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A Computational Study of Potential Molecular 

Switches that Exploit Baird’s Rule on Excited 

State Aromaticity and Antiaromaticity 

H. Löfås,a B. O. Jahn,b J. Wärnå,a R. Emanuelsson,b  R. Ahuja,a,c A. Grigoriev,a 
and H. Ottossonb   

A series of tentative single-molecule conductance switches which could be triggered by light 

were examined by computational means using density functional theory (DFT) with non-

equilibrium Green’s functions (NEGF). The switches exploit the reversal in electron counting 

rules for aromaticity and antiaromaticity upon excitation from the electronic ground state (S0) to 

the lowest ππ* excited singlet and triplet states (S1 or T1), as described by Hückel’s and Baird’s 

rules, respectively. Four different switches and one antifuse were designed which rely on various 

photoreactions that either lead from the OFF to the ON states (switches 1, 2 and 4, and antifuse 

5) or from the ON to the OFF state (switch 3). The highest and lowest ideal calculated switching 

ratios are 1175 and 5, respectively, observed for switches 1 and 4. Increased thermal stability of 

the 1-ON isomer is achieved by benzannulation (switch 1B-OFF/ON). The effects of constrained 

electrode-electrode distances on activation energies for thermal hydrogen back-transfer from 1-

ON to 1-OFF and the relative energies of 1-ON and 1-OFF at constrained geometries were also 

studied. The switching ratio is strongly distance dependent as revealed for 1B-ON/OFF where it 

equals 711 and 148 when the ON and OFF isomers are calculated in electrode gaps with 

distances confined to either that of the OFF isomer or to that of the ON isomer, respectively. 

1 Introduction 

Molecules composed of a few dozens of atoms constitute the 
smallest objects that can be designed in an essentially unlimited 
number of versions and which also are stable at ambient 
conditions. For example, it has been estimated that 1040 
different molecules with sizes of a regular drug molecule can be 
designed based on the most common elements.1 Thus, the 
combination of molecular chemistry and electronics provides 
for an exceptional wealth of design possibilities for the smallest 
possible memory and logic devices that are of such high 
stabilities that they potentially can be used in everyday 
applications.2,3 The molecular switch is therefore a component 
that has received significant attention in the last decades, and a 
variety of different molecular switches have been reported,3-5 
activated with different kinds of external stimuli, such as light, 
force, heat, or as recently shown, the current running through a 
junction.6 Light is a particularly attractive stimuli due to its fast 
response time and compatibility with already existing 
experimental setups.4 The existing molecular switches can 
roughly be divided into two categories: isomerization 
switches,7-19 where the three-dimensional structure 
(connectivity, configuration, or conformation) of the molecular 

system is changed, or redox/polarization-switches,20-22 where 
the molecule (or part of it) takes up or looses an electron. Our 
tentative molecular switches, studied through quantum 
chemical calculations reported herein, fall into the first category 
and they could presumably be stimulated by light in one 
direction and by heat in the other.  
 A major drawback for some of the previously studied 
molecular switches, e.g., azobenzenes, is the fact that they 
change length during switching, making them unsuitable in 
solid state devices.8,7,11 Furthermore, isomerization switches 
should ideally have the ON state represented by a planar 
compound with a linearly conjugated path with maximal pπ-
orbital overlap. The compound representing the OFF state, on 
the other hand, should have a disruption in its π-conjugation, 
and such a disruption could be accomplished by a saturated 
molecular segment (structural isomerization) or by a large twist 
in the conjugated path (stereoisomerization), in the optimal 
case not changing the length. Furthermore, it should be possible 
to switch the molecule between the two states with external 
stimuli.  
 We argue that quantum chemical calculations should be 
efficient tools in the development of completely new classes of 
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molecular switch compounds. In the switch-design we exploit 
Baird’s rule as a qualitative guiding tool.23-25 This rule tells that 
the numbers of π-electrons needed for aromaticity and 
antiaromaticity, respectively, in the lowest ππ* excited singlet 
and triplet states (S1 and T1) of cyclic fully conjugated 
hydrocarbons (annulenes) are opposite to that of the electronic 
ground state (S0), described by Hückel’s rule.26-29 I.e., 
annulenes with 4n π-electrons are aromatic and those with 4n+2 
π-electrons are antiaromatic in the T1 and S1 states. This rule 
was derived by Colin Baird in 1972 through use of perturbation 
molecular orbital (PMO) theory.23 Since then it has been 
verified through a series of quantum chemical calculations 
using different aromaticity indices, and it has been shown to be 
valid also in the S1 state.30,31 Yet, it is very seldom applied in 
the design of optically and photochemically active 
compounds.24,25 
 Following Baird’s rule, compounds which are aromatic in 
S0 (e.g., benzene) become antiaromatic upon excitation. Thus, 
they change character from being exceptionally stable to 
become more reactive, and for this reason we recently 
described benzene as a molecular “Dr. Jekyll and Mr. Hyde”.25 
Indeed, the alleviation of the antiaromatic character of a 
benzene ring in its S1 and T1 states should be a driver for 
various photorearrangements in benzene derivatives, and this 
could be exploited for the identification of new compounds that 
may be applicable in single-molecule photoswitches. At this 
point it should be noted that our switch candidates either have 
essentially the same lengths in the ON and the OFF isomers, or 
they are conformationally highly flexible whereby only small 
energy penalties are needed for adjustment to electrode gaps 
that are not ideal for a specific isomer.  

 

 
Figure 1 The general shapes of the S0 and S1 potential energy surfaces and the 

expected influence of aromaticity, antiaromaticity and non-aromaticity at the 

various minima in the S0 and S1 states.  

  
 Two situations which are useful for molecular switches can 
be identified and that imply either decreased degree of 
antiaromaticity or increased degree of aromaticity along the 
reaction coordinates in both S1 and S0 (Figure 1). First are 
compounds which are S0 aromatic and S1 antiaromatic (Baird-
antiaromatic), and that as a result of the latter are prone to 

photorearrange to a non-aromatic isomer. The second class of 
compounds are nonaromatic in both their S0 and S1 states but 
can photorearrange so as to attain aromaticity in S1 (Baird-
aromaticity). After decay to S0 these species may rearrange 
back to the start upon regain in S0 aromaticity and/or reduction 
in S0 antiaromaticity. 

 
 
Scheme 1 Potential molecular conductance switches based on photochemical 

hydrogen shifts in which the S1 state antiaromaticity is diminished through the 

photoreaction. The benzene ring which is the core of the photorearrangement of 

the OFF-state is shown in red, and the ortho-xylylene fragments found in the ON-

states are shown in blue. 

Photorearrangements of benzene derivatives could be useful 
in the design of new optical conductance switches provided the 
switches can be tailored so that the rearrangements lead from 
low-conducting to more highly conducting isomers. 
Photoinduced hydrogen shifts could be attractive in this context 
because with properly designed switching compounds the 
reaction may lead to only small length differences between the 
ON- and the OFF-isomers (states), as earlier concluded by 
Benesch et. al..9 Additionally, if the hydrogen back-transfer is 
hampered by the immobilization between the electrodes to the 
extent that back-transfer to the starting isomer (state) does not 
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occur spontaneously at ambient temperatures then the isomer 
pair could represent a new molecular switch type.  

We have now investigated the transport properties of new 
types of tentative light-triggered molecular switches, where 
systems 1 and 2 are based on photochemical hydrogen-shifts 
(Scheme 1)32-35 and systems 3 and 4 exploit two different 
pericyclic photoreactions (Scheme 2).36-39 We also propose an 
"antifuse", 5, based on a double Norrish Type I reaction leading 
to a photodecarbonylation (Scheme 3).40 This optically 
activated “antifuse” is the opposite of a fuse as its electrically 
conductive path is opened when triggered by light of the 
appropriate wavelength. The general feature of switches 1, 2 
and the antifuse 5 is that the photoreactions induced by an S1 
antiaromatic benzene ring lead to molecular fragments of ortho-
xylylene type, providing for linearly π-conjugated paths 
through the molecules, and eliminated aromaticity in the S0 
state. This should lead to a particularly high conductivity, in 
line with recent findings on the conductivities of compounds in 
which the degree of aromaticity of the central unit could be 
varied.41 In the tentative switches 3 and 4 it is the gain in 
excited state 4nπ-electron aromaticity that drives the reactions 
forward.  
  

 
 
Scheme 2 Potential molecular conductance switches based on photochemical 

cycloadditon and electrocyclic ring-opening reactions in which the S1 state 

aromaticity is gained, in the case of 3 leading to a photocycloaddition. 

 
 At this point it should be noted that the presently reported 
switch candidates primarily represent templates for further 

design. Still, it should be remarked that all of these tentative 
switches are based on molecules and reactions that have been 
studied experimentally in other contexts.32-40 The 
photoreactions upon which the switch function in the specific 
candidates rely represent only a few of the reactions that likely 
can be used. Thus, the present investigation represents a start on 
the design of optical switches which exploit the opposite rules 
for aromaticity and antiaromaticity in the ground state vs. the 
lowest ππ* excited states. 
 

 

 
 
Scheme 3 A potential molecular antifuse based on Norrish Type I reaction in 

which S1 state antiaromaticity of the benzene ring marked red is diminished 

through photodecarbonylation leading to formation of an ortho-xylylene 

fragment marked in blue. 

   

2 Computational Methods 

The isolated molecules were first optimized by use of the 
B3LYP hybrid density functional theory with the 6-31G(d) 
valence double-zeta basis set.42-44 These calculations were 
performed with the Gaussian09 program package.45 The 
activation barriers for the thermal back-reactions were 
optimized without geometry constraints as well as at 
constrained S---S distances corresponding to those of either the 
ON or the OFF isomer.   
 The modelled device consists of three parts: left electrode, 
molecule, and right electrode. First, the relaxed molecular 
structures shown in Schemes 1 - 3 were inserted between two 
Au(111)-surfaces and relaxed with three gold layers on each 
side. To remove interactions between periodic images in the 
lateral dimensions, a 6×6 supercell (17.5 Å × 17.5 Å) was used. 
For transport calculations three more layers of gold are added 
on each side at experimental bulk positions. All relaxations are 
performed at the DFT-level with the SIESTA package46,47 and 
core electrons are modeled using Troullier-Martins48 soft norm-
conserving pseudo-potentials. The valence electrons are 
expanded in a basis set of local orbitals using a double-zeta plus 
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polarization orbitals (DZP) basis set for electrons in the 
molecule and a single-zeta plus polarization orbitals (SZP) 
basis set for electrons in the gold electrode. The GGA of 
Perdew-Burke-Ernzerhof was used for the exchange-correlation 
functional.49 Transport calculations were carried out from first 
principles with a method based on non-equilibrium Green’s 
functions (NEGF) combined with DFT as implemented in the 
TranSIESTA package.50 The zero-bias transmission, T = T(E), 
was calculated at the Fermi energy EF and sampled over a 
12×12 k||-mesh. 
 

3 Results and Discussion 

To analyze the switching behaviour in the reactions outlined in 
Schemes 1 - 3, we first calculated the electronic transport of the 
ON and OFF isomer pairs of the various switch candidates, 
attached to gold electrodes, in the framework of DFT-NEGF. In 
these first calculations the most extended conformations of the 
molecules were chosen. The zero-bias transmissions for the 
different compounds are shown in Figures 2, 4, 6, 8 and 9 
where each panel shows the transmission for the ON and the 
OFF isomers (states) for the different switch candidates. The 
results for the zero-bias conductance together with switching 
ratios (SR) at V = 0 and the length in the junction of the most 
extended conformation of the compounds (S---S distances) are 
collected in Table 1.  
 Subsequently, we analyze how realistic the switches are. In 
particular we examined (i) if the activation energies for thermal 
back-reactions are sufficiently high to allow the ON (or OFF) 
isomer to be persistent at ambient temperatures, and (ii) what 
effect constrained electrode-electrode distances have on the 
transport properties and SRs of the systems found to have the 
highest idealized SRs. We also explored further derivatisations 
of the switches which could lead to higher thermal stability of 
the ON as well as the OFF isomers. 
 

Table 1: Conductance characteristics of switches 

Compound Conductance a (G0) SR b S⋯S distance c 
 1-ON 3.4×10-4  

1175 
20.6 

1-OFF 2.9×10-4 20.7 
 2-ON 6.6×10-2  

548 
20.9 

2-OFF 1.2×10-4 20.8 

 3-ON 2.8×10-1  
47 

12.0 
3-OFF 6.1×10-3 11.7 
 4-ON 5.9×10-3  

5 
11.4 

4-OFF 1.1×10-3 12.2 

  5-ON 2.8×10-1  
623 

20.40 
cis-5-OFF 4.5×10-4 19.42 

trans-5-OFF 6.3×10-4 450 19.42 
a Conductance at zero bias (0 V). 
b

 Conductance ON/OFF switching ratio at zero bias (0 V). 
c

 Distance between thiol end-groups [Å].  

 

3.1  Switches based on photoinduced hydrogen-transfer 

Switch 1 is based on a photochemically induced antarafacial 
[1,5]-sigmatropic H-shift, and this reaction converts 1-OFF, 

having one saturated sp3 C atom and a cross-conjugated 
segment, into 1-ON having a linearly conjugated path spanning 
the complete molecule. For this switch there are large 
differences between the two isomers. For 1-OFF the HOMO-
level is positioned far from EF and there is a large antiresonance 
in the transmission function about 0.9 eV below EF. On the 
other hand, with the extended conjugation in 1-ON the HOMO 
shifts closer to EF and, at the same time, the HOMO-LUMO 
gap is decreased to give high transmission over the whole 
energy range considered in Figure 2.  
 

    
Figure 2: Transmission spectra (V = 0) for switch 1 shown in Scheme 1.  

 The differences for the HOMO and LUMO levels in the ON 
and OFF states are clearly seen in the plot of the spatial 
distribution of the density of states in the junction (see Figure 
3). For 1-OFF the HOMO-level is about 0.5 eV below EF and 
mostly localized to the two conjugated phenylethynyl segments 
with a very weak connection through the central part of the 
molecule. In contrast, the HOMO of 1-ON is shifted close to EF 
and it is delocalized over the complete molecule. Also, the 
LUMO level is now visible ~1 eV above EF. Thus, for 1 there is 
both a shift of the most conducting level closer to EF as well as 
a delocalization of the level over the complete molecule when 
going from the OFF to the ON-state. This has been shown 
earlier to give a high switching ratio,15 and this is also the case 
here as an idealized switching ratio of nearly twelve-hundred 
was calculated (Table 1). Noteworthy, the large anti-resonance 
in 1-OFF can be traced back to destructive interference 
introduced by cooperative effects of the cross-conjugated unit 
and the central S0-state aromatic benzene ring, seen as reversal 
of the local currents in this segment at the energy of the 
antiresonance (see the Supplementary Information). 
 The second switch based on an intramolecular hydrogen-
shift is 2. The 2-OFF isomer has a low conductance (Figure 4) 
which should be due to (i) the cross-conjugated connectivity 
around the carbonyl group, and (ii) the meta-substitution 
pattern around the S0 aromatic benzene ring. Similar as for 
switch 1, the benzene ring promotes a H-shift lowering the S1 
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antiaromaticity. This leads to a central (non-aromatic) ortho-
xylylene derivative 2-ON which has a linearly conjugated path 
between the two electrodes. The compounds have previously 
been studied experimentally, however, the corresponding ON-
state is a short-lived transient species.35 Thus, the usage of these 
or similar compounds in molecular switch applications need 
further tailoring. 
 

  

  
Figure 3 PDOS for 1-OFF and 1-ON. 

   The charge transport characteristic of 2 is very similar 
to that of 1. The overall conductances of both 2-OFF and 2-ON 
are lower compared to the corresponding isomers of 1, yet, it is 
known that meta-substituted benzene rings give lower 
transmissions.51,52 Similar as for 1, the aromatic ring in 2 which 
is meta-substituted together with the cross-conjugated segment 
around the carbonyl group lowers the transmission in 2-OFF 
significantly compared to the fully conjugated 2-ON.53,54 The 
2-OFF also has a deep antiresonance about 1 eV above EF 
introduced by interference in the meta-substituted benzene 
which leads to an even further decrease in the transmission at 
EF. Moreover, the lower conductance of 2-ON when compared 
to 1-ON can be explained by the cross-conjugated carbonyl 
moiety which reduces the number of linearly conjugated paths 
through the ortho-xylylene unit. This can be seen in Figure 5 

where the local currents in 1-ON and 2-ON are shown. For 1-
ON there are two well-conducting linearly conjugated paths 
through the central ortho-xylylene unit, one short butadiene 
path and one long octatetraene path. In contrast, the shorter path 
in 2-ON is disrupted by the cross-conjugated carbonyl segment 
and the current follows the longer conjugated path. Despite this, 
2 has a reasonably high switching ratio of approximately five-
hundred (Table 1). 
 

     
Figure 4: Transmission spectra (V = 0) for switch 2 shown in Scheme 1  

  

 

  
Figure 5: Local currents in 1-ON (top) and 2-ON (bottom), where the cross-

sectional area of the cylinder is proportional to the current density. Red currents 

represent positive transport direction, and blue currents represent negative 

direction. The currents are calculated at the Fermi energy ((μL+μR)/2), but a small 

positive bias voltage is assumed for computational purposes. For a full derivation 

see Okabayashi et. al.
55

 and Paulsson et. al..
56

 In order to become visible, the 

local currents in 2 is magnified with a factor two compared to 1. 
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3.2  Switches based on ring-closure/opening reactions 

Two different photochemical reactions that lead to/from cyclic 
(partially) saturated molecular segments were also examined as 
bases for tentative switches; (i) the [2+2] photocycloaddition 
leading from a norbornadiene to a quadricyclane, and (ii) a 
photochemical electrocyclic ring-opening leading from a 
bicyclo[4.2.0]octa-2,4,7-triene to a cyclooctatetraene. 
Noteworthy, while the photoreactions of 1, 2, 4 and 5 lead from 
an OFF state to an ON state, the photoreaction of 3 leads from 
the ON to the OFF state.  
 We first consider 3 which is based on the norbornadiene to 
quadricyclane photoisomerization. In 3-ON one of the C=C 
double bonds of the norbornadiene unit provides a conjugated 
path while the quadricyclane unit of the 3-OFF is a fully 
saturated hydrocarbon which ideally should disrupt the π-
conjugation. Noteworthy, the electron transfers through 
norbornadiene and quadricyclane moieties have been examined 
experimentally earlier through intervalence electron transfer 
studies using a bis(pentaamine-ruthenium(II)) complex of 
dicyanonorbornadiene.36,37 The effective coupling through the 
dicyanonorbornadiene ligand was determined to 0.023 eV, 
however, no intervalence transition could be found for the 
corresponding quadricyclane complex.  
 

   
Figure 6: Transmission spectra (V = 0) for the switch 3 shown in Scheme 2. 

 
 Here, the transmissions of 3-ON and 3-OFF show similar 
behaviours with broad peaks in the DOS from HOMOs close to 
EF, which give high transmissions for both isomers (Figure 6). 
The thermal cycloreversion which leads from 3-OFF to the 3-
ON shifts the HOMO level even closer to EF, making it almost 
resonant. Nonetheless, due to the high transmission of the OFF-
isomer this results in a moderate switching ratio of about fifty 
for the 3-ON/OFF isomer pair. The high transmission of 3-
OFF is possibly due to the two strained cyclopropane rings in 
the quadricyclane fragment providing bent bond orbitals which 
can overlap with the π-orbitals of the phenylethynyl arms. 
Indeed, when viewing the HOMOs of the isolated 3-ON and 3-

OFF (Figure 7, top), respectively, one can note that the central 
norbornadiene/ quadricyclane core contributes significantly in 
both cases and that the orbital energies differ by only 0.23 eV, 
in approximate agreement with the difference in the positions 
of the resonance transmission in Figure 6. The local currents at 
the Fermi level are also significant through the central 
quadricyclane moiety of 3-OFF (Figure 7, bottom) and 
increases as the energy is off-set.  

3-ON 3-OFF

εHOMO = -4.97 eV εHOMO = -5.20 eV  

 

 
Figure 7: (top) Orbital plots of the HOMOs of 3-OFF and 3-ON at B3LYP/6-31G(d) 

level with the central norbornadiene (3-ON) or quadricyclane (3-OFF), and the 

two adjacent ethynyl segments, encircled in red. The symmetry notations of the 

HOMOs are b (3-ON) and a (3-OFF), respectively, in the C2 point group. (Middle 

and bottom frames) Local currents in 3-ON (middle) and 3-ON (bottom), where 

the cross-sectional area of the cylinder is proportional to the current density. 

Red currents represent positive transport direction, and blue currents represent 

negative direction. The currents are calculated at the Fermi energy ((μL+μR)/2), 

but a small positive bias voltage is assumed for computational purposes. For a 

full derivation see Okabayashi et. al.
55

 and Paulsson et. al..
56

 In order to become 

visible, the local currents in 3-OFF is magnified by a factor 20 compared to 3-ON. 

  
 The next switch, 4, has a similar behavior to 3 with a broad 
DOS close to EF from the HOMO level (Figure 8), with a slight 
shift between 4-ON and 4-OFF. The introduction of the two 
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cyclic units in the bicyclo[4.2.0]octatri-2,4,7-ene moiety creates 
destructive interference in 4-OFF showing up as an 
antiresonance about 0.7 eV below EF. Here the interference can 
be traced back to a reversal of the currents in the four-
membered ring-segment including the central C-C single bond. 
The moderate conductance of 4-ON gives a very low ON/OFF 
ratio of merely five, and it is likely due to the poor conjugative 
pπ-overlap because of a puckered tub-shaped structure of the 
cyclooctatetraene ring. 
 

 
Figure 8: Transmission spectra (V = 0) for the switch 4 shown in Scheme 2. 

 

3.3  An antifuse based on photodecarbonylation 

The last compound pair considered, 5 (Scheme 3), is not a 
molecular switch but an antifuse. The 5-OFF and 5-ON 
compounds are also not isomers, and the photoreaction is 
irreversible as carbon monoxide leaves. Here, the OFF-state is a 
molecule with the current path disrupted by two sp3 hybridized 
C atoms. The photoinitiated decarbonylation leading to the 
conducting 5-ON state can be viewed as a result of (i) the 
double α-cleavage (Norrish Type I) of the C-C bonds adjacent 
to the carbonyl group, as well as (ii) a way for the S1 state 
benzene ring to alleviate its destabilizing antiaromaticity. The 
S1-antiaromatic character of the benzene ring presumably 
facilitates the decarbonylation. The linear conjugation 
introduced in 5-ON increases the transmission (Figure 9), and 
the result is very close to 1-ON, except that LUMO is shifted 
minutely closer to EF as a result of the cross-conjugated C=CH2 
instead of C=CHMe moiety.  
 Noteworthy, depending on whether one considers the cis- or 
the trans-isomer of 5-OFF, the ON/OFF ratio is either about 
six-hundred or four-hundred fifty. The cis-5-OFF isomer is the 
least conducting according to our calculations. However, the 
cis-5-OFF isomer is not suitable because when formation of 5-
ON in a junction with electrode-electrode distance constrained 
to the cis-5-OFF is studied computationally it becomes clear 
that a 5-ON isomer formed from cis-5-OFF would close 

instantaneously to a low-conducting benzocyclobutene moiety 
with two saturated (insulating) C atoms. 

3.4 Conclusions from transmissions at ideal situations 

Among the five switch/antifuse candidates investigated only 1, 
2 and 5 have sufficiently high SR, and these compounds were 
analyzed further. None of these are, however, perfect as a 
molecular switch because the ortho-xylylene isomers (1-ON, 2-
ON, and 5-ON) will most likely only be transient species. 
Immobilization between electrodes may decrease their potential 
to undergo dimerization reactions, however, may also facilitate 
the back-reactions to the corresponding OFF isomers. In 
addition, the experimental situation as such is complicated by a 
series of factors. The electrode-electrode distance is unclear, 
and the effects of stabilizing features in 1, 2 and 5 on the 
conductance are also rather unclear.  
 

   
Figure 9: Transmission spectra (V = 0) for the antifuse 5 shown in Scheme 3.  

 

3.5 Thermal interconversion processes 

The realization of the isomer pairs to operate as molecular 
switches relies on the existence of two stable isomers. As we 
want the switching process to progress by light in one direction 
and heat in the other there should also be energetic drive 
towards the starting isomer in the S0 state (OFF for 1, 2 and 4, 
and ON for 3). Thus, we first examined the activation barriers 
for the thermal back-rearrangements from 1-ON and 2-ON to 
1-OFF and 2-OFF, respectively. We also probed how to raise 
the activation barriers for these rearrangements above 120 
kJ/mol, which should lead to a stable isomer at ambient 
temperatures. In addition to the parent switch-pairs 1-ON/OFF 
and 2-ON/OFF we therefore examined modified switch-pairs 
with either benzannulation to the central rearranging moiety (1-
ON/OFF, Scheme 4) or with oxygen atoms exchanged to 
sulphur (2-ON/OFF). For a full list of the investigated switches 
see the Supplementary Information. One conclusion from these 
calculations is that the free energies of activation for the 
thermal hydrogen shift from 1-ON to 1-OFF can be modified 
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extensively; from 88.4 kJ/mol in 1-ON/OFF to 104.5 and 126.4 
kJ/mol in the switch pairs 1B-ON/OFF and 1C-ON/OFF, 
respectively, shown in Scheme 4. The corresponding transition 
state structure for the hydrogen shift from 1-OFF to 1-ON is 
displayed in Figure 10, top panel. 
 In contrast, the barriers for the hydrogen back-transfers in 
all derivatives of 2-ON/OFF switches are too low (within the 
range 17.8 – 57.5 kJ/mol). Also, the transition state structures 
correspond to rotation about the C-O bond to the hydroxyl 
group rather than a shift of the H atom (Figure 10, bottom). The 
only substitution which has a substantial effect is the exchange 
of the hydroxyl group of 2-ON/OFF to a methyl group and 
exchange of the carbonyl group to a vinyl group because this 
leads to an ON state with a significantly higher activation 
barrier for hydrogen back-transfer (~80 kJ/mol). However, this 
is still lower than our desired barrier height. Interestingly, and 
in contrast to the observation for 1B-ON/OFF and 1C-

ON/OFF, further benzannulation lowered the barrier. For that 
reason focus in the next is placed exclusively on derivatives of 
1-ON/OFF.  
 

HH Mehν

∆

1B-OFF 1B-ON

HH Me
hν

∆

1C-OFF 1C-ON  
 
Scheme 4 The modified switches of type 1-ON/OFF with benzannulation to 

increase the thermal stabilities of the OFF-isomers (states).  

 
 Furthermore, the restriction with fixed electrode-electrode 
distances will also influence the activation barriers for the 
hydrogen back-transfer reactions. Yet, rather than regarding the 
complete set of the various derivatives of switches we 
considered the change in the activation energy of switch 1-
ON/OFF at electrode-electrode distances which are optimal 
either for the ON isomer or for the OFF-isomer (Figure 10, 
middle structures). When the S---S distance is kept at the 
optimal OFF distance (17.191 Å) then ∆G‡(298 K) = 116.2 
kJ/mol, while at the optimal ON-distance (20.303 Å) ∆G‡(298 
K) = 145.1 kJ/mol. The lower activation energy for the shorter 
constrained S---S distance is in line with Hammond’s postulate 
as this transition state structure is more OFF-like, and thus, 
lower in relative energy than the more ON-like transition state 
structure at more extended S---S distances. The energy needed 

to adjust 1-OFF to an S---S distance corresponding to that of 
the ON-isomer is merely 3.5 kJ/mol. Hence, the procedure in a 
tentative experiment should be to insert 1-OFF into an 
electrode gap which is larger by ~3 Å than the length of 1-OFF 
at its most stable conformer. 
 The energy of 1-ON relative to that of 1-OFF is 42.3 
kJ/mol at the optimal S---S ON distance but just 5.5 kJ/mol at 
the optimal OFF distance. Again, it is apparent that it is ideal to 
keep the 1-ON/OFF at the S---S distance of the ON isomer as 
this creates the largest energetic drive for return to the OFF 
isomer in the S0 state. 
 

 

 

    
Figure 10: Transition state structures for thermal hydrogen back-transfer from 1-

ON to 1-OFF, and from 2-ON to 2-OFF. Calculations at B3LYP/6-31G(d) level.  
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3.6 Effects on transport upon derivatization and electrode-

electrode distance variation 

Since both the 1-ON and 1-OFF, as well as the corresponding 
isomers of 1B and 1C, are conformationally flexible they 
should potentially be able to fit into electrode-electrode gaps 
which have slightly different gap distances than ideal for a 
certain isomer. Here we particularly examined switch 1B-
ON/OFF as this should have higher thermal stability of the ON 
isomer than the parent 1-ON/OFF switch (activation energies 
for hydrogen back-transfer is 104.5 kJ/mol). For this switch the 
∆H(298K) needed to compress 1B-ON to the S---S distance of 
1B-OFF is 6.8 kJ/mol, and the ∆H(298K) to elongate 1B-OFF 
to that of 1B-ON is 11.4 kJ/mol. We also examined the 
transport properties of 1B-ON and 1B-OFF when confined to 
electrode gaps ideal for either the ON or the OFF isomer 
(Figure 11). From these computations it becomes clear that the 
transmission at zero-bias voltage of the OFF isomer is more 
geometry-dependent than the transmission of the ON isomer. 
The zero-bias transmissions of both the ON and OFF isomers 
are highest when the isomers are kept at lengths which are ideal 
for the opposite isomer, and these transmissions are higher by 
factors 1.4 and 3.4, respectively, than when the isomers are kept 
at their optimal lengths. A high switching ratio is clearly 
possible for 1B-ON/OFF when kept at the OFF-distance (SR = 
711) while that at the ON-distance is moderate (SR = 148). 
Here a comparison to other optically activated molecular 
conductance switches should be made. A class of switches 
which has been examined both experimentally and 
computationally is various diarylethene switches.10-15,18,19 The 
experimentally determined single-molecule switching ratios for 
various derivatives are found in the range 6 – 300,13,15 and the 
calculated ones vary from negligible to a few hundreds.18,19 
Thus, 1B-ON/OFF displays a high ratio which should motivate 
future experimental investigations. Yet, the SR is still far below 
that of the recent dimethyl-hydropyrene/cyclophanediene 
(DHP/CPD) studied experimentally by Royal, Wandlowski and 
co-workers and which have SR > 104.17  
 Indeed, it should be noted that the DHP/CPD switch can be 
turned photochemically in both directions, and both processes 
can be rationalized by an alleviation of excited state 
antiaromaticity.25 In the OFF→ON state by alleviation of 14π-
electron S1 antiaromaticity and in the ON→OFF state by 
alleviation of the 6π-electron S1 antiaromaticity of the two 
benzene rings.  
 

 
Figure 11: Transmissions through 1B-OFF and 1B-ON at electrode-electrode 

distances which are optimal for (A) 1B-OFF and (B) 1B-ON.  

 

Conclusions and Outlook 

Aromaticity and antiaromaticity effects in the lowest ππ* 
excited singlet or triplet states (S1 and T1) of fully conjugated 
carbocycles, as given by Baird’s rule (aromaticity 
(antiaromaticity): 4n (4n+2) π-electrons), can be applied for the 
design of new classes of photochemically triggered molecular 
conductance switches. The tendency of an excited state 
antiaromatic benzene ring to rearrange its substituent pattern so 
as to break the cyclic π-conjugation into an acyclic linearly π-
conjugated ortho-xylylene, or a heteroderivative, is exploited in 
the first two switches, 1 and 2, as well as in the antifuse 5. 
These systems display calculated ideal ON/OFF switching 
ratios in the range 550 - 1175. This is, however, the maximal 
switching ratio, and lower ratios are to be expected as the 
molecules when in a junction presumably will adopt 
conformations with reduced pπ-overlap and thus weaker π-
conjugation in the ON isomer (state). For this reason we 
analyzed the transmission of a benzannulated derivative of 
switch 1 (1B-ON/OFF), and found that particularly the 
transmission of the OFF isomer was strongly dependent on 
geometry.  
 We also investigated two tentative molecular switches 
where we exploit the favourable involvement of excited state 
aromatic 4nπ-electron cycles. Such cycles are formed during 
the photochemical [2+2] cycloaddition of norbornadiene to 
quadricyclane, leading from 3-ON to 3-OFF, and in 
photochemical retrocyclizations of bicyclo[4.2.0]octa-2,4,7-
triene to cyclooctatetrane, leading from 4-OFF to 4-ON. In 
both of these switches the OFF state has two saturated sp3 
carbon atoms which are converted to sp2 hybridized C atoms, 
however, it should be noted that the photorearrangements lead 
from the ON to the OFF state in the first switch and from the 
OFF to the ON state in the second one. Still, neither 3 nor 4 
possess high ON/OFF ratios.  
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 To conclude, molecular switches of type 1-ON/OFF should 
be particularly interesting for experiments. Such experimental 
studies should resolve both the photophysical and 
photochemical properties of the molecular switches, the thermal 
stabilities, and the charge transport characteristics.  
 Although this present investigation is exclusively 
computational, some general guidelines can be drawn based on 
our findings. Besides the fact that rearrangements leading from 
isomers that contain cross-conjugated and/or saturated 
molecular segments to isomers with linearly conjugated paths 
are desirable a few additional generalizations can also be made. 
Saturated cyclopropyl units bridging two π-conjugated 
segments may only be saturated in a formal sense as the local 
Walsh orbitals of the cyclopropyl groups can interact with the 
π-orbitals of the unsaturated segments. Moreover, large 
annulene moieties, e.g., a cyclooctatetraene unit, which pucker 
should be avoided in the ON state for the apparent reason that 
the π-conjugation through such units is weakened. Finally, it 
could be desirable if the OFF isomer is conformationally 
flexible, as in 1-OFF, so that it can adjust to an electrode-
electrode gap with some variation in the gap distance with only 
a small energy penalty.   
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