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ABSTRACT
Azobenzene macrocycles are widely investigated as potential drug delivery systems and as part of 
molecular machines due to their photo-responsive properties. Herein, we detect the formation of 
a series of new azobenzene macrocycles that feature up to eight switchable repeating units. High- 
resolution mass spectrometry and ion mobility (IM) mass spectrometry experiments and 1H and 
diffusion-ordered spectroscopy (DOSY) NMR are used to detect the presence of the macrocycles 
that contain 10 to 40 aromatic rings in the gas phase and solution, respectively. The responsiveness 
of the Z-to-E photo-switching of the smallest of the macrocycles, exhibiting 2 azobenzene units 
and in total 10 aromatic rings, separated with column chromatography, is studied with irradiation 
experiments, using both UV-Vis light and thermal excitation and relaxation, and monitoring the 
sample with UV-Vis absorption and 1H NMR spectroscopy. DFT calculations are used to understand 
the conformation of this isolated species in solution.
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Introduction

Responsive macrocycles, in which a change on the mole
cular level is brought about by the macrocycle’s response 
to an external stimulus [1–3], are a cornerstone for many 
applications. In this way, macrocycles that can adjust their 
conformation and geometry in response to light, tem
perature, pH or other external stimuli, is used as compo
nents of photo-switches [4–6] and parts of molecular 
machines [7–11]; they can find applicability in catalysis 
[12,13], smart polymers [14,15], molecular containers [16– 
18], sensors and other materials to capture specific mole
cules [19–23]. Moreover, macrocyclic structures that are 
able to adjust their conformation and thereby guest- 
binding properties in different biological environments, 
have the potential to be used as selective and targeted 
drug delivery and discovery systems [24–27].

Within the field of responsive molecules, azobenzene- 
containing macrocycles in particular have attracted atten
tion in supramolecular chemistry due to their compliance 
with the aforementioned criteria. The binding of the guest 
to these macrocycles can be influenced by changing the 

physical or chemical environment of the complex, for exam
ple, by irradiation with UV-Vis light, as well as by variations 
in pH, temperature or redox potential [28,29]. Moreover, the 
molecular movement of a looped molecule around the 
azobenzene functionalities can be triggered, and the 
macrocycles can serve as part of molecular machines [30]. 
The trans-to-cis photo-switching of several azobenzene- 
containing macrocycles has been studied for these poten
tial applications and properties. Despite the growing inter
est in these systems, the currently synthesised azobenzene- 
containing macrocycles exhibit small sizes with up to 2–8 
aromatic units and 1–4 azobenzene moieties [31–33]. The 
larger size of the azobenzene-containing macrocycles 
could make it feasible to incorporate sterically more 
demanding guest molecules and increase the inter- and 
intramolecular distances within the molecule, which could 
make the macrocycles attractive for more advanced mole
cular wires [34,35] or molecular machines [36]. Large macro
cycles have been featured for their unique properties in 
recent years. In 2019, giant calixarenes with up to 90 phe
nolic subunits were reported as organic nanocompounds 
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[37]. Nevertheless, the synthesis of large macrocycles is 
demanding due to the requirement of sophisticated syn
thetic strategies to precisely organise monomers in the 
reaction and suppress oligomeric chain building [38]. In 
the last year, new studies for azobenzene-containing 
macrocycles have been published [39,40]. Herein, we pre
sent to the best of our knowledge, the first formation and 
detection of photo-responsive azobenzene macrocycles 
with up to 40 aromatic rings and eight azobenzene repeat
ing units in a mixture of products. Even though the main 
products in all performed reactions are consisting of 2 and 4 
repeating units and 10 and 20 aromatic rings, respectively, 
larger macrocycles could be detected with ESI-MS. 
Commonly synthesised macrocycles often involve expen
sive or toxic catalysts [41,42]. We tried to avoid these in our 
reactions and used only Cs2CO3 as the sole catalyst. 
Furthermore, we study the reversible photo-switchable 
properties of the smallest of these macrocycles. The possi
bility of isolating the macrocycles in the future with larger 
yields could provide great interest for their utilisation in the 
design of responsive nanomaterials. This paper serves as 
a preliminary study that discusses the formation of these 
macrocycles with Cs2CO3 as the sole catalyst and suggests 
that such azobenzene-containing structures can form 
under the conditions studied.

Results and discussion

The target macrocycles in this article are a series of 
new azobenzene-bearing macrocycles (Scheme 1). For 
their formation, different reaction methods were 
attempted to study the influence of the concentra
tion of the reactants, reaction time, base equivalents 
and temperature on the size of the formed macro
cycles in THF. The formed products were detected by 

ESI-MS in the product mixtures and are described in 
Table 1. The complete list of experiments is brought 
in the SI.

Analysis and ESI-MS detection

Five different reaction methods were used to character
ise product formation as the reactants were added 
slowly or instantaneously (Figure S3). In method A, all 
reagents were added simultaneously, while in methods 
B and C, a dropwise addition of one reactant for 1 h (B) 
or both reactants for 20 min (C) are investigated. In 
methods D and E, the influence of temperature on the 
product formation is investigated by refluxing the reac
tion mixtures A and C in THF at 80°C. The equivalents of 
mild base Cs2CO3 are further varied in different 
reactions.

ESI-MS coupled with ion mobility (IM) studies and 
NMR spectroscopy were used to analyse the formation 
of the differently sized macrocycles. During our investi
gations, IM studies enable the assignment of each 
macrocycle to a single peak in the ESI-MS spectrum, 
which are characteristic to the sodium and caesium 
adducts of the macrocycles. We extract the IM-MS arrival 
time distributions (ATDs) from the ESI-MS spectra for 
each compound and assign them to the formed pro
ducts unambiguously based on the molecular weight as 
well as isotope distribution in the compounds. The ESI- 
MS signals with the exact m/z values are used to identify 
the macrocycles. These ESI-MS results do not give 
a quantitative indication of the formed macrocycles as 
the ionisation behaviour of the macrocycles strongly 
influences signal intensity, but they can be used as an 
indication of whether the macrocycles form or not under 
these conditions. Figure 1 shows an illustrative analysis 

Scheme 1. Route to the macrocycles, containing 1–8 repeating units (m = 0–7), numbers in brackets (1+1 etc.) represent the number 
of included monomers of 1 and 2.
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Table 1. Reaction Conditions and Formed Macrocyclic Products for Reaction Methods A-E.

Entry Condition Equiv. Cs2CO3 Reaction time (h)
Products 
ESI-MS

1 A (0, RT) 4 118 3b,d,e
2 A (0, RT) 6 144 3b,d,e,f
3 B (1, RT) 4 69 3b,c,d,f
4 B (1, RT) 6[a] 168 3b,d
5 C (2,RT) 4[a] 98 3b,d
6 C (2,RT) 6[b] 49 3b,d
7 D (0, T) 4[a] 26 3a,b,d
8 D (0, T) 6 [a] 29 3b,d
9 E (2, T) 4[a] 168 3b,d
10 E (2, T) 6[b] 120 3b,d,e,f,g

Figure 1. (a) ESI-MS mass spectrum for Table 1, entry 10 and (b) IM-MS arrival time distributions (ATDs) for different ions. Multiple 
peaks in ATDs correspond to different, overlapping ions. Zoomed views for MS spectra are extracted from each of the peaks to verify 
their identity and to compare the abundance.
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of a product mixture with ESI-MS and IM, where the 
predominant signals all arise from the formed macro
cycles. The other individual ESI-MS spectra and extracted 
IM signals are brought in the SI for each reaction 
method. The macrocycles were not isolated in the pro
duct mixtures, and we hope that this will be subject to 
further investigation in the future. The formation of the 
products in each synthesis method A-E is monitored 
with 1H NMR, and the reactions are quenched after no 
further changes are seen in the 1H NMR spectra.

Conditions: The dropping time was 1 h, for all reac
tions. 0 = one pot reaction, 1 = dropping one reactant, 2  
= dropping both reactants, RT = stirring at room tem
perature, T = 80°C. [a] Larger amounts of oligomers or 
side products were observed according to ESI-MS. [b] 

Purer crude mixtures were obtained from these 
reactions.

These reaction times are brought in Table 1. DOSY 
NMR is used to investigate the work-up mixtures of each 
reaction, however, due to strong deviations in the ana
lysis method, the following reaction evaluation is 
restricted to the products detected with ESI-MS. The 
results are indicative that all the synthesis strategies 
lead to the formation of 3b (2 + 2) and 3d (4 + 4) macro
cycles. Furthermore, the larger macrocycles 3e – g form 
in conditions that use longer reaction times and concen
tration-controlled conditions. For example, macrocycles 
3e (5 + 5) and 3f (6 + 6) are formed in reactions A and 
E with longer stirring times and 6 equivalents of base, 
suggesting that a more basic environment and longer 
reaction times support the formation of larger macro
cycles. By virtue of similarity, the giant macrocycle 3 g (8  
+ 8) only forms in the concentration-dependent reaction 
method E with 6 equivalents of base with longer stirring 
times and when applying higher temperature. 
Macrocycle 3 g (8 + 8) is only detected as traces in ESI- 
MS (Table 1, entry 10), which can reflect the weak ionisa
tion behaviour of this large compound or low conver
sion to this product.

Furthermore, we notice that short reaction times in 
combination with higher temperature in a one-pot reac
tion favour the formation of oligomers (method D) that 
are visible based on the broad signals in the 1H NMR 
spectra, brought in SI. More conversion to the macro
cyclic products is obtained in the concentration- 
dependent methods C and E with higher base equiva
lents (Table 1, entries 6 and 10). This is likely to arise from 
the infinite dilution of one or both of the reactants when 
added slowly, favouring intramolecular cyclisation 
kinetics of the formed oligomers. Moreover, higher 
base equivalents are seen to accelerate the ring-closing 
step from the oligomers, which is noticeable by the 
decrease of the broad signals in the 1H NMR spectra 

when the reactions were monitored over time (Figure 
S29). It could be possible that the Cs2CO3 base may act 
as a favourable template for the cyclisation of these 
oligomers [43,44]. We also investigated whether other 
stoichiometries of the base can have an influence on the 
macrocycles formed and included reactions with 2 and 8 
equivalents of base, but the former conditions of 2 
equivalents of base indicate that it is not sufficient for 
macrocyclization, forming oligomeric species, again evi
denced by broad signals in the 1H NMR spectra (Figure 
S12), while the results from the use of the latter condi
tions of 8 equivalents of the base are identical to the 
reactions that used 6 equivalents of the base.

DOSY NMR of the mixtures

We attempted to use DOSY NMR, to relate different 
diffusion coefficients for the macrocycles in CDCl3 to 
their molecular weights. An example DOSY NMR spec
trum for the mixtures is shown in Figure 2. In general, 
DOSY NMR can be used to resolve the NMR signals of the 
components of a mixture according to the components’ 
self-diffusion coefficients that are influenced by their 
different molecular size, shape and weight.

Large molecules show smaller self-diffusion coeffi
cients and vice versa for small molecules. Nevertheless, 
different factors, such as molecular interactions, sol
vents, spectral resolution and even data processing (SI, 
page S6) can influence and restrict this method’s ability 
to assign specific 1D [1]H peaks to a certain macrocycle. 
We note that in several instances, it was not possible to 
differentiate between two macrocyclic compounds with 
one repeating unit difference in size based on DOSY 
NMR analysis. We suggest this arises from several factors. 
Firstly, overlapping signals in the 1H NMR spectra make it 
difficult to integrate individual signals due to the 
absence of baseline peak resolution in the direct dimen
sion [45,46].

Furthermore, in the mixtures of the macrocycles, the 
different molecules with different conformations could 
interact with each other, thus causing differences in the 
diffusion coefficients obtained in the DOSY NMR analy
sis. Moreover, the formed macrocycles can exhibit a non- 
spherical structure in solution and might even fold due 
to the multiple switchable functionalities in their struc
tures. Nevertheless, the assignment of the species from 
DOSY spectra was done based on calibration with 
respect to three species with known molecular weight. 
There were deviations in the diffusion constants 
obtained, which can arise from the macrocycles interac
tion with each other, the different relative concentra
tions of macrocyclic homologues or different shapes 
the macrocycles can adopt. We want to highlight that 
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DOSY NMR is shown for completion and can only be 
considered in addition to HRMS due to the deviating 
results from the DOSY analysis. The results from both 
analysis methods and the relating figures (Mnova) and 
tables (TopSpin) in the ESI are only indicative 
assignments.

Responsiveness of the macrocycles

Compound 3b is separated from the larger macro
cycles with column chromatography, details for 
which is given in the SI with the ESI-MS spectra 
for the compound in Figure S46.

Both DOSY NMR and MS studies demonstrate 
that the isolated sample mainly contains the macro
cycle 3b, which could have three possible config
urations: E,E-3b, Z,Z-3b and E,Z-3b. We irradiate the 
isolated sample with UV light at 332 nm for distinct 
time intervals, followed by an immediate measure
ment of an UV-Vis absorption spectrum (Figure 3). 
The E to Z flip is strongly visible after 10 min of 
irradiation and a Z-conformer absorption maximum 
in the 425–450 nm region appeared in the spectra. 
In addition, a larger peak change in the aromatic 
region at 275 nm is noticeable, which is often an 
accompanying change for conversion to the 
Z-isomer [47–50]. Moreover, the effect of the irradia
tion could be reversed when irradiated with visible 
light at 450–500 nm (Figure 3, grey spectrum).

The investigated sample of 3b exhibits isosbestic 
points at 290 and 385 nm (Figure 3), which indicates 
a clean interconversion between two of the macrocycle’s 

isomers. We additionally study this conformational 
change with 1H NMR spectroscopy (Figure 4). 
A chemical shift change in different solvents is observed 
when comparing the 1H NMR spectral chemical shifts in 
CDCl3 and toluene-d8. Aromatic-solvent-induced shifts 
are noticeable in toluene as a solvent, where interactions 
with the macrocycles π-system can take place by π- 
stacking or the placement of the molecules in the aniso
tropic aromatic shielding cone of the solvent aromatic 
rings [51]. The 1H NMR spectra show characteristic doub
lets for the azobenzene moieties between 7.5 and 8.5 
ppm (Figure 4a, purple spectrum). Moreover, the smaller 
peaks at 8.1 and 7.8 ppm could indicate that the isolated 
molecule consists of the E,Z-isomer with a smaller 
amount of Z-isomer before irradiation. The irradiated E, 
Z-3b sample reveals an additional 1H NMR signal in this 
region at 7.97 ppm. We suggest that this is caused by the 
transformation of the E-monomer repeat unit of the E, 
Z-macrocycle to a Z-monomer repeat unit, causing an 
additional peak rather than increasing the already exist
ing Z-isomer peaks. The exact number of signals in the 
direct dimension depend on the symmetry of the mono
mer repeat units and the respective symmetry of the 
macrocycle. Typically, E and Z azobenzenes have only 
two 1H NMR signals because of mirror planes in the 
structure. In a macrocyclic architecture, this symmetry 
can fully or partially be broken, resulting in more than 
two signals for each monomer repeat unit.

This process is reversible, and we find that irradiation 
with visible light at 500 nm leads to the relaxation of the 
macrocycle to the initial state (Figure 4a, yellow spec
trum). Similarly, this relaxation is visible with higher tem
peratures, where the doublet at 7.97 ppm is no longer 
visible after heating to 358 K (Figure 4b). It is noticeable 
that the choice of distinct pH ranges allows conversion 

Figure 2. Example DOSY plot from a work-up mixture (obtained 
from reaction B, Table 1, entry 3) in CDCl3. The peaks in the 
indirect dimension correspond to different macrocycles with 
different diffusion coefficients.

Figure 3. UV-Vis data for the sample of 3b (1.25 x 10−4 M) in CH2 

Cl2, RT, λ = 332 nm. Different irradiation times are marked with 
different colours.
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between the configurations of the compounds. Typically, 
a basic environment favours the Z configuration of azo
benzene [52–55]. We find that when neutralising the basic 
reaction mixtures, that are obtained from the reactions, 
the two main peaks at 8.17 and 8.86 ppm decrease and 
are split into multiple signals during the work-up for the 
reactions, showing the pH-dependent nature for the 
E and Z configurations and thereby the conformations of 
the products (Figure 4c).

DFT calculations

We performed full geometry optimisations leading to 
the structures characterised as true minima on the 
potential energy surface (PES) for the macrocyclic 
species of E,E-3b and Z,Z-3b configurations of 3b 
that contain two azobenzene units by carrying out 
DFT calculations in an implicit chloroform solvent 
(Figure 5). Furthermore, we performed theoretical 

Figure 4. [1]h NMR spectra of irradiation experiments of the sample 3b obtained from reaction B, Table 1, entry 3 and column 2 (SI), in 
toluene-d8 with a) showing irradiation with 332 nm and 500 nm, each for 40 min; b) variable temperature 1H NMR *after irradiation 
with *332 nm and c) a product mixture in basic conditions (turquoise spectrum) and after neutralization (wp = work up, purple 
spectrum, from the sample Table 1, entry 10).

Figure 5. DFT-optimized models for a) E,E-3b and b) Z,Z-3b.
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calculations of the UV-Vis absorption spectra in 
chloroform (Figure 6) for both macrocycles.

The representative low-energy structures exhibit dif
ferent cavity volumes, based on interatomic distances, of 
482 Å [3] and 301 Å [3] (Figure S50) and therefore, can 
suggest potential for size-selective guest binding. It has 
been reported that the E-isomer absorption maximum 
for the azobenzene molecules lies in the range of 320– 
360 nm, whereas the largest absorption for the Z-isomer 
is usually located between 400 and 500 nm [56–59]. The 
UV-Vis spectra for the sample 3b in Figure 4 contains 
both of these features.

Conclusion

We demonstrate that the formation of azobenzene con
taining macrocycles of different ring sizes can be per
formed with 4 equivalents of Cs2CO3 base. The 
investigated reaction methods A-E lead to the main 
products 3b and 3d while higher temperature, reaction 
time and base equivalents favoured the formation of 
larger macrocycles 3e-g. The formation of the macro
cycles from oligomers is affected by adjusting the con
centration of the reactants and the equivalents of Cs2 

CO3. The macrocycle 3b is separated from the larger 
macrocycles, and its response to UV and visible light 
and temperature is investigated by UV-Vis and 1H NMR 
spectroscopy. We can see conversion between the con
figurations of the macrocycle under the influence of UV 
and visible light and with variable temperature 1H NMR. 
The UV-Vis spectra from DFT calculations suggest that 
the isolated species contains both the E and 

Z azobenzene configuration. We suggest that arising 
from the scope of application possibilities of responsive 
macrocycles, the development of the synthesis of the 
macrocycles 3a-g could be of great interest for applica
tions in supramolecular systems.

Supporting Information

Supplementary data (NMR spectra, analysis and ESI-MS 
/IM analysis examples and theoretical calculations) can 
be found in the supporting information

Methods

1D 1H and 13C NMR: All spectra were acquired on a 500 MHz 
Agilent DD2 spectrometer equipped with a 5 mm inverse 
probe or on an 800 MHz Bruker Avance III spectrometer 
equipped with a He-cooled 5 mm cryoprobe. All spectra 
were referenced according to residual solvent signals.

2D DOSY NMR: Diffusion coefficients were referenced 
to external standards of known molecular weights. 
Diffusion coefficients were obtained with data analysis 
by Bruker Topspin T1/T2 module. Further information on 
DOSY is given in the supporting information.

Mass spectrometry: The mass spectra were measured 
using Agilent 6560 IM-TOF mass spectrometer con
nected to dualESI ion source and an ion mobility drift- 
tube (DT-IM). Samples were diluted in DCM and NaOAc 
and CsOAc, were used to enhance the ionisation of the 
macrocycles. Samples were introduced to ion source 
using direct infusion. Data was acquired using Mass 
Hunter B.09.00 software and analysed with Mass 

Figure 6. Calculated UV-Vis spectra for a) E,E-3b and b) Z,Z-3b.
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Hunter Qualitative Analysis B.07.00 and IM-MS Browser 
B.08.00. For more detailed information see SI.

UV-Vis spectroscopy: The measurements were conducted 
on a SHIMADZU UV-3600 Plus Spectrophotometer 
equipped with three different detectors: PMT, InGaAs 
and PbS.

Irradiation source: For the irradiation experiments, 
a femtosecond laser system from Light Conversion was 
used, comprising the pump laser (Pharos-SP), optical para
metric amplifier (Orpheus-HE), and second harmonic gen
erator (Lyra-SH) with average output intensities of 200 mW 
and 70 mW for 332 nm and 500 nm wavelengths, respec
tively. The samples were irradiated for 1, 3, 5, 10 and 20  
min. or 40 min. and measured with UV/Vis in between. 
Irradiation wavelengths were set to 332 nm, 450 nm or 
500 nm.
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