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Abstract 

The activation barrier for cis-to-trans isomerization is a key parameter for governing the properties of  

photoswitchable molecules. This quantity can be computed by using theoretical methods, but 

experimental determination is not straightforward. Photoswitchable molecules typically do not change 

their conformation in the pure crystalline state. When the molecules are in solution, the switching is 

affected by the viscosity and polarity of the solvent and when embedded in polymers, the conformational 

change is affected by the polymer matrix. Here, we describe a novel approach where the photoswitchable 

group is integrated in a highly crystalline, porous molecular framework. Sufficiently large pore sizes in 

such metal-organic frameworks, MOFs, allow unhindered switching and the strictly periodic structure of 

the lattice eliminates virtually all contributions from inhomogeneities. Using IR spectroscopy to probe the 

conformational state of azobenzene, the energy barrier separating the cis and the trans state could be 

determined by an Arrhenius analysis of the data accumulated in a temperature regime between 314 K and 

385 K. The result, 1.09 eV +/- 0.09 eV, is in very good agreement with the activation energy reported for 

the thermal cis-to-trans isomerization of free azobenzene as computed by DFT calculations.  

 

 

Introduction 
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Remote control of physical and chemical properties is a very attractive feature of materials and enables 

various applications. In particular, the photoswitching of azobenzene and its derivatives has attracted a lot 

of attention in material science
1-5

 but also in the life sciences, e.g. in the field of optogenetics,
6,7

 where the 

function of biomolecules can be turned on and off by light in vitro and in vivo. For improving the 

performance of photoswitchable devices, a detailed understanding of the photoisomerization processes is 

crucial. While pure azobenzene (C12H10N2), which has a melting point of about 70°C, shows no 

photoswitching behavior in the condensed, crystalline form, it can be photoswitched in solution or when it 

is incorporated in e.g. polymers,
4
 liquid crystals,

3
 or metal-organic frameworks.

8-10
  

The trans-conformation of azobenzene is the thermodynamically more stable state. The trans-to-cis 

switching is driven by absorption of light. The back-switching can either be also driven by light (of 

different wave length) or, alternatively, thermally induced. This thermally driven process is not only 

crucial for the performance of light-induced switching (since it determines the life time of the cis state), 

but can also serve as a sensitive test for the pathways describing the conformational change. As a result, 

the cis-to-trans isomerization of azobenzene in solution,
11,12

 adsorbed on various surfaces
13,14

 or in small 

pores,
15

 as well as incorporated in polymer chains
16

 was investigated in numerous studies. These studies 

generally revealed a significant impact of the environment around the azobenzene on the switching 

properties and on the thermal activation energy. The solvent effect on the activation energy for the 

azobenzene back-switching ranges from less than 10% for nonpolar solvents to more than 30% for polar 

solvents.
12

 An even larger impact of the solvents was found for functionalized azobenzene molecules, 

where the activation energy may vary by a factor of three or larger.
17,18

 To the best of our knowledge, all 

measurements reported previously were affected by such environmental effects. Consequently, a reliable 

reference value determined for the thermal cis-to-trans relaxation of azobenzene molecules under 

conditions where matrix effects can be excluded is not available. Such a value, however, is crucial for 

comparisons to calculated values from theory.  

Here, we report a novel approach for studying the switching of azobenzene units within the strictly 

crystalline, highly porous environment of MOFs. MOFs, metal-organic frameworks, are nanoporous 

solids composed of metal ions and organic linker molecules.
19

 Their high porosity, combined with other 

outstanding properties like their high variability and flexibility, makes MOFs suitable for a large variety 

of applications like gas storage and separation, catalysis and in sensor applications. By means of liquid-

phase epitaxy, surface-mounted MOFs (SURMOFs) can be directly prepared on the solid substrate 

surface.
20-22

 SURMOFs can be patterned laterally,
23,24

 and also the introduction of vertical compositional 

gradients is possible.
25

 Furthermore, SURMOFs can be studied in a straightforward fashion by surface-

sensitive spectroscopic techniques like X-ray photoelectron spectroscopy (XPS)
26

 and infrared reflection-
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absorption spectroscopy (IRRAS).
26

 Mass changes in SURMOFs can be precisely determined by means 

of a quartz crystal microbalance.
27,28

 

Two pillared-layer MOF structures based on organic linker molecules with azobenzene side groups are 

investigated: Cu2(BDC)2(AzoBiPyB) and Cu2(DMTPDC)2(AzoBiPyB) (AzoBiPyB: 4,4'-(2-

(phenyldiazenyl)-1,4-phenylene)dipyridine;
29

 BDC: benzene-1,4-dicarboxylic acid, DMTPDC: 2,2''-

dimethyl-[1,1':4',1''-terphenyl]-4,4''-dicarboxylic acid, see supporting information (SI) 1). In both cases, 

the pore size is sufficiently large to allow photoisomerization, see figure 1. The azobenzene is connected 

by one phenyl ring to the framework, while the other phenyl ring points into the pore. When the MOF 

structure is brought into ultrahigh vacuum (UHV), the outer phenyl unit can switch freely, i.e. no solvent 

or gas molecules hinder its motion. While in principle UHV-studies allow for a much wider range of 

temperatures than the corresponding studies in solution, in the present case the range of 314-385 K was 

found to be sufficient to determine the activation barrier for the thermally induced cis-to-trans 

isomerization. We employ IR spectroscopy to study the conformational changes. Although this method 

has substantial advantages over UV-Vis spectroscopy, which is used in most other works to monitor the 

back-switching,
11,12,17,18

 it is seldom employed, since the vibrational modes sensitive to the conformational 

change often have low excitation probabilities and since the background of the solvent or matrix often 

obscures the cis-to-trans induced changes in the IR-spectra of the photoswitchable molecule. In contrast 

to UV-Vis spectroscopy, any influence of the spectroscopic investigation on the conformation of the 

molecule can be certainly excluded for IR spectroscopy.  
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Figure 1: Structure of the azobenzene-containing linker and MOFs. a) The AzoBiPyB linker has an azobenzene 

side group, which can undergo photoisomerization from trans to cis when irradiated with UV light and which 

isomerizes to the basic trans state due to irradiation with visible light or thermal relaxation. The pillared-layer MOF 

structures of Cu2(BDC)2(AzoBiPyB) (b) and Cu2(DMTPDC)2(AzoBiPyB) (c) with the azobenzene groups in the 

trans state are shown. The X-ray diffractograms of Cu2(BDC)2(AzoBiPyB) (d) and Cu2(DMTPDC)2(AzoBiPyB) (e) 

demonstrate a high degree of crystallinity. Due to the oriented growth in (001) direction, only the XRD reflexes 

belonging to the (001) crystallographic direction can be observed in the out-of-plane XRD data. The experimental 

out-of-plane XRD data (red) is compared with the respective computed powder data (black). The in-plane-XRD of 

Cu2(BDC)2(AzoBiPyB) is shown in SI2. 

 

Experimental 

The investigated SURMOFs were prepared on a smooth gold surface, which was functionalized with 

an 11-mercapto-1-undecanol self-assembled monolayer (MUD SAM). The synthesis was performed in a 

layer-by-layer fashion by alternatingly and repetitively exposing the functionalized substrate surface to 

the solution of the metal complexes (1mM ethanolic copper(II) acetate solution) and to the solution of the 

organic linker molecules (0.1 mM ethanolic AzoBiPyB and BDC solution or 0.1 mM ethanolic 

AzoBiPyB and DMTPDC solution). The samples were prepared in 50 synthesis cycles. The crystallinity 

of the samples were checked by X-ray diffraction (XRD), see figure 1d and e. More details about the 
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layer-by-layer synthesis can be found in ref. 
20-22

 The syntheses of the AzoBiPyB- and DMTPDC-linkers 

are described in the supporting information (SI1), all other chemicals are purchased from Sigma Aldrich. 

The photoisomerization was investigated in UHV to enable precise and reproducible measurements. 

Before the experiments, the samples were activated at 120°C in vacuo for 4h to ensure that the MOF 

pores are empty. The isomerization state of the activated azobenzene-SURMOF samples was monitored 

by means of time-resolved infrared reflection absorption spectroscopy (IRRAS). The  IR spectrometer 

(Bruker Vertex 80v, Bruker Optics, Ettlingen, Germany) is installed at a dedicated UHV apparatus 

(Prevac, Rogów, Poland) comprising various surface science techniques with a base pressure of less than 

2·10
-10

 mbar.
30

 The UHV apparatus is equipped for precisely regulating the sample temperature in a wide 

range between room temperature and 393 K. All IRRAS data were acquired at grazing incidence (80°) 

without polarization of the incident IR light and each spectrum contains 128 scans, which  allows to 

follow the isomerization process with a sufficiently high temporal resolution (15 s) employing a liquid 

nitrogen cooled MCT midband detector. Spectra are displayed as difference spectra of the measured 

sample with respect to a clean gold reference. The photoisomerization from the trans to the cis state was 

performed by irradiation with UV light from an LED with a wavelength of 365 nm. 

The IRRA spectra of both SURMOFs before and after UV irradiation as well as after waiting 

overnight (i.e., when the initial trans state is reobtained) are shown in figure 2. Although there are some 

differences due to the different structure of the BDC and DMTPDC linker molecules, the IRRA spectra of 

both samples can be used to investigate the switching of the azobenzene side groups. Intensity shifts 

which are caused by UV irradiation are clearly visible. For both MOF structures, the intensity of the IR 

absorption band at about 720 cm
-1

 decreases upon irradiation with UV light and increases again by 

thermal relaxation. Accordingly, the corresponding vibration must be specific to the trans azobenzene 

conformation. The IR bands at about 730 cm
-1

 and 705 cm
-1

 observed in the spectra measured in 

Cu2(BDC)2(AzoBiPyB), on the other hand,  increase after UV irradiation and are thus related to a 

vibration of cis azobenzene.
31

 Based on work by Duarte et al., the band at 720 cm
-1

 can be assigned to the 

γ(CH) and τ(ring) vibrations of trans azobenzene and the band at 705 cm
-1

 to the corresponding vibration 

of cis azobenzene.
32

 (The red shift relative to the frequencies reported by Duarte et al. results from the 

differences in the molecular structure, i.e. from attaching the azobenzene to the biphenyl and terphenyl 

organic linkers.)    
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Figure 2: IRRA spectra of Cu2(BDC)2(AzoBiPyB) (a) and Cu2(DMTPDC)2(AzoBiPyB) (b) SURMOFs. The IR 

spectra of the pristine SURMOFs (black), i.e. with the azobenzene groups in the trans state, of the SURMOF 

irradiated with UV light for about 20 min (violet), i.e. some azobenzene groups photoisomerized to the cis state, and 

after waiting overnight (red), i.e. all azobenzene groups relaxed to the trans state, are shown. The spectra of the 

pristine sample and upon waiting overnight are virtually identical. The difference of the cis and trans spectra is 

shown in SI3. 

 

Results and Discussion 

By using the intensity of the IR band at about 720 cm
-1

 as a measure for the relative amount of trans 

azobenzene, we are able to monitor the change of the isomerization state of azobenzene by IRRAS with a 

time resolution of up to 15 s. For Cu2(BDC)2(AzoBiPyB), the intensity of the IR band at about 705 cm
-1

 

can be additionally used as a measure for the relative amount of cis azobenzene. This approach enables us 

to study the cis-to-trans isomerization of azobenzene in the dark at different temperatures, here in a range 

of 314 K to 385 K. Figure 3 displays the temporal progress of the cis-to-trans isomerization for each of 

the MOFs for two different temperatures, namely 353 K and 373 K. Note, in a previous study, it was 

demonstrated that the path along which the phenyl-ring moves in the course of the isomerization may be 

blocked by parts of the MOF-lattice, and cases have been identified where switching is not possible.
29

 For 
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the cases studied here, the trans-to-cis switching can be readily achived as demonstrated by 

corresponding changes in the UV-Vis
29

 and IR spectra (see fig. 2).  

 

 

 

Figure 3: Variation of the trans and cis bands after switching off the UV light. Initially the samples are 

irradiated with UV light, resulting in trans-to-cis photoisomerization. Then, at t = 0 s, the UV light is switched off 

and the azobenzene groups relaxe to the trans state. For Cu2(BDC)2(AzoBiPyB) (a and b) and for 

Cu2(DMTPDC)2(AzoBiPyB) (c and d), the isomerization is investigated by observing the trans-azobenzene band at 

about 720 cm
-1

 (black). In addition to this band, the cis-azobenzene band at about 705 cm
-1

 (green) is analyzed for 

Cu2(BDC)2(AzoBiPyB). The rate constants are determined by fitting the kinetic data with mono-exponential fits (red 

lines). The temperatures are 373 K in a) and c) as well as 353 K in b) and d). 

 

From the temporal evolution of the trans- and cis-azobenzene bands, the rate constants for the cis-to-

trans isomerization in the dark, i.e. for the thermal relaxation, were determined. The activation energies 

for the thermal cis-to-trans isomerization was determined by using an Arrhenius plot of the rate constants 

(figure 4). This analysis yields an activation energy of 1.18 eV ± 0.12 eV in Cu2(BDC)2(AzoBiPyB) and 

1.09 eV ± 0.09 eV in Cu2(DMTPBDC)2(AzoBiPyB). 
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The smaller rate constants in Cu2(BDC)2(AzoBiPyB) compared to Cu2(DMTPDC)2(AzoBiPyB) 

(roughly by a factor of 4) might be caused by the fact that the distance between the azobenzene side 

groups in Cu2(BDC)2(AzoBiPyB) is shorter than in Cu2(DMTPDC)2(AzoBiPyB). While the azobenzene-

side groups cannot have contact with each other in Cu2(DMTPDC)2(AzoBiPyB), a mutual steric 

hindrance of the azobenzene side groups cannot be excluded in Cu2(BDC)2(AzoBiPyB) and thus may 

explain the smaller rate constants. It can be concluded that the azobenzene side groups in 

Cu2(DMTPDC)2(AzoBiPyB), where any contact of the azobenzene moieties with each other or with other 

parts of the framework is excluded, represents the better model system for the isolated azobenzene 

molecule.  

The activation energy of the cis-to-trans isomerization of the azobenzene side groups in the better 

model system, Cu2(DMTPDC)2(AzoBiPyB),  amounts to 1.09 eV ± 0.09 eV. This finding is in excellent 

agreement with the activation energy obtained in theoretical calculations. For instance, activation energies 

of 1.17 eV and of 25 kcal mol
-1

 (i.e. 1.1 eV) were calculated by Dokić et al.
12

 and Wang et al.,
33

 

respectively. Cembran et al. calculated 20 kcal mol
-1

 (i.e. 0.9 eV) for the rotation and 25 kcal mol
-1

 (i.e. 

1.1 eV) for the inversion mechanism.
34

 This shows that the isolated azobenzene side groups in the MOF 

structures present good model systems to investigate the isomerization processes of azobenzene. 

Therefore, these model systems can be used to further investigate features of the photoswitching in even 

greater detail. 

 

 

Figure 4: Arrhenius plot of the cis-to-trans isomerization. The rate constants of the cis-to-trans isomerization of 

the azobenzene-side groups in the Cu2(BDC)2(AzoBiPyB) (black) and Cu2(DMTPDC)2(AzoBiPyB) (red) are plotted 
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versus the inverse temperature. The activation energies are determined from the slopes of linear fits to the data 

points (dotted lines). The average of the rate constants for the trans and cis bands was used for 

Cu2(BDC)2(AzoBiPyB), as they did not exhibit a significant difference. 

 

 

Conclusion 

The thermal cis-to-trans isomerization of azobenzene was investigated using a novel approach. The 

azobenzene molecules were integrated as linker side groups in metal-organic framework, a strictly 

periodic, porous material. By recording IR data for thin films of crystalline, nanoporous surface-mounted 

MOFs, SURMOFs, the time-constant governing the thermally-induced cis-to-trans isomerization could 

be investigated for a rather wide range of temperatures. The experimentally determined activation energy 

of 1.09 eV (+/- 0.09 eV) is in excellent agreement with theoretical results reported for free 

azobenzene.
12,33

 The new method described here to study activation barriers for thermally induced 

conformational changes is generally applicable and also well suited for other photoswitchable molecules. 

For lower or higher activation energies the investigations can be easily extended to lower or higher 

temperatures, an option which is virtually non-accessible for studies in organic solvents. 
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