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Symmetry as a new element to control molecular
switches¥}

Luca Schweighauser,® Daniel Haussinger,” Markus Neuburger® and
Hermann A. Wegner*?®

The isomerization properties of an azocarbazole macrocycle in solution were investigated utilizing NMR
spectroscopy with in situ irradiation in combination with DFT calculations. It was demonstrated that the
position of azo units in a rigid macrocyclic system influences the photoisomerization pathway even if the
initial all-E isomer is highly symmetric. Furthermore, the effect of ring strain on lowering the rates of
thermal isomerization was demonstrated and a mechanism via an inversion—-rotation proposed. The
herein presented results and methods give new insights into the general nature of the azobenzene unit. In
particular we illustrate the effect of symmetry changes due to macrocyclic arrangement on the photo-
chemical and thermal isomerization properties, which will stimulate future development towards multin-

www.rsc.org/obc ary molecular switches.

Introduction

Controlling the structure at the molecular level in a defined
and reversible way promises tremendous opportunities in the
area of molecular materials, for example as data storage
devices,'™ sensors® or molecular machines,”® but also for life
science applications.” ™" Especially light induced molecular
switches have gained huge attention during the last decade
due to their fast, selective and reversible switching
properties.”>*  Well-known scaffolds are for example
diarylethenes,">™"” spiropyrans'®'® or azobenzenes.>° The
latter have emerged from classical dyes and have become
powerful molecular switches due to their ability to alter the
geometry by photochemical or thermal isomerization.**" In
most cases this switch works without any degradation, which
makes azo chemistry a high potential approach to introduce
mechanical movement into molecular systems.*’**> Two
mechanisms for this geometrical change were usually dis-
cussed in the past: planar inversion or a rotation around the
N-N double bond.***° Inversion was described to be the pre-
ferred mode for strained systems. Recently, additional path-
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ways such as concerted inversion or inversion-assisted rotation
were reported.*’

However, the light induced Z isomer of azobenzene can be
rather unstable because it undergoes thermal back isomeriza-
tion to the thermodynamically more stable E isomer. An
effective approach is the incorporation of azobenzenes into
macrocyclic scaffolds,* which can have a dramatic influence
on the switching properties due to the stabilization of the
Z isomers by ring strain. In general, shape-persistent macro-
cycles** were found to have a wide range of applications such
as self-assembly on surfaces*>** or self-aggregation into supra-
molecular channels.*>*® In addition, macrocyclization offers
the possibility to assemble multiple azo units to access several
different states in one molecule. The strain induced in the
switching process should also allow the differentiation of
these states. Such macrocyclic arrangements can be of high
interest in the field of molecular computing opening a new
chapter in azobenzene chemistry. The design of macrocyclic
oligo-azobenzenes offers special challenges because additional
parameters besides ring strain and the number of azo moieties
influence the isomerization properties. Such factors are, for
instance, the rigidity and substitution of linkers connecting
the azo units, the symmetry of the macrocycle or the degree of
conjugation (Scheme 1).

Various questions concerning the effect of ring strain, the
interaction between different azo units and the isomerization
pathways of macrocyclic systems are still not fully answered.
Rigid macrocyclic oligo-azo compounds with more than three
azo units were not precisely studied in the past. Examples of
studies on macrocyclic systems with four azo units connected
by alkyl linkers were reported e.g. by the group of Tamaoki.*”>°
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Scheme 1 Parameters for the design of macrocyclic azobenzenes
influencing their isomerization properties to construct multinary mole-
cular switches.

Rigid tetraazo systems are highly interesting, as they should
allow a differentiation of azo units by symmetry, although the
initial all-E isomer is highly symmetric. Due to the fact that
after one azo unit is isomerized to the Z isomer, the second
switching process can take place either on the opposite entity
or just nearby (Scheme 2). Thus, two different isomers are
formed after the second isomerization displaying different
symmetry properties. A preference is, however, expected.
Hence, complex systems with four incorporated azo units
should allow the construction of multinary switches selecting
certain states simply by exploiting symmetry considerations
and their consequences.

Systems with multiple azo units pose demanding analytical
challenges due to the formation of complicated mixtures after
irradiation. These mixtures contain numerous isomers with
various symmetries. Therefore, general and simple to apply
methods are necessary to cope with these issues in order to
support the development towards multinary molecular
switches for highly sophisticated applications

Among others, the groups of Rau,”" Tamaoki, Mayor®®
and our group®® have shown that in macrocycles containing
two or three azo units (Fig. 1) the rate of thermal isomerization
was dependent on the ring strain of the specific isomer. On
the other hand, for instance the group of Feringa®” demon-
strated isolated and, therefore, independent thermal isomeri-

52-54

a)
E E E
A\ A O :
— — =
= 1= - = = 4 ZOZ

b)

E =
D
E E

Qi a0

Z

Scheme 2 (a) Symmetrically substituted azo trimer: only one isomer is
possible after two units are isomerized; (b) symmetrically substituted
azo tetramer: two isomers are possible after the second isomerization.
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Fig. 1 Oligoazobenzenes containing two or three azo units by Rau,
Mayor, Tamaoki, Feringa and our group. Nevertheless, none of the
systems allowed the differentiation of identical substituted azo units
only by changes of symmetry induced through the cyclic arrangement.

zation of different azo units in case of linear multi-azo
compounds.

On this account we designed a macrocycle composed of
four azo and four carbazole units (Fig. 2). The carbazole moi-
eties were substituted with alkyl chains for better solubility.
Hecht and co-workers investigated the influence of electronic
conjugation on the switching behaviour of two linear para-
benzene-connected azo units.”® They described a large
improvement of the photochemical isomerization properties
by decreasing the electronic conjugation. Electronic decou-
pling led to a separation of the absorption spectra of the
involved states and to a large increase of the Z-content in the
mixture after irradiation with a specific wavelength. This dis-
covery was taken into consideration for the design of tetraazo-
carbazole macrocycle 7. Our group has already reported its
synthesis and reversible protonation properties in chlorinated
solvents under UV-light irradiation earlier.””

The structure of macrocycle 7 offered the opportunity to
analyse a demanding multinary switch, the interaction of
different identically substituted azo units, the effect of ring
strain and the thermal isomerization mechanism in strained

R R

N
/, /7
N/ ! N

O O

=4

N

(R=C12H2s)

Fig. 2 Structure of macrocycle 7.
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systems. Insights into these effects will give a better under-
standing of the still debated mechanism of isomerization of
azobenzenes. Herein, we present an extensive study on the
solid-state structure, the isomerization properties and the reac-
tion pathway by using X-ray crystallography, NMR spectroscopy
and computational methods.

Results and discussion
X-Ray crystallography

Crystallographic investigations give important information
about macrocyclic systems in the solid state, for example,
about the influence of long alkyl chains on solid-state packing.
Nevertheless, only a few reports on X-ray data of such mole-
cules exist in the literature due to large difficulties in crystalli-
zation and disordering. In addition, volatile solvents often
crystallize into the cavities formed by large macrocycles
leading to decomposition of crystals before analysis.®® The all-
E isomer of macrocycle 7 was crystallized by slow evaporation
of the solvent from a chloroform/benzene solution. The
product crystallized in the monoclinic crystal system in space
group P2,/n. In the crystal packing the alkyl chains were orga-
nized in an alternating way and build a layer between the
macrocycles resulting in a “zigzag” pattern (Fig. 3). Moore
et al. reported a similar effect for carbazole-ethynylene macro-
cycles.®! The macrocycle deviates slightly from planarity. The
smallest diameter of the ring measured between two azo units

View Article Online

Paper

was 10.8 A and 16.6 A between the carbazole nitrogen atoms.
The distance between the alkyl chains and the macrocyle was
3.6 A, hinting at a significant interaction of those. Due to the
alternating alkyl chains positioned above and below each
macrocycle the smallest distance between two rings was 7.2 A.
From C9 onwards the alkyl chains were slightly disordered and
curved. Solvent molecules did not crystallize inside the macro-
cycle cavities; the curved alkyl chains filled the space instead.
Benzene molecules crystallized in the packing outside the
macrocycles.

NMR spectroscopy

Solutions of macrocycle 7 in CDCl; showed a significant high
field shift of the aromatic signals in the "H-NMR spectrum
with increasing concentration of the sample (Fig. 4), which
can be explained by aggregation via stacking. This stacking be-
haviour was evidence for a high organization of macrocycle 7
not only in the solid state but also in solution. It has been
shown before that oligo-azobenzene macrocycles are able to
change the strength of aggregation reversibly by light.®3®*

UV/VIS spectroscopy

The absorption spectrum of the initial all-E isomer of macro-
cycle 7 showed a broad absorbance with a maximum at
422 nm. As we have already reported earlier, irradiation with
UV-light at 302 nm in chlorinated solvents led to a reversible
protonation and was accompanied by a strong colour
change.”® These protonation properties made macrocycle 7

Fig. 3

(a) X-ray structure of the all-E isomer of macrocycle 7; (b) representation of the alternating alkyl chains; (c) layers of alkyl chains are sand-

wiched between the macrocycles; (d) the alkyl chains fill the space inside the macrocycle cavities (ORTEP, ellipsoids drawn at the 50% probability

level; hydrogen atoms and solvent have been omitted for clarity).

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Aggregation in solution was represented by a concentration
dependent shift in the *H-NMR spectrum (in CDCls, 25 °C). The dis-
played NMR signal appears as a doublet due to 4Jy-coupling.®?

suitable for application as a molecular logic gate but hindered
almost the entire isomerization process. Therefore, irradiation
with light at the absorption maximum to analyse the switching
properties was conducted in THF.

Upon irradiation with light at 424 nm the absorption
maximum decreased but the development of a new absorption
band was not monitored (Fig. 5). This observation was ration-
alized by the explanation that the absorption maxima of the
generated isomers are very close to the maximum of the all-E
isomer. Thus, all isomers were irradiated at the same time
leading to a photostationary state consisting of a mixture of
isomers.

NMR isomerization studies

NMR spectroscopy was found to be the preferred experimental
method to get a deep insight into the isomerization of
complex multi-azo compounds as it gives precise structural
information in solution. Nevertheless, access to the sample
and, therefore, the possibilities for performing manipulations
such as irradiation during measurements is limited due to the
technical set-up of an NMR machine. In addition, time-con-
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Fig. 5 Absorption spectrum of macrocycle 7 in THF when irradiated
with light at 424 nm over different time periods.
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suming NMR experiments make analysis of labile states and
compounds challenging.

The initial thermodynamic stable all-E isomer of macro-
cycle 7 showed the expected highly symmetric "H-NMR spec-
trum with three signals in the aromatic region. Upon
irradiation with light at 424 nm a complex mixture of different
isomers with various symmetries was formed, making assign-
ment by simple one-dimensional 'H-NMR spectroscopy
impossible. For a complete assignment of all proton signals
two-dimensional NMR experiments in the thermally unstable
photostationary state as well as knowledge of the isomeric
composition at any time of the process were necessary. For
that reason a method had to be developed to keep macrocycle
7 in the photostationary state for several hours within the
NMR spectrometer. Analysis via isolation or separation by e.g.
HPLC was deliberately not applied, as the larger time frame
required might distort the measurement.

A monochromator designed for fluorescence microscopy
fitted with an optical fibre was attached to the spectrometer.
The end of the optical fibre was adjusted to be just in contact
with the sample solution in order to minimize photon losses,
but without deteriorating the homogeneity of the magnetic
field. This experimental setting allowed to record NMR
spectra while the sample was irradiated without the need for
special laser equipment (Fig. 6a).®® The drawback of using this
light source was the relatively weak irradiation intensity.
Therefore, the concentration of the sample was reduced to
125 pM to achieve sufficiently high isomerization. This modifi-
cation also reduced the formation of aggregates in solution
drastically.

Under these conditions two-dimensional ROESY, COSY and
long-range COSY (optimized to a delay of 100 ms for aromatic
Yu-coupling) NMR experiments were conducted enabling to
assign which signals relate to which carbazole unit. This way it
could also be determined which carbazole units were sym-
metric and which non-symmetric. However, it did not allow
assigning which carbazole units are connected. This infor-
mation was determined by comparing the rates of appearance
of the different signals in 'H-NMR experiments upon
irradiation as well as the rates of thermal back isomerization
to the all-E isomer (Fig. 7). Combination of all this information
allowed assigning the isolated carbazole spin systems to the
different isomers. Determining the symmetries of all six poss-
ible isomers with molecular models finally enabled the charac-
terization of the observed isomers (Fig. 6b).

The 125 pM solution of macrocycle 7 in THF reached the
photostationary state (pss) after 73 min when irradiated with
light at 424 nm. Five of six possible isomers could be identi-
fied. Only the all-Z isomer was not observed or insufficient
quantities were in the sample to be detected. The mixture at
the photostationary state contained mainly the (E,E,E,Z) (49%),
the initial all-E (21%) and the (E,E,Z,Z) (19%) isomers (Fig. 8).
The (E,Z,E,Z) (7.2%) and the (E,Z,Z,Z) (4.0%) were detected in
minor quantities. Increasing the temperature to 50 °C resulted
in a much higher ratio of the all-E isomer in the photostation-
ary state but in less quantities of the (E,E,E,Z) (32%), the

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Experimental set-up to perform NMR experiments while the sample was irradiated; (b) aromatic region of the *H-NMR spectrum and
assignment of the aromatic signals of macrocycle 7 after irradiation with light at 424 nm in THF-dg.
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all-E isomer under exclusion of light in THF-dsg.

(E,E,Z,Z) (4%) and the (E,Z,Z,Z) (1.7%) isomers. Remarkably,
the ratio of the (E,Z,E,Z) (6.8%) has remained almost
unchanged.

Various isomers formed upon irradiation with very different
rates. The rate decreased in general with increasing the
number of azo units, which were isomerized from E to Z
(Fig. 9a). All four isomers reached the photostationary state at
the same time with a continuously increasing ratio (Fig. 9b).
There was no accumulation of one specific isomer observed
and only the all-E isomer concentration decreased during the
irradiation process. As the photochemical isomerization
follows a step-by-step pathway, which means that the isomers
develop one upon the other, this observation illustrated that
all isomers absorbed within the irradiated wavelength promot-

This journal is © The Royal Society of Chemistry 2014
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(a) Formation of the different isomers upon irradiation with light at 424 nm in THF-dg; (b) thermal back reaction to the thermodynamic stable

ing a photochemical isomerization not only from E to Z but
also from Z to E.

Interestingly, there were only small amounts of the (E,Z,E,Z)
isomer in the mixture after irradiation, which showed that
(E,E,Z,Z) was favoured in the photostationary state. Tamaoki
and co-workers observed also a preference of 2:1 for the
(E,E,Z,Z) isomer.*” However, in their case this ratio was con-
stant under all investigated conditions. Therefore, the pre-
ferred formation of the (E,E,Z,Z) isomer was rationalized by
statistical reasons as there are two possibilities to form the
(E,E,Z,Z) isomer compared to only one for the (E,Z,E,Z) isomer.
For compound 7 the ratio measured (1:2.64 at 25 °C) and the
dramatic change by increasing temperature (1:0.59 at 55 °C)
show clearly that the ratio of isomerization between the (E,Z,E,Z)

Org. Biomol Chem., 2014, 12, 3371-3379 | 3375
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and the (E,E,Z,Z) isomer is not only controlled by statistics.
Although conjugation is limited in the ground state, due to the
meta-connection of the parent azobenzene subunits, this be-
haviour can change in the excited state (Baird’s rules). Hence,
symmetry arguments, which play a major role in photochemi-
cal processes, should be observable. Kuhn showed already in
1949 that the absorption of symmetric compounds differs
from asymmetric ones (in the example of polymethine dyes),
which can be taken as a reference for the above formulated
reasoning.®®

In addition, according to the photochemical NMR experi-
ments it could be assumed that the different rates of (E,Z,E,Z)
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and (E,E,Z,Z) formation under irradiation were based on
thermal stability of the specific isomers. Nevertheless, the
thermal isomerization study showed that this explanation was
not accurate. Although both isomers have two azo units in Z
configuration, it is proposed that the different macrocyclic
symmetries were allowing a photochemical differentiation
between the (E,E,Z,Z) and the (E,Z,E,Z) isomer. Therefore,
varying isomerization rates presumably depend on different
quantum yields as well as slight changes in the absorption
maxima. This discovery indicates that symmetry differences
induced by the macrocyclic arrangement also lead to differen-
tiation of states.

Looking at the thermal isomerization back to the initial all-
E isomer, the rates were not in relation to the number of azo
units in Z configuration (Fig. 9c). The (E,Z,E,Z) isomer
appeared to have the highest and the (E,E,Z,Z) the lowest
thermal stability (Fig. 9d). This observation illustrated the
strong influence of ring strain on thermal isomerization.

Calculations

In order to get a deeper insight into the thermal isomerization
and the thermal stabilities of the different isomers, it was
important to know the activation enthalpies and free energies
of activation for the formation of each isomer. For that reason
the complete thermal isomerization pathway was calculated by
DFT-calculations.®”” With these insights calculations can be
applied as a powerful tool for the design of new macrocyclic
oligo-azobenzenes and potentially predicting their (thermal)
isomerization behaviour. DFT-calculations were conducted for

b) 100 r ~ o pss
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20

o
0o 10 20 30 40 50 60
t/min

*(EZE2) x(EZZ2)

(a) A solution of macrocycle 7 in THF-dg upon irradiation of light at 424 nm; (b) development of the photostationary state (pss) upon

irradiation with light at 424 nm; (c) thermal isomerization back to the all-E isomer in THF-dg at 25 °C under exclusion of light; (d) relative decrease of

the different Z-containing isomers after stopping irradiation.
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the electronic ground state on the B3LYP level with a 6-311G(d,
p) basis set. Hence, the calculations were accurate for the
thermal isomerization pathway while the process induced by
photoexcitation occurs on a different potential energy surface.

The determined transition states were close to the expected
linear N-N-C conformation for strained systems indicating a
thermal isomerization from Z to E via an inversion. However,
the transition state deviates from linearity due to necessary
rotation because of the macrocyclic structure.

The mechanism can be studied for example by looking at
the isomerization from three dimensional (E,E,E,Z) to the
planar all-E isomer. An exclusively inversion type mechanism
would not allow rotation of the carbazole units into a planar
structure. Therefore, a mixed mechanism with inversion and

(EEE2) - all-£

Fig. 10 Isomerization via an inversion—rotation mechanism.
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rotation is suggested for thermal isomerization (Fig. 10). The
dihedral angle (C-N-N-C) and one of the C-N-N angles
changed during the isomerization process, whereas the second
C-N-N angle remained almost constant (Fig. 11).

The calculated kinetic parameters represent the effect of
ring strain on the stabilization of Z-isomers (Table 1). The
linear 9,9-methyl-3-azocarbazole was reported to have a rate
constant of k = 3.71 x 107> s™! and the linear 9,9-ethyl-3-azo-
carbazole k = 4.97 x 107> s.°® The calculated values for
macrocycle 7 range from rather high k = 7.45 x 107> s™" for the
(E,E,Z,2) to (E,E,E,Z) isomerization to very low k = 3.77 x 107’
s~' for the (E,Z,E,Z) to (E,E,E,Z) isomerization. Therefore, the
rate of thermal isomerization is strongly dependent on the
ring strain of the specific isomer. The activation entropy (A*S)
is close to zero for all isomerization steps, which might be
expected for a rigid macrocyclic ring system such as 7. The cal-
culation supports the study on thermal isomerization made by
using NMR spectroscopy, which is also indicating that the
(E,Z,E,Z) is relatively the most stable and the (E,E,Z,Z) the most
unstable isomer in the system.

In general, the calculated kinetic parameters were in good
agreement with the measured data, showing the effect of ring
strain and providing information about the mechanism of
thermal isomerization.

AH, / kcal mol!

-90

reaction coordinate

Fig. 11 Thermal reaction pathway from all-Z to all-E.

Table 1 Kinetic parameters of the thermal isomerization pathway

A*GO/keal mol ™ A*Ho/keal mol ™! A*S/cal K~ mol ™! Kaosi/s ™"
All-Z - (E,Z,7,7) 24.14 24.52 1.29 1.25x 107°
(E,2,2,Z) — (E,E,Z,2) 23.57 23.55 ~0.07 3.28x 1077
(E,2,2,7) — (E,Z,E,Z2) 25.27 25.21 ~0.18 1.88x 107°
(E,E,Z,Z) — (E,E,E,2) 23.08 23.47 1.29 7.45 x 107
(E,Z,E,Z) — (E,E,E,Z2) 26.22 26.59 1.26 3.77x 1077
(E,E,E,Z) — all-E 24.47 24.99 1.75 7.22x107°
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Conclusions

Herein, an extensive isomerization study on a fully character-
ized macrocycle containing four azo units is presented. The
study combined data from UV/VIS absorption spectroscopy,
NMR spectroscopy with in situ light irradiation and DFT calcu-
lations. The investigation illustrated the influence of macro-
cyclic symmetry and ring strain on the photochemical as well
as the thermal isomerization pathways. A general experimental
NMR method and a strategy for the analysis of isomer mix-
tures in the photostationary state were presented in order to
investigate complex molecular photochemical switches. It
could be demonstrated that the (E,E,Z,Z) isomer is preferred to
the (E,Z,E,Z) isomer in the photostationary state and that
simply the different position within the macrocyle allows this
photochemical differentiation. Therefore, different states
could be selected without the incorporation of specific substi-
tuents or irradiation with different wavelengths, but by the
position of the azo units in the ring system influencing the
overall symmetry of the molecule. The rate constants of the
thermal isomerization steps of macrocycle 7 were in general
smaller than those of comparable linear carbazole compounds.
The highest free energy of activation was calculated and
observed for the (E,Z,E,Z) isomer indicating a strong influence
of ring strain. Furthermore, on the thermal isomerization
pathway it was demonstrated that DFT-calculations lead to
kinetic parameters that are comparable to experimental
results. An inversion-rotation mechanism was proposed in
order to explain the thermal switching properties of macro-
cycle 7. Calculations are, therefore, an efficient tool in the
design of new macrocyclic oligo-azobenzenes. The presented
results and methods give important knowledge for the future
design of azobenzene based molecular switches and allow
investigations on highly complex systems supporting their
development towards functional materials for sophisticated
applications.
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