographic data were collected on Bruker D8 VENTURE Kappa Duo 

PHOTON 100 by IμS micro-focus sealed tube MoKα radiation (λ = 0.71073 Å) at a temperature 

of 120 K. The structures were solved by direct methods (XP)76 or methods (XT) and refined by 

full matrix least squares based on F2 (SHELXL2014 or SHELXL2018).77 The hydrogen atoms 

on carbon were fixed into idealized positions (riding model) and assigned a temperature factor  

Hiso(H) = 1.0 Ueq (pivot atom). All crystallographic measurements were performed by Dr. Ivana 

Císařová. 

TLC was performed on Silica gel 60 F254-coated aluminium sheets (Merck) and spots 

were detected by a solution of Ce(SO4)2·4H2O (1%) and H3P(Mo3O10)4 (2%) in sulfuric acid 

(10%). The flash chromatography was performed on Silica gel 60 (0.040-0.063 mm, Merck) or 

on Biotage® KP-C18-HS cartridges using the Isolera One HPFC system (Biotage, Inc.). 

DIPA was distilled from calcium hydride under nitrogen; THF was freshly distilled from 

sodium/benzophenone under nitrogen; toluene and mesitylene were distilled from sodium 

under nitrogen. HPLC-grade NMP was distilled under nitrogen. Solvents for enantiomer 

separation were of an HPLC-grade. Otherwise, all the commercially available solvents, 

catalysts, and reagent grade materials were used as received. 4-Iodotoluene, 2-bromo-

1-iodobenzene 23, 2-bromo-4-chloro-1-iodobenzene 19, 3-chloro-1-iodobenzene 30, 

and 3-chlorophenylboronic acid 32 were purchased. 

Arylated acetylene 20 was synthesized according to the literature procedure.65 

Tetrayne 26 was prepared by Martin McLaughlin (University of Bristol, UK), stilbene 34 

by Ing. Arnošt Seidler66 and [5]helicene 33 by Dr. Jindřich Nejedlý.41 
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5.2 Synthesis 

1-Bromo-2-[(4-methylphenyl)ethynyl]benzene 2478 

A dry Schlenk flask was charged with 2-bromo-1-iodobenzene 23 (2.30 mL, 

17.9 mmol), Pd(PPh3)2Cl2 (126 mg, 0.179 mmol, 1 mol%), and CuI (68 mg, 

0.36 mmol, 2 mol%). The flask was purged with nitrogen. Distilled DIPA 

(100 mL) was added and after degassing with three freeze-pump-thaw cycles, a reaction 

mixture was cooled down to 0 °C. TMSA (2.60 mL, 18.8 mmol, 1.05 eq.) was added dropwise 

and the reaction mixture was stirred overnight. A dense white precipitate appeared. 

A TBAF · 3H2O solution in THF (2.5 M, 10.75 mL, 27 mmol, 1.5 eq.) was added dropwise 

and stirred at room temperature for 30 min. 

4-Iodotoluene (11.72 g, 53.76 mmol, 3.0 eq.), Pd(PPh3)2Cl2 (126 mg, 0.179 mmol, 1 mol%), 

and CuI (68 mg, 0.36 mmol, 2 mol%) all dissolved in DIPA (30 mL) and toluene (30 mL) were 

added at once at 0 °C. The reaction mixture was then degassed once more with a freeze-pump-

thaw cycle and stirred at room temperature for 12 h. TLC analysis showed the full conversion 

of the starting material. 

The reaction mixture was filtered through a short plug of silica (frit S2, toluene) and the solvents 

were evaporated in vacuo. After dilution with cyclohexane (1:1), the crude mixture 

was separated by column chromatography (cyclohexane). Halide 24 (4.56 g, 96 %) was 

obtained as a white crystalline solid. 

1H and 13C NMR spectra were in agreement with the published data.78 

{2-[(4-Methylphenyl)ethynyl]phenyl}boronic acid 2279 

A dry Schlenk flask was charged with halide 24 (3.56 g, 13.1 mmol) dissolved 

in THF (93 mL). After cooling down to –78 °C, n-BuLi (1.6 M solution 

in hexanes, 10.70 mL, 17 mmol, 1.3 eq.) was added dropwise. After 45 min of 

stirring at the same temperature, triisopropylborate (7.55 mL, 32.8 mmol, 2.50 eq.) was added 

in one portion and the reaction mixture was left to reach room temperature. After 30 min, the 

reaction was quenched with HCl (1 M, 20 mL) and stirred for 1 h. The organic and aqueous 

phases were separated. The aqueous phase was extracted with ether (3 x 15 mL), the organic 

B(OH)2 Tol

Br Tol
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fractions were combined. Then, the organic phase was extracted with brine (1 x 100 mL), dried 

over anhydrous magnesium sulfate, filtered, and evaporated in vacuo. Column chromatography 

(hexane:ether 95:5 to 75:25) afforded boronic acid 22 (2.92 g, 94 %) as a white crystalline 

solid.  

1H and 13C NMR spectra were in agreement with the published data.79 

 

1,1'-Ethyne-1,2-diylbis(2-bromo-4-chlorobenzene) 2065 

A dry Schlenk flask was charged with 2-bromo-4-chloro-1-iodobenzene 19 (1.87 g, 

5.89 mmol), Pd(PPh3)4 (681 mg, 0.589 mmol, 10 mol%), CuI (224 mg, 1.18 mmol, 

20 mol%), and purged with nitrogen. DIPA (90 mL) was added and the mixture was 

degassed using three freeze-thaw-pump cycles. The reaction mixture was stirred 

under acetylene atmosphere at 55 °C for 20 h. Then, the solvent was evaporated 

in vacuo and flash chromatography (hexane:chloroform 85:15) afforded arylated 

acetylene 20 (1.02 g, 86 %) as a white amorphous solid. 

1H and 13C NMR spectra were in agreement with the published data.65 

 

2,2'-Ethyne-1,2-diylbis{5-chloro-2'-[(4-methylphenyl)ethynyl]biphenyl} 21 

A Schlenk flask was charged with arylated acetylene 20 (1.00 g, 

2.47 mmol), boronic acid 22 (1.75 g, 7.41 mmol, 3.0 eq.), Pd(PPh3)2Cl2 

(173 mg, 0.247 mmol, 10 mol%), K2CO3 (1.02 g, 7.41 mmol, 3.0 eq.) 

and purged with nitrogen. Toluene (27 mL), demineralized water (7 mL), 

and n-PrOH (27 mL) were added and the mixture was bubbled with 

nitrogen for 10 min. The reaction mixture was then stirred at 90 °C 

for 3 h. The solvents were evaporated in vacuo and flash 

chromatography (hexane:chloroform 20:80 to 65:35) afforded triyne 21 (1.17 g, 75 %) as 

an orange-brown amorphous solid. 

Br

Cl

Br

Cl

Cl

Cl
Tol

Tol
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1H NMR (400 MHz, CDCl3): δ 7.63 – 7.58 (m, 2H), 7.54 (d, J = 2.1, 2H), 7.39 – 7.27 (m, 6H), 

7.25 – 7.10 (m, 8H), 7.08 – 7.02 (m, 4H), 2.31 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3): δ 144.0, 141.3, 138.4, 133.6, 133.5, 132.2, 131.4, 130.7, 130.3, 

129.1, 128.0, 127.7, 127.6, 122.8, 121.3, 120.3, 93.4, 91.9, 88.0, 21.6 ppm. 

IR (CHCl3): 3085 vw, 3064 w, 2959 w, 2925 m, 2857 w, 2217 w, 1598 w, 1588 w, 1564 vw, 

1549 vw, 1512 s, 1498 m, 1472 m, 1447 w, 1397 m, 1288 w, 1262 w, 1182 w, 1127 w, 1117 w, 

1103 m, 1094 m, 1044 w, 1019 m, 950 w, 889 w, 870 m, 819 vs cm–1. 

APCI MS: 627 ([M+H]+). 

HR APCI MS: calculated for C44H29
35Cl2 627.1641, found 627.1648. 

 

3,12-Dichloro-7,8 -ditolyl-dibenzo[f,l]pentahelicene 25 

A dry Schlenk flask was charged with triyne 21 (1.17 g, 

1.86 mmol) and Ni(PPh3)2(CO)2 (715 mg, 1.12 mmol, 60 mol%). 

Toluene (117 mL) was added and bubbled with nitrogen 

for 10 min. The reaction mixture was stirred at 140 °C for 1.5 h. 

The solvent was evaporated in vacuo. Flash chromatography 

(hexane:chloroform 75:25) and reverse phase flash 

chromatography (MeOH:ACN 75:25) afforded [5]helicene 25 (530 mg, 45 %) 

as an orange-brown crystalline solid.  

M.p.: >300 °C (MeOH:ACN). 

1H NMR (400 MHz, CDCl3): δ 8.46 – 8.40 (m, 4H), 8.00 (d, J = 8.9, 2H), 7.47 (ddd, J = 8.2, 

7.0, 1.2, 2H), 7.39 (dd, J = 8.6, 1.1, 2H), 7.15 (dd, J = 8.9, 2.2, 2H), 7.06 (ddd, J = 8.4, 7.0, 1.3, 

2H), 7.03 – 6.94 (m, 4H), 6.91 (dd, J = 7.9, 1.8, 2H), 6.76 (dd, J = 7.8, 1.9, 2H), 2.33 

(s, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ 139.2, 138.8, 136.1, 133.0, 132.8, 131.8, 131.6, 131.4, 130.7, 

130.5, 130.3, 129.52, 129.48, 129.1, 128.9, 127.9, 126.61, 126.60, 126.2, 123.7, 123.2, 

22.1 ppm.  
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IR (CHCl3): 3076 w, 3051 w, 3029 w, 3001 m, 2954 w, 2924 w, 2869 w, 1596 s, 1576 vw, 

1565 w, 1519 w, 1511 s, 1487 s, 1438 vs, 1411 m, 1386 w, 1363 w, 1341 w, 1183 w, 1113 s, 

1095 w, 1056 w, 1022 m, 875 m, 844 m, 831 s, 822 m, 803 w, 639 w, 467 w, 427 w cm–1. 

UV-Vis (CHCl3): λmax (log ε) = 242 (5.06), 296 (4.80), 327 (4.82), 375 nm (4.18). 

Fluorescence (CHCl3, λexc 375 nm): λmax (Ir) 456 nm (0.806). 

MALDI MS: 626 ([M]+). 

HR MALDI MS: calculated for C44H28
35Cl2 626.1563, found 626.1576. 

 

3,12-Bis(acetylsulfanyl)-7,8 -ditolyl-dibenzo[f,l]pentahelicene 14 

A dry Schlenk flask was charged with freshly distilled NMP 

(5 mL), sodium (247 mg, 10.8 mmol, 45.0 eq.), and DMDS 

(735 µL, 8.27 mmol, 35.0 eq.). The mixture was sonicated to full 

dissolution of sodium. [5]helicene 25 (150 mg, 0.239 mmol) was 

added in degassed NMP (5 mL). The apparatus was attached to an 

emergency bleach bath. Then, the reaction mixture was refluxed 

in a metallic heatblock at 200 °C for 3 h. Once cooled down to 0 °C, AcCl (1.05 mL, 14.7 mmol, 

62.0 eq.) was added. The reaction mixture was stirred at room temperature for 2 h and then 

poured into an ice-filled separation funnel for extraction with DCM (3 x 15 mL). The combined 

organic phases were extracted with brine (3 x 50 mL), dried over anhydrous magnesium sulfate, 

filtered, and evaporated in vacuo. Flash chromatography (cyclohexane:DCM 60:40 to 40:60) 

yielded [5]helicene 14 (150 mg, 89 %) as a yellow crystalline solid.  

M.p.: 265 – 267 °C (DCM:ACN). 

1H NMR (600 MHz, CDCl3): δ 8.54 (d, J10,12 = 1.9, 2H, H-10); 8.48 (dd, J7,6 = 8.2, J7,5 = 1.5, 

2H, H-7); 8.15 (d, J13,12 = 8.6, 2H, H-13); 7.47 (ddd, J6,7 = 8.2, J6,5 = 7.0, J6,4 = 1.2, 2H, H-6); 

7.39 (dd, J4,5 = 8.5, J4,6 = 1.2, 2H, H-4); 7.21 (dd, J12,13 = 8.6, J12,10 = 1.9, 2H, H-12); 7.05 (ddd, 

J5,4 = 8.5, J5,6 = 7.0, J5,7 = 1.5, 2H, H-5); 7.02 (dd, Jm,o = 7.8, Jm,m = 2.0, 2H, H-m-Tol); 6.97 

(dd, Jo,m = 7.8, Jo,o = 2.0, 2H, H-o-Tol); 6.92 (dd, Jm,o = 7.8, Jm,m = 2.0, 2H, H-m-Tol); 6.77 (dd, 

Jo,m = 7.8, Jo,o = 2.0 , 2H, H-o-Tol); 2.47 (s, 6H, CH3CO); 2.34 (s, 6H, CH3-Tol) ppm. 



50 

 

13C NMR (151 MHz, CDCl3): δ 194.0 (CH3CO); 139.0 (C-i-Tol); 138.9 (C-1); 135.9 (C-p-Tol); 

132.2 (C-14); 132.0 (CH-13); 131.5, 131.7 (CH-o-Tol); 131.3 (CH-12); 130.8 (C-8); 130.5 

(C-9); 130.3 (C-3); 129.9 (C-2); 129.8 (CH-10); 129.3 (CH-4); 128.7, 128.9 (CH-m-Tol); 128.1 

(C-15); 126.4 (CH-6); 126.3 (C-11); 125.8 (CH-5); 123.3 (CH-7); 30.3 (CH3CO); 21.3 

(CH3-Tol) ppm.              

IR (CHCl3): 3051 w, 3002 m, 2925 m, 2855 w, 1703 vs, 1595 w, 1516 w, 1509 m, 1484 w, 

1439 m, 1408 w, 1385 w, 1354 w, 1125 s, 1112 s, 1056 w, 1022 m, 1001 w, 951 m, 909 m, 

886 w, 877 w, 843 w, 835 m, 831 m, 822 w, 638 w, 463 w cm–1. 

UV-Vis (CHCl3): λmax (log ε) = 254 (5.47), 300 (5.35), 333 (5.44), 382 nm (4.90). 

Fluorescence (CHCl3, λexc 380 nm): λmax (Ir) 460 nm (2.67). 

APCI MS: 707 ([M+H]+). 

HR APCI MS: calculated for C48H35O2S2 707.2073, found 707.2078. 

 

({2',3'-Bis[(2-bromo-4-chlorophenyl)ethynyl]-1,1':4',1''-terphenyl-2,2''-

diyl}diethyne-2,1-diyl)bis[tris(1-methylethyl)silane] 27 

A dry Schlenk flask was charged with tetrayne 26 (1.46 g, 

2.28 mmol), 2-bromo-4-chloro-1-iodobenzene 19 (2.17 g, 

6.83 mmol, 3.0 eq.), Pd(PPh3)2Cl2 (80 mg, 0.11 mmol, 

5.0 mol%), and CuI (44 mg, 0.23 mmol, 10 mol%). The flask 

was three-times purged with nitrogen. DIPA (87 mL) 

and toluene (22 mL) were added via septum. The reaction 

mixture was degassed with three freeze-pump-thaw cycles and stirred overnight. 

A grey precipitate was formed while TLC showed full conversion. The reaction mixture was 

filtered through a short plug of silica (toluene) and solvents were evaporated in vacuo. 

Flash chromatography (hexane:chloroform 95:5 to 90:10) afforded tetrayne 27 (2.00 g, 86 %) 

as a yellowish amorphous solid. 

1H NMR (400 MHz, CDCl3): δ 7.61 (dt, J = 7.5, 1.1, 2H), 7.48 (d, J = 1.9, 2H), 7.41 (s, 2H), 

7.40 – 7.36 (m, 4H), 7.36 – 7.30 (m, 2H), 7.19 – 7.10 (m, 4H), 0.98 (s, 42H) ppm. 

TIPS

TIPS

ClBr

Br Cl
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13C NMR (101 MHz, CDCl3): δ 143.4, 143.2, 134.4, 134.3, 132.9, 132.2, 129.9, 129.8, 128.2, 

127.6, 127.2, 125.6, 125.2, 124.7, 123.6, 105.8, 94.5, 93.9, 93.5, 18.8, 11.4 ppm. 

IR (CHCl3): 3091 vw, 3064 w, 2958 m, 2944 s, 2927 m, 2891 m, 2865 s, 2156 w, 1602 w, 

1581 w, 1542 vw, 1474 vs, 1461 sh, m, 1439 w, 1435 w, 1383 w, 1374 w, 1367 w, 1245 vw, 

1115 vw, 1098 m, 1068 w, 1043 w, 1033 w, 1018 w, 997 w, 919 vw, 883 m, 873 w, 843 w, 

829 m, 802 w, 708 m, 678 m, 639 m, 626 w, 560 w, 522 vw, 438 vw cm–1. 

MALDI MS: 1037 ([M+Na]+). 

HR MALDI MS: calculated for C56H58
79Br2

35Cl2Si2Na 1037.1713, found 1037.1731.  

 

{[2',3'-Bis({5-chloro-2'-[(4-methylphenyl)ethynyl]biphenyl-2-yl}ethynyl)-

1,1':4',1''-terphenyl-2,2''-diyl]diethyne-2,1-diyl}bis[tris(1-methylethyl)silane] 28 

A Schlenk flask was charged with tetrayne 27 (2.00 g, 

1.97 mmol), boronic acid 22 (1.40 g, 5.92 mmol, 3.0 eq.), 

Pd(PPh3)2Cl2 (111 mg, 0.157 mmol, 8 mol%), and K2CO3 

(818 mg, 5.92 mmol, 3.0 eq.), and purged with nitrogen. 

Toluene (21 mL), n-PrOH (21 mL), and demineralized water 

(5 mL) were added via septum. The reaction mixture was 

bubbled with nitrogen gas for 10 min, then heated to 90 °C 

and stirred for 3 h. The reaction mixture was diluted with water 

(15 mL) and extracted with chloroform (3 x 20 mL). 

The combined organic phases were collected, dried over anhydrous magnesium sulfate, filtered, 

and evaporated in vacuo. Flash chromatography (hexane:chloroform 90:10) afforded hexayne 

28 (1.93 g, 80 %) as a brown amorphous solid.  

1H NMR (400 MHz, CDCl3): δ 7.56 (d, J = 2.2, 2H), 7.50 (dd, J = 7.5, 1.6, 2H), 7.41 – 7.35 

(m, 2H), 7.29 – 6.99 (m, 26H), 2.33 (s, 6H), 0.95 (s, 42H) ppm. 

13C NMR (101 MHz, CDCl3): δ 143.2, 142.9, 142.6, 140.7, 138.4, 134.8, 133.0, 132.8, 132.3, 

131.4, 130.9, 130.2, 129.7, 129.5, 129.2, 128.4, 127.9, 127.74, 127.65, 127.41, 127.35, 125.4, 

125.3, 122.9, 122.0, 121.3, 120.4, 106.0, 94.8, 94.2, 93.1, 91.8, 88.4, 21.7, 18.7, 11.4 ppm.  

Cl

Cl
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IR (CHCl3): 3063 w, 3010 m, 2968 s, 2958 s, 2944 vs, 2924 s, 2891 m, 2865 vs, 2757 vw, 

2725 vw, 2216 vw, 2156 m, 1904 vw, 1597 w, 1585 w, 1565 vw, 1547 vw, 1512 m, 1494 m, 

1467 vs, 1446 m, 1405 w, 1389 w, 1383 w, 1366 w, 1290 w, 1182 w, 1161 w, 1113 w, 1104 w, 

1096 m, 1073 w, 1064 w, 1044 w, 1033 w, 1019 m, 996 m, 949 w, 919 w, 883 m,  858 w, 

843 m, 828 s, 819 s, 679 m, 662 m cm–1. 

MALDI MS: 1240 ([M+H]+), 1262 ([M+Na]+). 

HR MALDI MS: calculated for C86H81
35Cl2Si2 1239.5248, found 1239.5258; 

for C86H80
35Cl2Si2Na 1261.5068, found 1261.5083. 

 

2',3'-Bis({5-chloro-2'-[(4-methylphenyl)ethynyl]biphenyl-2-yl}ethynyl)-2,2''-

bis[(4-methylphenyl)ethynyl]-1,1':4',1''-terphenyl 17  

A Schlenk flask (solution A) was charged with hexayne 28 

(1.93 g, 1.56 mmol) and purged with nitrogen. It was dissolved 

in toluene (30 mL) and a THF solution of TBAF · 3H2O 

(1.0 M, 4.65 mL, 4.7 mmol, 3.0 eq.) was added dropwise 

via septum. After 20 min, TLC showed full conversion. 

Another Schlenk flask (solution B) was charged with 

Pd(PPh3)2Cl2 (55 mg, 0.078 mmol, 5 mol%), CuI (30 mg, 

0.16 mmol, 10 mol%), and 4-iodotoluene (814 mg, 

3.73 mmol, 2.4 eq.), and purged with nitrogen. DIPA (10 mL) 

and toluene (20 mL) were added and both solutions A and B were degassed using 

three freeze-thaw-pump cycles. Then, the solution A was cannulated dropwise to the solution 

B and stirred at room temperature for 20 h. The reaction mixture was filtered through a short 

plug of silica (toluene) and column chromatography (hexane:chloroform 65:35) afforded 

hexayne 17 (1.35 g, 78 %) as a brown-yellow amorphous solid.  

1H NMR (400 MHz, CDCl3): δ 7.62 – 7.53 (m, 4H), 7.44 (s, 2H), 7.36 – 7.27 (m, 6H), 

7.25 – 7.13 (m, 8H), 7.13 – 7.04 (m, 12H), 7.01 (td, J = 7.5, 1.2, 2H), 6.94 – 6.83 (m, 6H), 2.32 

(s, 6H), 2.25 (s, 6H) ppm. 

Cl

Cl
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13C NMR (101 MHz, CDCl3): δ 134.6, 132.3, 132.1, 131.4, 131.4, 131.0, 130.5, 130.1, 129.6, 

129.2, 129.0, 127.8, 127.71, 127.65, 127.4, 95.2, 93.4, 93.2, 91.9, 88.5, 88.5, 21.7, 21.6 ppm. 

IR (CHCl3): 3062 w, 3010 w, 2957 w, 2924 w, 2858 w, 2216 w, 1906 vw, 1597 w, 1584 w, 

1546 w, 1512 s, 1495 w, 1468 m, 1444 w, 1441 sh,w, 1406 w, 1392 w, 1262 vw, 1182 w, 

1162 vw, 1118 w, 1104 w, 1095 w, 1044 w, 1019 m, 948 w, 906 w, 890 w, 859 w, 834 w, 

819 vs, 655 vw, 541 w cm–1. 

MALDI MS: 1106 ([M]+). 

HR MALDI MS: calculated for C82H52
35Cl2 1106.3441, found 1106.3455. 

 

3,20-Dichloro-7,8,15,16-tetratolyl-tetrabenzo[f,l,r,x]nonahelicene 18 

A Schlenk flask was charged with hexayne 17 (1.38 g, 

1.25 mmol) and Ni(PPh3)2(CO)2 (478 mg, 0.747 mmol, 

60 mol%). Toluene (75 mL) was added, the reaction mixture was 

bubbled with nitrogen within 10 min and stirred at 140 °C for 

1.5 h. The solvent was evaporated and flash chromatography 

(cyclohexane:chloroform 70:30) afforded [9]helicene 18 

(560 mg, 41 %) as a brown crystalline solid.  

M.p.: 262 – 264 °C (pentane). 

1H NMR (400 MHz, CDCl3): δ 8.84 (s, 2H), 8.61 (dd, J = 8.2, 1.4, 2H), 8.44 (dd, J = 8.5, 1.3, 

2H), 8.27 (d, J = 2.2, 2H), 7.55 – 7.45 (m, 4H), 7.40 (dd, J = 8.6, 1.2, 2H), 7.33 (td, J = 8.1, 1.1, 

2H), 7.15 – 6.93 (m, 8H), 6.73 – 6.65 (m, 2H), 6.62 – 6.42 (m, 6H), 6.31 (dd, J = 8.6, 1.1, 2H), 

6.06 (ddd, J = 13.3, 7.7, 1.9, 4H), 5.96 (dd, J = 8.8, 2.1, 2H), 2.33 (s, 6H), 2.21 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ 140.1, 139.8, 139.0, 138.6, 135.5, 135.4, 133.8, 132.9, 132.0, 

130.9, 130.80, 130.76, 130.7, 130.5, 130.1, 129.91, 129.87, 129.7, 129.6, 129.5, 129.3, 129.1, 

128.8, 128.7, 128.5, 128.3, 128.2, 127.3, 126.6, 126.3, 125.7, 125.6, 125.4, 124.2, 122.3, 122.1, 

121.8, 121.3, 21.4, 21.3 ppm. 
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IR (CHCl3): 3084 m, 3052 m, 3005 s, 2925 s, 2867 m, 2854 m, 1950 vw, 1901 w, 1802 vw, 

1595 m, 1576 vw, 1560 w, 1511 vs, 1487 m, 1461 m, 1442 m, 1438 m, 1409 w, 1383 w, 1364 w, 

1308 w, 1264 w, 1157 w, 1118 m, 1112 m, 1095 w, 1057 w, 1022 m, 1001 w, 975 vw, 964 vw, 

947 w, 896 w, 860 w, 842 s, 827 s, 820 s, 643 w, 613 w, 543 m, 462 w cm–1. 

UV-Vis (CHCl3): λmax (log ε) = 264 (5.14), 314 nm (4.98). 

Fluorescence (CHCl3, λexc 350 nm): λmax (Ir) 516 nm (0.361). 

MALDI MS: 1106 ([M]+). 

HR MALDI MS: calculated for C82H52
35Cl2 1106.3441, found 1106.3457. 

 

3,20-Bis(acetylsulfanyl)-7,8,15,16-tetratolyl-tetrabenzo[f,l,r,x] nonahelicene 15 

A Schlenk flask was charged with degassed NMP (5 mL), sodium 

(311 mg, 13.5 mmol, 50.0 eq.), and DMDS (745 μL, 8.39 mmol, 

31.0 eq.) The mixture was sonicated to full dissolution of sodium. 

[9]helicene 18 (300 mg, 0.271 mmol) was added in degassed 

NMP (3 mL). The apparatus was attached to an emergency bleach 

bath. The reaction mixture was then refluxed in a metallic 

heatblock at 200 °C for 5 h. After that, the mixture was cooled down to 0 °C and AcCl (1.35 mL, 

19.0 mmol, 70.0 eq.) was added. The reaction mixture was stirred at room temperature for 1 h 

and then poured into an ice-filled separation funnel. After extraction with DCM (3 x 10 mL), 

the organic phases were collected, extracted with brine (3 x 30 mL), dried over anhydrous 

magnesium sulfate, filtered, and evaporated in vacuo. Flash chromatography 

(cyclohexane:DCM 60:40) yielded [9]helicene 15 (186 mg, 58 %) as a brown crystalline solid. 

Chiral resolution of [9]helicene 15 

[9]Helicene 15 (80 mg) was then separated into enantiomers using the semi-preparative HPLC 

column Amylose SA (250 x 20 mm, 5 m, mobile phase cyclohexane:toluene 90:10 + 1 % IPA, 

flow rate 1.0 mL/min). (+)-(P)-15 (26 mg, 26 %, 98 % ee, tR = 6.5 min) and (–)-(M)-15 (32 mg, 

32 %, 90 % ee, tR = 11.6 min) were obtained. Enantiomeric excess was measured using 
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the analytical HPLC column Amylose SA (250 x 4.6 mm, 5 µm, n-heptane:IPA 98:2, flow rate 

1.0 mL/min, tR,+ = 7.8 min, tR,– = 11.2 min). 

Optical Rotation (CHCl3): (+)-(P)-15 [α]20
D +1563° (>99 % ee; c = 0.280); (–)-(M)-15 [α]20

D 

–1377° (90 % ee; c = 0.284); (–)-(M)-15 [α]20
D –1530° (recalculated for 100 % ee; c = 0.284). 

M.p.: 181 – 183 °C (DCM:ACN). 

 

 

 

 

1H NMR (600 MHz, CDCl3): δ 8.83 (s, 2H, H-1); 8.61 (dd, J4,5 = 8.2, J4,6 = 1.4, 2H, H-4); 8.49 

(dd, J17,16 = 8.5, J17,15 = 1.3, 2H, H-17); 8.40 (d, J20,22 = 1.8, 2H, H-20); 7.47 – 7.50 (m, 4H, 

H-5, H-o-Tol-10); 7.36 (ddd, J16,17 = 8.5, J16,15 = 6.8, J16,14 = 1.3, 2H, H-16); 7.33 (dd, J7,6 = 8.5, 

J7,5 = 1.2, 2H, H-7); 7.23 (dd, Jm,o = 7.7, Jm,m = 2.0, 2H, H-m-Tol-10); 7.17 (dd, Jo,m = 7.7, 

Jo,o = 2.0, 2H, H-o-Tol-11); 6.95 – 6.99 (m, 4H, H-6, H-m-Tol-11); 6.68 (dd, Jm,o = 7.7, 

Jm,m = 2.0, 2H, H-m-Tol-10); 6.54 – 6.57 (m, 4H, H-15, H-m-Tol-11); 6.50 (d, J23,22 = 8.5, 2H, 

H-23); 6.33 (dd, J14,15 = 8.5, J14,16 = 1.3, 2H, H-14); 6.03 (dd, Jo,m = 7.7, Jo,o = 2.0, 2H, 

H-o-Tol-10); 6.01 (dd, Jo,m = 7.7, Jo,o = 2.0, 2H, H-o-Tol-11); 6.00 (dd, J22,23 = 8.5, J22,20 = 1.8, 

2H, H-22); 2.32 (s, 6H, CH3-Tol-10); 2.28 (s, 6H, CH3CO); 2.20 (s, 6H, CH3-Tol-11) ppm.  

13C NMR (151 MHz, CDCl3): δ 194.54 (CH3CO); 139.97 (C-i-Tol-10); 139.55 (C-i-Tol-11); 

138.89 (C-11); 138.69 (C-10); 135.30 (C-p-Tol-10); 135.26 (C-p-Tol-11); 133.52 

(CH-o-Tol-10); 132.87 (CH-o-Tol-11); 130.84 (C-3); 130.58 (CH-o-Tol-11); 130.45 (C-8); 

130.42 (C-24); 130.32 (C-2); 130.29 (C-27); 130.04 (C-19); 129.93 (C-18); 129.79 (CH-23); 

129.76 (CH-14); 129.65 (C-13); 129.62 (C-25); 129.45 (CH-o-Tol-10); 129.03 (C-12); 

128.94 (C-9); 128.88 (CH-7); 128.61, 128.67 (CH-m-Tol-10,11); 128.53 (CH-22); 127.98 

(CH-20); 127.79 (CH-m-Tol-10); 127.00 (CH-m-Tol-11); 126.33 (CH-5); 126.05 (CH-15); 

125.63 (C-26); 125.60 (CH-16); 125.10 (CH-6); 125.05 (C-21); 122.19 (CH-4); 121.85 (CH-1); 

121.67 (CH-17); 30.11 (CH3CO); 21.26 (CH3-Tol-10); 21.16 (CH3-Tol-11) ppm. 
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IR (CHCl3): 3085 w, 3051 w, 2959 m, 2926 vs, 2854 m, 1701 m, 1602 w, 1575 w, 1512 m, 

1487 w, 1461 m, 1449 sh, m, 1444 m, 1405 w, 1379 w, 1364 w, 1354 w, 1308 w, 

1262 m, 1159 w, 1130 sh, m, 1112 m, 1106 m, 1081 m, 1059 m, 1023 m, 1002 w, 949 w, 896 w, 

878 w, 864 w, 843 w, 829 m, 820 m, 614 m cm–1. 

UV-Vis (CHCl3): λmax (log ε) = 281 (5.38), 320 nm (5.26). 

Fluorescence (CHCl3, λexc 325 nm): λmax (Ir) 512 nm (1.02). 

MALDI MS: 1186 ([M]+). 

HR MALDI MS: calculated for C86H58O2S2 1186.3873, found 1186.3852. 

 

3,3'-Dichlorobiphenyl 3180 

A Schlenk flask was charged with boronic acid 32 (274 mg, 1.75 mmol), 

Pd(PPh3)2Cl2 (98.4 mg, 0.140 mmol, 8 mol%), and K2CO3 (727 mg, 5.26 mmol, 

3.0 eq.), and purged with nitrogen. Toluene (20 mL), n-PrOH (20 mL), 

demineralized water (1 mL), and 3-chloro-1-iodobenzene 30 (0.35 mL, 2.8 mmol, 

1.5 eq.) were added via septum. The reaction mixture was bubbled with nitrogen for 10 min, 

heated to 90 °C and stirred for 3 h. Then, it was diluted with water (15 mL), extracted with 

chloroform (20 mL). The combined organic phases were dried over anhydrous magnesium 

sulfate, filtered, and evaporated in vacuo. Flash chromatography (hexane) afforded biphenyl 31 

(231 mg, 59 %) as a colorless liquid. 

1H and 13C NMR spectra were in agreement with the published data.80 

 

S,S'-Biphenyl-3,3'-diyl diethanethioate 16 

A dry Schlenk flask was charged with freshly distilled NMP (14 mL), sodium 

(1.03 g, 44.8 mmol, 50.0 eq.), and DMDS (2.50 mL, 27.8 mmol, 31.0 eq.). 

The mixture was sonicated to full dissolution of sodium. Biphenyl 31 (200 mg, 

0.900 mmol) was added in degassed NMP (1 mL). The apparatus was attached to an emergency 

Cl

Cl

SAc

SAc
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bleach bath. The reaction mixture was stirred at 200 °C for 5 h. Once cooled down to 0 °C, 

AcCl (4.50 mL, 62.8 mmol, 70.0 eq.) was added. The reaction mixture was stirred at room 

temperature for 2 h and then poured into an ice-filled separation funnel for extraction with DCM 

(3 x 20 mL). The combined organic phases were extracted with brine (3 x 50 mL), dried over 

anhydrous magnesium sulfate, filtered, and evaporated in vacuo. Flash chromatography 

(cyclohexane:DCM 20:80 to 0:100) yielded biphenyl 16 (213 mg, 79 %) as an orange-brown 

crystalline solid. 

M.p.: 81 – 83 °C (DCM). 

1H NMR (400 MHz, CDCl3): δ 7.66 – 7.58 (m, 4H), 7.49 (td, J = 6.9, 1.6, 2H), 7.41 (dd, J = 7.6, 

1.5, 2H), 2.45 (s, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ 193.9, 141.4, 133.7, 133.3, 129.8, 128.7, 128.4, 30.4 ppm.  

IR (CHCl3): 3087 vw, 3062 vw, 3010 w, 2964 vw, 2927 vw, 1703 vs, 1589 w, 1560 w, 1483 vw, 

1464 w, 1424 w, 1390 w, 1383 w, 1354 w, 1300 vw, 1256 vw, 1125 m, 1117 m, 1103 m, 

1048 w, 1000 w, 952 m, 888 w, 694 m, 619 m, 524 vw, 435 w cm–1. 

UV-Vis (CHCl3): λmax (log ε) = 248 nm (4.78). 

ESI MS: 303 ([M+H]+). 

HR ESI MS: calculated for C16H15O2S2 303.0508, found 303.0507.  
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5.3 X-ray diffraction 

Table 1: Crystallographic data 

 

 

 

 

 

 

 

 

 

 

 

5.4 Solubility data 

Table 2: Solubility in mg/mL 

  

Compound 14 15 

Formula C48H34O2S2 C175H122O5S4 

Molecular weight 706.87 2432.96 

Crystal system triclinic monoclinic 

Space group P -1 C 1 2/c 1 

a [Å] 9.8013(3) 56.3854(12) 

b [Å] 13.5525(4) 11.5352(3) 

c [Å] 14.8891(5) 20.0932(4) 

α [°] 110.3300(10) 90 

β [°] 105.0110(10) 107.8120(10) 

γ [°] 93.6410(10) 90 

Cell Volume [Å3] 1765.36 12442.5(5) 

Z 2 4 

θmax [°] 27.50 70.1205 

Crystal shape tablet tablet 

Crystal color yellow yellow 

Dx [g cm-3] 1.330 1.299 

R-Factor [%] 3.94 5.53 

No. of parameters 496 867 

Compound acetone toluene DCM 

14 13 56 50 

33 0.30 1.6 11 
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5.6 Scanning tunneling microscopy-based break-junction device 

Single-molecular electrical conductance of the final [5]helicene 14, [9]helicene 15, 

biphenyl 16 and stilbene 34 was measured with a scanning tunneling microscopy-based 

break-junction device (Fig. 35) constructed by our group at the Institute of Organic Chemistry 

and Biochemistry of the Czech Academy of Sciences (IOCB Prague). The device was 

developed by Dr. Jaroslav Vacek, Dr. Jindřich Nejedlý, Dr. Ladislav Sieger, and Dr. Jana Vacek 

Chocholoušová (IOCB Prague) in collaboration with experts of fine mechanics engineering and 

electronics (Prof. Josef Zicha, Czech Technical University in Prague, Faculty of Mechanical 

Engineering; Prof. Karel Hoffmann, Czech Technical University in Prague, Faculty of 

Electrical Engineering; BMD a.s.). 

 

Fig. 35: STM-BJ current setup. 

During the measurements, the junction was broken at 5 Hz frequency and the data 

were collected at 50 kSa rate at bias voltage of 0.1 V. The electrical circuit with the stabilized 

voltage sources (STAB1,2), wave generators (WG), piezo actuators (PZT2, P602), 

and current-voltage converter (IVC) is shown in Fig. 36. The studied compounds were 
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measured in mesitylene solutions (10–4 M). The measurements were controlled in a software 

programed in LabView81 by Dr. Jindřich Nejedlý. The obtained data contained ten thousands 

of breaking curves and thus required statistical analysis. For this purpose, Fortran82 analyzing 

program written by Dr. Jaroslav Vacek (IOCB Prague) was used.  

 

Fig. 36: STM-BJ electrical circuit block scheme.  

 

Tips and cells preparation 

The tips were prepared from a high-purity gold wire (125 μm diameter, 99.99%) 

by electrochemical etching in a KI solution83 at 6 V potential to form a sharpened gold STM tip 

as is shown in Fig. 37a. The custom-made glass cells were covered with 200 nm 

of the high-purity gold (99.99%) in the process of the thermal evaporation in high vacuum     

(10–6 mBar, Fig. 37b). To enable gold deposition on glass, a 10 nm chromium adhesion 

interlayer was used. All metals were purchased from Goodfellow GmbH. 
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Fig. 37: a) Gold tip and b) glass cells used for STM-BJ experiments. 

5.7 Theoretical calculations 

The BJ experiments were modelled in silico using Non equilibrium Green's function 

(NEGF) approach84,85 using periodic semiempirical Slater–Koster tight-binding model as 

implemented in QuantumWise's Atomistix Toolkit.71,72,73 First, molecules were optimized 

at B3LYP/6-31G/GD3 level with Gaussian0966 ([5]helicene 14, and [9]helicene 15, 

biphenyl 16, stilbene 34). The resulting helicene structures were then placed between two 

gold(111) electrodes using the VNL graphical interface of QuantumWise. The gold-sulfur bond 

length was set to 2.66 Å74 and zero bias transmission spectrum, transmission pathways, 

and transmission eigenstates were then calculated by means of NEGF at semi-empirical DFTB 

level of theory.  

  

a)          b)
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6 Abbreviations 

Ac acetyl 

ACN acetonitrile 

AFM atomic force microscopy 

APCI atmospheric-pressure chemical ionization 

bp base pair 

BJ break-junction 

Bu butyl 

CISS chirality-induced spin selectivity 

COSY correlated spectroscopy 

CP-OLED circularly polarised organic light-emitting diodes  

d doublet 

DCM dichloromethane 

dd doublet of doublet 

ddd doublet of doublet of doublet 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DFT density functional theory 

DFTB density-functional based tight binding model 

DIPA  N,N-diisopropylamine 

DMDS dimethyl disulfide 

DNA deoxyribonucleic acid 

DOS density of states 

dsDNA double-stranded deoxyribonucleic acid 

ECD electron circular dichroism 

ee enantiomeric excess 

EI electron ionization 

EM-BJ electromigrated break-junction 

ESI electrospray ionization 

HR high resolution 

HMBC heteronuclear multiple bond correlation 

HOMO highest occupied molecular orbital 

HOPG highly oriented pyrolytic graphite 

HPLC high performance liquid chromatography 
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HSQC heteronuclear single quantum coherence 

IETS inelastic electron tunneling spectroscopy 

IPA isopropyl alcohol 

IR infrared spectroscopy 

LUMO lowest unoccupied molecular orbital 

m (IR) medium 

m (NMR) multiplet 

MC-BJ mechanically controlled break-junction 

mCP-AFM magnetic conductive probe atomic force microscopy 

M.p. melting point 

MS mass spectrometry 

MALDI matrix assisted laser desorption ionization 

NEGF non equilibrium Green’s function 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

Pr propyl 

RT room temperature 

s (IR) strong 

s (NMR) singlet 

sh shoulder 

SP spin polarization 

STM scanning tunneling microscopy 

t triplet 

TBAF tetrabutylammonium fluoride 

td triplet of doublet 

THF tetrahydrofuran 

TMSA trimethylsilyl acetylene 

TOF time of flight detector 

TIPS triisopropylsilyl 

TIPSA triisopropylsilyl acetylene 

TLC thin-layer chromatography 

Tol p-tolyl 

TU Technische Universität  

UHV ultra-high vacuum 
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vw very weak 

vvw very very weak 

w weak 
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