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Ion mobility-mass spectrometry was used to obtain detailed 

information about the kinetics of the light-induced cis/trans 

isomerization process of a new supramolecular azobenzene-

based bolaamphiphile. Further experiments revealed that the 

investigated light-induced structural transition dramatically 

influences the aggregation behaviour of the molecule. 

Self-assembly of amphiphilic molecules is one of the most 

commonly observed phenomena in nature. Inspired by the high 

diversity of the underlying driving forces1-3 and the complexity 

of the resulting materials, several synthetic amphiphilic 

molecules have been introduced over the last few decades. One 

of these evolving classes are so-called bolaamphiphiles - 

amphiphiles which are characterized by two polar head groups 

connected through an alkyl spacer.4 Their structure is 

reminiscent to those of membrane lipids found in archaea 

bacteria whose high assembly stability is one of the foundations 

for their colonization of tiny ecological niches, which are 

hostile to life for all other organisms.5, 6 As such, purely native 

systems are of rather limited use when a controlled assembly 

and disassembly is crucial for the intended application. A 

common route to circumvent this problem is to introduce 

moieties which modulate the physicochemical properties of the 

molecule in response to external stimuli. In this context, 

especially photo-responsive moieties like azobenzenes, 

spiropyrans or diarylethenes have recently attracted increased 

attention.7-9 In the case of azobenzene derivatives, the 

absorption of photons is typically accompanied by a change in 

geometry and polarity, which in turn can be used to control 

aggregation processes.10, 11 Due to the complexity of the formed 

aggregates, it is often challenging to characterize the assembly 

kinetics of switchable azobenzene-based materials in full detail. 

A promising method to provide an additional dimension of 

molecular level information is ion mobility-mass spectrometry 

(IM-MS). In IM-MS ions are separated according to the time 

that is required to traverse a cell filled with inert neutral gas 

when a weak electric field is applied. This drift time not only 

depends on the mass-to-charge (m/z) ratio of the ions, but also 

on their size and shape, which effectively allows the separation 

of isomers.12-14 

 Here we present for the first time that IM-MS can be used 

for the direct online-monitoring of the light induced molecular 

shape transition of a new azobenzene-based dendritic 

bolaamphiphile. To do so, the molecule was irradiated with 

light directly at the nanoelectrospray ionization (nESI) interface 

followed by a time-resolved analysis of resulting cis/trans ratio 

in the gas phase using IM-MS. Further TEM measurements 

revealed that the light-induced structural transition dramatically 

influences the aggregation behaviour. 

 The structure of the symmetric bolaamphiphile G1azoG1 6 

focused here is shown in Scheme 1. The synthesis was 

performed in five steps (for details see ESI). First, compound 1 

was treated with propargyl bromide under basic conditions to 

generate the symmetric O-propargylated product 2. Coupling of 

the azido ester with compound 2 via “click chemistry” directly 

lead to the diester 3. Subsequently, the diester was hydrolyzed 

in ethanol under basic conditions and the resulting acid 4 was 

converted into the symmetric acid chloride and coupled with 
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protG1-NH2 under basic conditions to give compound 5. 

Finally, the acetal protecting groups of compound 5 were 

removed with an excess of trifluoroacetic acid to quantitatively 

yield compound 6.  

 Due to their different absorption properties, cis/trans 

isomers of G1azoG1 6 can be distinguished by UV/VIS 

spectroscopy. The absorption spectrum of trans G1azoG1 6 

exhibits a strong π→π* absorption band (356 nm) and a weaker 

n→π* absorption band (410 nm) at longer wavelengths. After 

conversion into the cis isomer via irradiation with UV light at 

366 nm, on the other hand, the π→π* transition is perceptibly 

blue shifted to 318 nm, while a red shift is observed for the 

n→π* transition at 431 nm. In order to determine the time that is 

required to reach the maximum saturation of the cis form, 

UV/VIS spectra were recorded after stepwise irradiation at 366 

nm. To do so, the sample was exposed to light for 5 s and a 

spectrum was measured. Subsequently, the procedure was 

repeated until the conversion was complete; a full saturation 

regarding the cis state was observed after approximately 120 s 

(blue line, Fig. 1) under certain experimental conditions (See 

Table ES1). Moreover, a fully converted sample thermally 

reconverts from the cis to the trans form within approximately 

six days when stored in the dark (Fig. ES1). Further attempts to 

differentiate between both structural isomers in solution using 

DOSY experiments failed, because here both isoforms exhibit 

similar diffusion coefficients (Fig. ES2). 

 For online-monitoring of the cis/trans isomerization of 

G1azoG1 6 via IM-MS an in-house-built drift tube (DT) IM-

MS instrument was used (for details see ESI).15, 16 The source 

region of this instrument was equipped with two light sources 

to enable irradiation of the sample prior to ionization (Fig. 2a). 

Ions are generated via nESI using borosilicate capillaries 

prepared in-house using a previously described procedure.17 

The Pd/Pt coated, but still partially transparent capillary was 

irradiated with: (a) a mercury vapour UV lamp (λ = 366 nm) to 

induce trans to cis isomerization or (b) a tungsten filament 

lamp (T = 3300 K, λmax ≈ 880 nm) to induce cis to trans 

isomerization (Fig. 2a). As a result, the cis/trans equilibrium 

within the capillary can be monitored directly in a time-

resolved manner via IM-MS analysis.  

 Regardless of the configuration, mixtures of singly and 

doubly charged sodiated and/or protonated ions are observed 

after nESI of G1azoG1 6 (Fig ES3). For singly charged ions 

only one peak is observed in the IM-MS arrival time 

distribution (ATD). This indicates, that cis and trans isoforms 

of singly charged G1azoG1 6 ions adopt very similar structures 

in the gas phase. Due to the structural flexibility of the 

molecule, this observation is not surprising since the dendric 

side chains are likely to collapse in the gas phase to solvate the 

charge. Coulomb repulsion in doubly charged ions, on the other 

hand, leads to two distinct conformations, which can be clearly 

separated by IM-MS as shown exemplarily for doubly sodiated 

ions in Fig. 2b. After irradiation of the sample inside the nESI 

capillary at 366 nm, the species at shorter drift time is dominant 

 with only a minor content of the isomer with longer drift time. 

Subsequent irradiation of the sample with visible light, on the  

 

Scheme 1 Synthetic paths to G1azoG1 6. The half drawings of 1-5 
are symmetric to the rest of the molecule 

 

Fig. 1 UV/VIS absorption spectra showing the trans to cis 

conversion of G1azoG1 6. The photoinduced isomerization is 

completed after 120 s, whereas the thermal cis to trans conversion 

takes 6 d when stored in the dark. The side chains of G1azoG1 6 are 
abbreviated by an “R”. 

other hand, leads to a complete inversion of the intensities, with 

the species at longer drift time now being the major component. 

This leads to the conclusion that the peak at shorter drift time 

can be assigned to the cis isomer and the peak at larger drift 

time to the trans isomer. Multiple repetition of the switching 

process revealed that the isomerization process is completely 
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Fig. 2 Ion mobility-mass spectrometry (IM-MS) of G1azoG1 6. a) Modified source region of the utilized DT IM-MS instrument. 

b) Arrival time distributions (ATDs) of [M+2Na]2+ ions after irradiation at λ = 366 nm (blue dot) or with visible light (red dot), 

respectively. Peaks resulting from neighbouring masses are labelled with an asterisk. c) Relative intensities of the cis- and trans 

populations plotted against exposure time. The normalized intensity of trans G1azoG1 6 observed via UV/VIS spectroscopy is 

shown as grey circles for comparison. d) Logarithmic plot of the normalized intensity of trans G1azoG1 6 at 366 nm as a function 

of exposure time determined by IM-MS (red circles) and UV/VIS spectroscopy (grey circles). 

 

reversible. Generally, a good separation between the two 

isoforms was observed for all doubly charged ions, i.e. 

[M+2H]2+, [M+2Na]2+ and [M+NaH]2+. The relative abundance 

of the individual doubly charged species, however, was shifted 

considerably. This is very likely a result of a different ESI 

ionization efficiency, which is known to strongly depend on the 

size and accessibility of the molecule. In order to take that into 

account in our analysis, each observed adduct was considered 

as a part of an ensemble of cis or trans molecules in solution. 

The absolute number of all observed cis or trans species was 

summed up and divided by the total intensity of all doubly 

charged ions. Subsequently, the relative populations of the cis 

and trans isomers were normalized and plotted against the 

exposure time at 366 nm. As shown in Fig. 2c the relative 

content of cis isomer (blue dots) steadily increases upon 

irradiation at 366 nm until saturation is reached after approx. 

130 s. Subsequent irradiation with visible light lead to a rapid 

depletion of the cis form. For comparison, also the intensities 

observed from the trans absorption band via UV/VIS 

spectroscopy are shown (Fig. 2c, grey dots). The general shape 

of the curves is surprisingly similar.  

 In order to also obtain information on the underlying 

kinetics, the intensities of trans G1azoG1 6 observed by IM-

MS and UV/VIS spectroscopy were fitted to a logarithmic first 

order exponential equation (Fig. 2d). The linear sections 

observed for the first 60 s clearly indicate a monomolecular 

reaction with the reaction rate of the trans to cis isomerization 

exclusively depending on the concentration of molecules in the 

trans state. The increasing concentration of molecules in the cis 

state is affecting the cis to trans reconversion. This is reflected 

in a clear deviation from a monomolecular reaction after 60 s. 

Surprisingly, both techniques IM-MS as well as UV/VIS 

analysis perfectly agree with the observable mechanistic change 

from first order to equilibrium conditions. However, the fact 

that the observed transition between first order kinetics and 

equilibrium conditions occurs almost simultaneously in both 

methods is purely coincidental (for details see Table ES1). 

 In addition to the analysis of the isolated monomers, the 

influence of the light induced structural changes on the 

aggregation behaviour was studied. First, the critical 

aggregation concentration (cac) was determined before and 

after irradiation at 366 nm using the pendant drop method (for 

details see ESI).18, 19 The cac of the non-irradiated trans form 

(cactrans = 6.3·10-5 M) was found to be at least 10 times lower 

than the cac of the of the irradiated cis form 

(caccis = 5.7·10-4 M). This trend is expected, since the dipole 

moment of the azobenzene is known to increase considerably 

during the trans to cis isomerization.10, 20 Furthermore, the 

solubility increases and the amphiphilic nature of G1azoG1 6 is 

reduced. Secondly, the morphology of the aggregates was 

studied using TEM. To do so, aliquots of one and the same 

aqueous solution of G1azoG1 6 with a concentration of 10-4 M 

(i.e. above cactrans, but below caccis) were studied before and 

after irradiation at 366 nm. In the non-irradiated trans form, 

G1azoG1 6 forms regular twisted tapes with lengths up to 

several micrometers and widths of approximately 20 nm 

(Fig. 3a and c). Interestingly, the observed aggregates exhibit a 

constant thickness of around 5 nm, which agrees well with the 

length of the monomer in a stretched arrangement. As a result, 

the overall structure of the twisted tape along the longitudinal 
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Fig. 3 Aggregates of G1azoG1 6 visualized by transmission electron microscopy (TEM). a) Twisted tapes formed by trans 

G1azoG1 6 with widths around 20 nm and a constant thickness of 5 nm. b) Amorphous structures formed by cis G1azoG1 6 

(10-4 M) upon UV irradiation. c) Twisted tape formed by trans G1azoG1 6 (10-4 M). d) Schematic model of trans G1azoG1 6 

describing the twist along the longitudinal axis of the tapes. The black scale bars are indicating 100 nm.  

 

axis can be explained using a simple model structure (Fig. 3d). 

TEM after irradiation at 366 nm for 30 min, on the other hand, 

showed the complete breakup of the twisted tapes (Fig. 3b). 

Therefore, it can be concluded that the trans form of 

G1azoG1 6 forms well-ordered, tape-like structures at 10-4 M 

while the cis form shows no aggregation at these conditions. As 

a result, the tendency to form higher order aggregates at 10-4 M 

can be switched on and off simply by irradiation with light at 

366 nm.  

 In summary, our data show that the photoinduced trans to 

cis isomerization of a new azobenzene-based dendritic 

bolaamphiphile can be followed online via direct irradiation of 

the sample at the nESI interface. The comparison between IM-

MS and UV/VIS analysis showed that both methods perfectly 

agree with the observed mechanistic change from first order to 

equilibrium conditions. Moreover, TEM measurements revealed 

that the light-induced structural transition dramatically 

influences the aggregation behaviour of the investigated 

bolaamphiphile. Our experiments show that the breakup of the 

observed tape-like structures can be induced simply by 

irradiation at 366 nm.  
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