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Chapter	7	
Maximized	change	in	water	contact	
angle	for	photoswitchable	
cucurbit[8]uril‐mediated	
supramolecular	monolayers	on	gold	

 

 

 

 

 

 

 

 

 

 

 

 

The synthesis and surface immobilization of a supramolecular cucubit[8]uril (CB[8]) complex with 
a light-responsive thread, bearing paraquat and azobenzene moieties, connected to surface anchoring 
group via tetraethylene glycol linker is reported. The photoswitching in solution was studied by 1H 
NMR and UV/Vis absorption spectroscopies. The two-component CB[8] complexes were grafted on 
a Au(111) surface in a simple two-step process, that is, immobilization of the thread followed by 
complexation of the thread by the cavitand. Upon exposure of the surface-confined complex to UV 
light, the paraquat moiety is expelled from the cavitand. Due to the large free volume provided by the 
CB[8] macrocycle, molecular films show dynamic behavior leading to a reversible change in water 
contact angle (20°) and substantial change in the film thickness (4 Å).  

This work will be submitted for publication. Manuscript in preparation. 
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Chapter 7  

7.1 Introduction	

Responsive functional surfaces, whose properties and function can be altered by an 
external stimulus, continue to attract significant attention for their application as 
sensors,1–4 biochips,5 lubricants,6–8 coatings,9–11 or electronic devices.12–15 
Photoresponsive molecular switches are among the most promising candidates for 
the fabrication of responsive functional surfaces as light, in comparison to other 
stimuli, offers the highest level of spatiotemporal control over the surface 
properties. In addition, the light-induced structural change of these molecules on 
surfaces can be exploited for switching wettability16–22 or for opto-mechanical 
applications.15,23 Fabrication of photo-responsive self-assembled monolayers 
(SAMs) requires a good understanding of chemical and optical properties of the 
substrate. For the efficient switching of the photoactive SAM, a sufficient free 
volume around each switch is required, which can be achieved either by using 
a mixed monolayer strategy or a bulky anchoring group.12,20,24 In addition, the 
lateral separation of the chromophores in the SAM prevents intermolecular exciton 
coupling between the adjacent photoswitches.25,26 Up to now, the light-induced 
water contact angle (WCA) changes achieved with photoactive SAMs, are modest, 
amounting to 2−14° for azobenzene monolayers,16,17,27 6-10° for spiropyrans,18,21,28 
and to 5-7° for diarylethylenes.20 Different approaches have been followed to 
amplify these changes, for example, by increasing the surface roughness,17,27–29 
through grafting of polymer brushes to the surface,30–33 or fabrication of patterned 
surfaces.22 Nevertheless, the control of the WCA on flat, non-patterned surfaces by 
light remains a fundamental challenge. 

Recently attention is focused on the assembly of SAMs of photoresponsive host-
guest complexes.34 In these systems the isomerization of the photoswitch usually 
promotes the dissociation/association of the supramolecular complex and therefore, 
the structural change associated with isomerization of the photoswitch is further 
amplified, which should result in larger variation in WCA between the pristine and 
the irradiated surface.29,35 For this purpose, responsive surfaces functionalized with 
macrocyclic hosts including cyclodextrins29,35 and calixarenes36,37 have been 
fabricated and proven to exhibit large WCA changes modulated in response to light 
on rough or patterned surfaces. As one of the largest, known macrocyclic hosts, 
cucubit[8]uril (CB[8]) can simultaneously accommodate, within its hydrophobic 
cavity, up to two guest molecules, for example, an electron poor paraquat (MV2+) 
and an electron rich E-azobenzene, forming a heteroternary photoswitchable 
complex.38,39 A practical translation of this rich CB[8] host-guest chemistry to the 
surface confined systems, yielded functional, photoresponsive interfaces for the 
immobilization of micelles,40 colloids,41 polymer brushes,30 memory devices42 or 
light-modulation of adhesive properties.43,44 Scherman et. al. showed that 
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mediated supramolecular monolayers on gold 

irradiation of the binary complex of azobenzenes, bearing an adjacent cation, and 
MV2+ CB[8] leads to expulsion of MV2+ from the CB[8] cavity due to steric 
congestion and much higher binding affinity of cationic Z-azobenzenes to CB[8] 
than that of MV2+ to CB[8].45  

Inspired by this pioneering work, we considered this type of switchable inclusion 
complexes suitable candidates for fabrication of photoresponsive SAMs. Here, we 
present, a simple design of a novel CB[8] guest comprising a cationic azobenzene 
photoswitch and a paraquat moiety connected with tetraethylene glycol to a thiol 
anchoring group for surface modification. We envisioned that the hydrophilic 
tetraethylene glycol chain would orient the thread vertically to the relatively 
hydrophobic gold surface, while the bulky CB[8] would provide the free volume 
essential for effective switching in the surface confined system (Figure 7.1). Using 
XPS spectroscopy, we confirmed binding of both E-azobenzene and paraquat 
moieties to CB[8] on the surface, and expulsion of the paraquat moiety from the 
cavity upon UV irradiation. This expulsion leads to a substantial change in film 
thickness (4 Å) and moreover, a change of the WCA of 20°. Due to the inherent 
dual-wavelength responsivity of the azobenzene photoswitches, the WCA could be 
reversibly modulated using UV and visible light. 

 

Figure 7.1 Schematic representation of the structure of cucubit[8]uril and design 
of the photoswitchable thread E-1 (left panel). Schematic representation of the 
light-induced structural changes of the E-1⊂CB 8 	complex	adsorbed on Au/Mica 
substrate.  
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Chapter 7  

7.2 Synthesis		

The photoswitchable thread E-1 was synthesized in a convergent synthesis by N-
alkylation of imidazole terminated azobenzene 9 with iodohexyl substituted 
unsymmetrical methyl viologen 4 (Scheme 7.2). The non-symmetrical viologen 4 
could be conveniently accessed by N-alkylation of N-methyl 4,4’-bispyridinium 
cation 3 with 1,6-diiodohexane. Subsequently, the iodide counterions were 
exchanged to more hydrophobic hexafluorophosphate counterions in order to 
increase the solubility of 4 in organic solvents (Scheme 7.1).  

 

Scheme 7.1 Synthesis of 4  

Next, the alcohol 7 was converted into corresponding bromide 8 using Apple 
reaction in 80% isolated yield. The benzylic bromide was then substituted with 
imidazole furnishing 9 in a very good yield, and both parts of the target molecule, 
were connected by heating in acetonitrile at 80 ºC. In order to avoid tedious 
purification from charged species, azobenzene 9 was used in excess and the 
reaction was carried until complete conversion of viologen 4. The protected, 
photoswitchable thread 2 was isolated as a chloride 2Cl, by precipitation with 
TBACl and purified from the remaining 9 by trituration from MeCN/PhMe. The 
2Cl was then used in photochemical and complexation with CB[8] studies in 
solution, owning to its high solubility in water. Prior to the deprotection of the trityl 
group, chloride counterions were exchanged to hexafluorophosphate by 
precipitation of 2PF6 from aqueous solution of 2Cl with NH4PF6. Finally, free thiol 
group was liberated with TFA and Et3SiH as carbocation scavenger, and the 
deprotected thread 1, with iodide counterions, was isolated by precipitation with 
TBAI from MeCN/PhMe solution as deep orange solid. The final product could be 
stored in a glovebox at -20 ºC for several months without any noticeable sign of 
oxidation (Scheme 7.2). 
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mediated supramolecular monolayers on gold 

 

Scheme 7.2 Synthesis of photoswitchable thread E-1 

7.3 Photochemical	isomerization	studies	in	solution	

Prior to the studies on Au surface, the photochemical E⟶Z isomerization of the 
trityl-protected thread 2 as well as of the 2⊂CB[8] complex were studied in 
solution by UV/Vis absorption and 1H NMR spectroscopies. As expected, in the 
absence of CB[8], the bare thread shows the typical isomerization behaviour of 
azobenzene photoswitches (Figure 7.2b,c). In the UV/Vis absorption spectra, 
irradiation of the aqueous solution of E-2 at 365 nm led to a gradual decrease in the 
absorbance at 355 nm with a concomitant increase in the absorbance at 445 nm, in 
line with the E⟶Z isomerization of the azobenzene moiety (Figure 7.2b, red 
spectrum). Likewise, in 1H NMR spectroscopy, exposure to 365 nm light of E-2 in 
aqueous solution resulted in large upfield shifts of the resonances of the aromatic 
protons of the azobenzene, further corroborating the E⟶Z isomerization of the 
photoswitch (Figure 7.2c, blue dashed lines). The photogenerated Z-2 was proven 
to be thermally stable in the timeframe of the experiments with a half-life of ca. 4 
days at room temperature as determined by Eyring analysis (see experimental 
section). The backward Z⟶E isomerization could be induced upon irradiation of 
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Z-2 at 455 nm, which led to a gradual recovery of the original UV/Vis absorption 
(Figure 7.2b, blue spectrum) and 1H NMR spectra (Figure 7.2c). Throughout both 
E-2→Z-2 and Z-2→E-2 isomerizations isosbestic points were maintained at  
421 nm indicating a unimolecular process (see experimental section). Furthermore, 
the reversible E-Z photoswitching of the bear thread could be performed for at least 
five cycles by alternating UV and Vis irradiations without any appreciable amount 
of fatigue (Figure 7.2b, inset). 

 

Figure 7.2 (a) Schematic representation of the structural changes of trityl-
protected thread E-2 upon irradiation at 365 and 455 nm. (b) Changes in UV/Vis 
absorption spectrum E-2 (black spectrum), after irradiation at 365 nm (PSS365, red 
spectrum) and after consecutive irradiation at 455 nm (PSS455, blue spectrum). 
Inset shows changes in absorbance at 350 nm (A350) upon consecutive 
irradiations with UV and Vis light. (c) Changes in 1H NMR (400 MHz, 
D2O/CD3OD, 1.5 mM) spectrum of E-2 (Black spectrum) upon irradiation with 365 
nm (photostationary state was reached after 2 h of irradiation, red spectrum) and 
subsequent irradiation with 455 nm ((photostationary state was reached after 3 h 
of irradiation, blue spectrum).  
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The composition of the photostationary state (PSS) mixtures, formed upon 
sufficient irradiation at both wavelengths, was determined from the 1H NMR 
spectra. It was found that the E⟶Z photoisomerization of the bare thread proceeds 
almost quantitatively (PSS365 95:5 of Z-2:E-2), while the irradiation at 455 nm 
gives rise to a lower ratio of the isomers (PSS455 28:72 of Z-2:E-2).  

 

Figure 7.3 HRMS spectrum of E-2⊂CB[8] complex 

In aqueous solution, the inclusion complex E-2⊂CB[8] was found to form almost 
immediately upon mixing of the E-2 thread with CB[8] as was confirmed by 1H 
NMR spectroscopy, which revealed a significant upfield shift of the resonances 
ascribed to the aromatic protons of the paraquat and azobenzene moieties of the 
thread, in accordance with the literature data on comparable heteroternary CB[8] 
complexes (Figure 7.4c, red spectrum, red and blue dashed lines, 
respectively).39,42,45 Additional proof for the successful formation of the complex 
came from electrospray ionization mass spectroscopy (ESI-MS), where the masses 
of triply charged E-2⊂CB[8]3+ and double charged [E-2⊂CB[8]-H+]3+ were 
detected (Figure 7.3).  

When irradiated at 365 nm, the E-2⊂CB[8] host-guest complex showed a similar 
signature of the photoswitching behaviour in the UV/Vis absorption spectrum as 
the free E-2, namely a gradual decrease in the absorbance at 355 nm accompanied 
by small increase in the absorbance at 455 nm, pointing to the E⟶Z isomerization 
of the azobenzene moiety (Figure 7.4b). In the 1H NMR spectrum, irradiation at 
365 nm of the aqueous solution of E-2⊂CB[8] (Figure 7.4c, blue spectrum) 
resulted in a downfield shift of the resonances of the protons ascribed to the 
paraquat moiety towards the positions observed for the bare thread (Figure 7.4c, 
black spectrum, red dashed lines). In the Z-2⊂CB[8] complex, the paraquat moiety 
is thus expelled from the cavitand. This observation, was further supported by 
calculations using Grimme’s CREST algorithm46 using a simplified model 
compound. It was found that, for two populations of binary complexes, featuring 
either both fragments of the thread (paraquat and Z-azobenzene) or only Z-
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azobenzene encapsulated in the cavitand, the latter was more energetically 
favoured in terms of the deformation energy of the thread (Figure 7.5, see 
experimental section).  

 

Figure 7.4 (a) Schematic representation of the structural changes of  
trityl-protected thread E-2 upon irradiation at 365 and 455 nm. (b) Changes in 
UV/Vis absorption spectrum E-2 (black spectrum), after irradiation at 365 nm 
(PSS365, red spectrum) and after consecutive irradiation at 455 nm (PSS455, blue 
spectrum). Inset shows changes in absorbance at 350 nm (A350) upon consecutive 
irradiations with UV and Vis light. (c) Comparison of the 1H NMR spectra  
(400 MHz, D2O, 0.7 mM) of bare thread E-2 (black spectrum), complex E-
2⊂CB[8] (red spectrum), photostationary state mixture obtained by sufficient 
irradiation at 365 nm of E-2⊂CB[8] (PSS365, blue spectrum), and photostationary 
state mixture obtained by sufficient irradiation at 365 nm of E-2⊂CB[8] (PSS455, 
green spectrum). 
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Backward Z⟶E isomerization could be achieved through irradiation at 455 nm, 
which led to a gradual recovery of the E-2⊂CB[8] complex, as proven by UV/Vis 
absorption and 1H NMR spectra (Figure 7.4b,c, green spectra). The reversible 
E⟶Z photoswitching of the inclusion complex could be performed for at least five 
without any appreciable sign of fatigue, as demonstrated by the change in 
absorbance at 355 nm during alternate illumination with 365 nm and 455 nm light 
(Figure 7.4b, inset). Throughout E-2⊂CB[8]⟶Z-2⊂CB[8] no isosbestic point was 
observed which may probably indicate a sequential process. Conversely, during  
Z-2⊂CB[8]⟶E-2⊂CB[8] an isosbestic point was maintained at 408 nm thus 
indicating unimolecular process (see experimental section). The composition of the 
PSS mixtures formed upon sufficient irradiation at both wavelengths was 
determined with 1H NMR spectroscopy. In comparison to the bear thread the E⟶Z 
isomerization of the encapsulated azobenzene thread was found to give a lower 
PSS365 ratio (74:26 of Z-2⊂CB[8]: E-2⊂CB[8]), while the complementary Z⟶E 
photoisomerization gave rise to a much higher PSS455 ratio (10:90 of Z-2⊂CB[8]: 
E-2⊂CB[8]). Having established that in solution the photoisomerization of both 
bare and encapsulated threads proceeds in similar fashion and that paraquat 
association and dissociation can be induced by light, we proceeded to the 
fabrication of the photoresponsive surface. 

 

Figure 7.5 DFT optimized structures (M06-2X def2-TZVP with SDM solvation 
model for water) of model inclusion complexes featuring both E-azobenzene and 
paraquat moiety encapsulated by CB[8] (left panel) and Z-azobenzene 
encapsulated by CB[8] with paraquat moiety expelled from cavitand (right panel). 

7.4 Surface	functionalization	

The gold surface was functionalized with a monolayer of E-2 in methanolic 
solution in the glove box (Figure 7.6, Sample 1). Freshly prepared E-2 at Au 
samples were used to form complexes with CB[8] by dipping the substrate 
functionalized with E-2 in a suspension of CB[8] in DI-water. These samples were 
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either irradiated by white light (Figure 7.6, Sample 2) or UV light (Figure 7.6, 
Sample 3). We used X-ray photoelectron spectroscopy (XPS) to check the integrity 
of the molecules on the gold surfaces and to follow the light induced changes in the 
structure of the sample.  

 

Figure 7.6 Representation of the E-1 thin film on Au/Mica substrate (Sample 1) 
and changes in the structure of the film upon complexation with CB[8] (Sample 2) 
and irradiation with UV (Sample 3) or Vis light (Sample 2). The thickness of the 
films was determined from the attenuation of the Au4f XPS signal (see 
experimental section for details). Dashed arrows and numbers denote thickness of 
the respective adsorbate layers determined from attenuation of the Au4f signal in 
the XPS spectra (see experimental section for details). 

Nitrogen is present in both guest (E-2 thread) and host (CB[8]) molecules. Figure 
7.7a,b present the N1s core level spectra of samples 1 and 2. The spectrum of 
Sample 1, where the bare thread is grafted onto Au(111), comprises three 
distinguishable components. The first one at a binding energy of 399.8 eV,47 
corresponds to nitrogen in the azobenzene moiety (Nazo), whereas the lower charge 
density on N+ in the pyridinium moieties (Npqt), gives rise to the component at 
401.0 eV12,48. The third component at 402.3 eV can be attributed to N+ in the 
imidazolium moiety (Nimz), where the charge density around the photoemitting 
nitrogen is lowest. These components contribute with 40±2% (Nazo), 22±3% (Npqt) 
and 37±3% (Nimz,) to the total N1s spectral intensity (Figure 7.7a). The additional 
component at a binding energy of 400.2 eV49, detected in the XPS spectra of 
Sample 2, corresponds to N in an carbamide group and confirms the presence of 
CB[8] moieties on this surface (Figure 7.7b). Furthermore in Sample 2, Nazo peak 
sifted to 0.8 eV towards lower binding energy as a consequence of the interactions 
with the CB[8] core, thus indicating formation of the complex on Au surface. The 
C1s spectrum of Sample 1 consists of three distinct components, one at a binding 
energy of 285.1 eV,50 originating from carbons remote to heteroatoms, a second 
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one at 287.4 eV,51,52 corresponding to carbons in TEG chain and a relatively broad 
one (with a full width at half maximum of 1.6 eV) at 286.4  eV,50 which stems from 
carbons adjacent to nitrogens in pyridinium and imidazolium moieties (Figure 
7.7c). After complexation of the immobilized thread with CB[8] the additional 
components at 287.9 eV53 and 289.4 eV49 appeared in the C1s spectrum, testifying 
to the presence of N-(C=O)-N, and C-N-C species (Figure 7.7d). The S2p core 
level spectra of both Sample 1 and 2 consist of two doublets at 161.8 eV54 and 
163.6 eV,12 which correspond to chemisorbed sulfur and disulphide bonds, 
respectively (Figure 7.7e,f). The relative S2p photoemission intensity of sulfur in 
disulfide bonds changed from 20±2% to 48±3% after formation of the complex 
with CB[8] in water (Figure 7.7e,f). The I3d5/2 core level spectra confirmed the 
presence of the iodide anion on the azobenzene functionalized thread after grafting 
to the gold surface and after further functionalization with CB[8] and testify to the 
thread’s integrity (see experimental section). From the XPS spectra we can 
therefore conclude that the surface functionalization protocol was successful, 
resulting the in adsorption of the E-2 switches on the Au(111) surface and the 
successive binding of CB[8].  

 

Figure 7.7 XPS spectra of the N1s (a, b), C1s (c, d) and S2p (e, f) core level region 
collected from a gold surface functionalized, with the bare azobenzene thread E-1 
Sample 1 (bottom panels), and the same surface after further modification with 
CB[8] and irradiation with visible light Sample 2 (top panels).  

7.5 Photochemical	isomerization	studies	on	surface		

The theoretical length of the bare thread is 42 Å, whereas the length deduced from 
the attenuation of the Au4f signal in the XPS spectrum of the E-2 molecules on the 
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surface was 8.0±0.2 Å (see experimental section). This thickness of the molecular 
film on top of the gold surface in Sample 1 clearly indicates that the molecules are 
not tightly packed. The presence of the PEG chains may lead to a glassy phase 
structured like polymer brushes.55 The molecular structure of CB[8] translates into 
a height of 9 Å38 for the host molecules, whereas the thickness of the surface-
anchored host-guest complex as deduced from the attenuation the Au4f signal in 
the XPS spectrum was 18.0±0.6Å (details of the calculation are reported in the 
experimental section).  

 

Figure 7.8 (a) The XPS spectra of the N1s core level region collected from a gold 
surface functionalized, with the E-1⊂CB[8] complex (Sample 2) and irradiation 
with visible light (bottom) and same surface after irradiation with 365 nm light 
(Sample 3). (b) Water contact angles micrographs for Au surface modified with 
bare thread E-1 (bottom), after complexation with CB[8] (E-1⊂CB[8], middle) 
and irradiation with visible ligh, and after irradiation of the surface at 365 nm (Z-
1⊂CB[8], top). 

In other words, the modification of Sample 1 with the guest molecule and 
irradiation with visible light gave an around 9 Å thicker adsorbate layer than that of 
the pure thread, which is more than the height of the CB[8] molecules. To 
understand this conformational change we resorted to contact angle measurements, 
keeping in mind, as already mentioned earlier, that the CB[8] molecules have 
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a hydrophobic interior and a hydrophilic top exterior. The images of water droplets 
on the various surfaces are shown in the right panel of Figure 7.8b, where also the 
measured contact angle are reported; the measured contact angles are also 
summarized in Table 1. The water contact angle of Sample 1 was 59±2° at room 
temperature (Figure 7.8b, bottom), which agrees with a conformation like the one 
sketched in Figure 7.6 (Sample 1), where the hydrophobic paraquat moieties are 
partially folded back. When Sample 1 is exposed to the host molecules, these 
hydrophobic moieties can bind to the hydrophobic cavity of CB[8], as observed by 
NMR for the molecules in solution (Figure 7.4c). The water contact angle of 
Sample 2 was measured to be 41±3° (Figure 7.8b, middle), which indicates that the 
surface modified with complexed azobenzene thread is more hydrophilic than that 
modified with bare thread and supports the conformation drawn in Figure 7.6 
(Sample 2), where the CB[8] molecules arrange such that the hydrophilic top outer 
rim is exposed away from the gold substrate and both azobenzene and paraquat 
moieties are inserted inside the cavitand. As sketched in Figure 7.6 (Sample 2) 
these results also suggest that the molecular thread orients more upwards with 
respect to the Au surface when CB[8] is present (note the changes between 
Samples 1-2 thickness ~9 Å, Figure 7.6). After irradiation with 365 nm UV light to 
produce, the water contact angle changes to 61±2° (Figure 7.8b, top), and the 
adsorbate layer thickness increased to 21.5±03 Å (see experimental section), in 
agreement with a conformation change as shown in Figure 7.6 (Sample 3), where 
the azobenzene moiety underwent a E to Z isomerization and the paraquat moiety 
were expelled from the cavity and are exposed on the surface. The dynamic 
changes in the film thickness between Sample 2 and 3 are only possible because 
the hydrophobic gold surface forces the lower hydrophilic PEG part of the thread 
to extend out from the surface, thereby also causing the hydrophobic part of the 
molecule to be available for threading by the cavitand as shown in Figure 7.6.  

Table 1 The water contact angle measurement after Vis (>455 nm) and UV (365 
nm) irradiation of different samples prepared on Au(111). 

Sample name 
Droplet size 0.5 

μl 
Droplet size 1.0 

μl 

Sample 1 after 
irradiation with 
>455 nm light 

61±3° 59±3° 

Sample 1 after 
irradiation with 
365 nm light 

58±2° 59±2° 

Sample 2 45±2° 41±3° 

Sample 3 60±3° 58±2° 
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In fact, the overall design of CB[8] molecules with their hydrophobic interior and 
hydrophilic exterior rim is such that various hydrophobic-hydrophilic interactions 
are possible giving rise to the conformational change, which results in the ≈20° 
(Sample 2/Sample 3, Figure 7.6) water contact angle change in response to 
irradiation with UV light. The summary of the contact angles of the different 
surfaces measured with different volume of the water droplet, reported Table 1, 
shows that the ≈20° water contact angle change was reproducible for different 
samples. We also studied the reversibility of the switching by measuring the water 
contact angle; the results during various switching cycles are shown in Figure 7.9. 
Sample 2 with a contact angle of 45±2° was first irradiated with 365 nm UV light 
to generate sample 3 with a contact angle of 62±3°. Irradiation with visible light 
reverses the surface back to the initial conformation as seen from the contact angle 
of 46±3°, but if the alternate irradiations are continued, fatigue sets56 in after the 
second cycle and the contact angle change becomes much less (Figure 7.9). 

 

Figure 7.9 Switching cycles of E-2⊂CB[8] anchored on the Au(111) surface, 
monitored via the contact angle of a 1μl water droplet, measured after each 
alternate irradiation with 365 nm (UV) and >455 nm (Vis) light. 

7.6 Conclusions	

In summary, we synthesized a new supramolecular switch and demonstrated that it 
changes its conformation when stimulated by light both in solution when anchored 
to a surface. The switching behaviour of the host–guest complex was carefully 
analysed by 1HNMR and UV/vis absorption spectroscopy in solution as well as by 
XPS and contact angle measurements on the surface. In solution complex 
formation and multiple switching without any fatigue could be demonstrated. On 
the gold surface the E-2 switch adsorbs forming a glassy disordered phase, rather 
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than a densely packed self-assembled monolayer. However, surface switching 
could be proven by the water contact angle change. The E-2 switch on the surface 
can be efficiently functionalized with CB[8], and the complex shows a clear 
switching behaviour under UV irradiation, which results in a water contact angle 

change of 20. Most interestingly, the switch is fully reversible under irradiation 
with visible light during the first cycle and the initial hydrophobicity of the surface 
is recovered. Moreover, the observed by XPS spectroscopy changes in the 
thickness of the adsorbate layer upon illumination demonstrate that this surface 
mounted supramolecular system shows unprecedented dynamical behaviour. At the 
molecular level, the paraquat fragment moves out of the CB[8] macrocycle and 
threads back into it under alternate irradiation with UV and visible light, 
respectively. 
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7.8 Experimental	Section	

General Considerations For general comments see Chapter 2. Compounds 357, 
458, 559, were synthesized according to literature procedures. 

Monolayer E-2 on Au surface. The gold surface functionalization with E-2 
molecules was performed in a glove box. The solution of E-2 molecules was 
prepared in anhydrous methanol (98%, Sigma Aldrich) with few drops of 
anhydrous tetrahydrofuran (anhydrous, ≥99.9%, sigma Aldrich), and stirred for 20 
min. All glass vails were degassed to remove water and O2 molecules before 
preparation of the E-2 solution. The Au/mica substrate was immersed in the 
methanol solution for 8 h in the dark. Then the samples were washed three times 
with methanol, dried in an Ar-atmosphere and sealed in a glass vail. 

Preparation of E-2⊂CB[8] monolayer. Formation of the inclusion complex on 
a gold surface was performed in the glove box. The over-saturated aqueous 
solution of CB[8] was prepared with degassed deionized (DI) water (resistivity >18 
MΩ cm) by 20 min of sonication. The Au/mica substrate functionalized with a E-2 
monolayer was immersed in the aqueous solution of CB[8] and the vial was 
subjected to rotatory motion at 100 rmp for 5 min. Subsequently, samples were 
washed with DI water, dried in an Ar-atmosphere and stored in an inert 
atmosphere. 
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X-ray photoemission spectroscopy (XPS) X-ray Photoelectron Spectroscopy was 
performed with a Surface Science SSX-100 ESCA instrument, equipped with 
a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The pressure in the 
measurement chamber was below 1×10-10 mbar during data acquisition. The 
electron take-off angle with respect to the surface normal was 37º. The diameter of 
the analyzed area was 1 mm yielding a total experimental energy resolution of 1.1 
eV. The XPS spectra were analyzed using the least-squares curve fitting program 
Winspec. Deconvolution of the spectra included a Shirley baseline subtraction and 
fitting with a minimum number of peaks consistent with the structure of the 
molecules on a surface, taking into account the experimental resolution. The peak 
profile was taken as a convolution of Gaussian and Lorentzian functions. Binding 
energies are reported ±0.1 eV and referenced to the Au 4f7/2 photoemission peak 
originating from the substrate, centered at a binding energy of 84 eV. All 
measurements were carried out on freshly prepared samples; on each surface 5 
points were measured to check for reproducibility. 

Thickness calculation of the organic thin films from the XPS spectral intensity 
The thickness of the organic monolayers on the gold surface were calculated from 
the attenuation of the Au4f XPS signal. The intensity of the gold photoelectrons is 
attenuated by adsorbed molecules and this attenuation depends mainly on the 
thickness of the adsorbate layer: if the clean substrate has an integrated intensity 
IAu0, the integrated intensity (IAu) when the substrate is covered by adsorbates 
decreases exponentially according to Equation (1), where θ is the angle of the 
detector with respect to the normal to the surface (37°) and λ is the attenuation 
length of photoelectrons in the PEG film on gold surface (≈39 Å60,61) and d is the 
thickness of the adsorbate layer.  

IAu = IAu0 exp(-d / λ sinθ)  (1) 

We estimate the thickness of the film from the average value of the signal collected 
at 5 different spots on each sample; the error in the calculation estimated as 
standard deviation of the arithmetic mean. The thickness of Sample 1 was found to 
amount to were 8.0±0.2 Å, that of Sample 2 that 18.0±0.6 Å, and the thickness of 
Sample 3, to 21.5±0.4Å. 

Computational Details Conformational space was explored using Grimme’s 
Conformer-Rotamer Ensemble Sampling Tool (CREST)46 based on the GFN2-xTB 
method as implemented in the xTB code (version 6.1 beta).62,63 In these 
calculations, solvation effects were mimicked using the Generalized Born with 
Solvent Accessible Surface Area model (GBSA),64 modelling water. Geometries 
were then further optimized using Grimme’s GFN2-xTB method62,63 (very tight 
convergence criteria) and frequency calculations were performed to obtain 
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thermodynamic corrections. Single energy point calculations were recomputed at 
these geometries using TPSS,65 PW6B9566 in combination with the D3-BJ 
dispersion correction,67,68 and M06-2X69 density functionals with the def2-TZVP70 

basis set. In addition, the HF-3c71 and PBEh-3c72 methods were also tested. The 
SMD solvation model was used for the single point energy calculations.73 Results 
are presented in Table 2. RIJCOSX was used to accelerate the calculations with 
hybrid functionals.74 These calculations were carried out using the electronic 
structure code ORCA Version 4.1.1.75,76 For the trans configuration, we found that 
the ensemble of identified low-energy conformers placed the paraquat inside the 
CB[8] unit. For the cis configuration, an ensemble of structures was obtained 
where some of the structures featured the paraquat fragment inside and some 
outside of the CB[8] unit. From the computed electronic energies we find that the 
structure with the azobenzene unit in the trans form and the paraquat fragment 
inside the CB[8] unit is energetically most favourable. The cis forms are 
energetically less favourable by 14.2 kcal mol-1 and 14.0 kcal mol-1 for cis-in and 
cis-out, respectively. The energetic difference between the trans and cis forms 
reflects for the most part the energetic difference that is found for the simple 
isomerisation for simple azobenzene itself. We next addressed the question how the 
interaction between the CB[8] unit and the azobenzene/paraquat unit(s) change 
upon transitioning from trans to cis, which ultimately leads to ejection of the 
paraquat fragment. For this purpose we computed the deformation energies of the 
CB[8] macrocycle for the cis conformers with respect to the trans conformation. 
These energy differences are small, 0.5 and 1.1 kcal mol-1 for cis-in and cis-out, 
respectively. We can conclude that the change from a trans to a cis conformation(s) 
and the ejection of the paraquat fragment are not induced by an increase in strain of 
the CB[8] unit. The deformation energies for the bare threads are 11.0 and 8.8 kcal 
mol-1 for cis-in and cis-out when referenced to the trans conformation, thus making 
it favourable to release the paraquat unit. Notably, this energy difference is not 
fully translated to the difference found for the full isomers. When we compute the 
interaction energy between the inner fragment and CB[8] we find that this 
difference is in part compensated by more favourable noncovalent interactions 
which lead to interaction energies of -11.5 and -7.7 kcal mol-1 for cis-in and cis-out, 
respectively. We can therefore expect that especially solvation, which we modelled 
here only crudely with an implicit solvation model, can be used to control the 
position of the paraquat unit upon switching between trans and cis conformations 
of the azobenzene unit. 
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Table 2. Energetic evaluation (ΔG298.15 in kcal mol-1) at different levels of theory 
for the obtained structures. 

 
HF-
3c/SMD 

TPSS-
D3BJ/def2-
TZVP/SMD 

PBEh-
3c/SMD 

PW6B95-
D3BJ/def2-
TZVP/SMD 

M06-2X/def2-
TZVP/SMD 

TRANS 0.0 0.0 0.0 0.0 0.0 

CIS-IN 8.1 11.9 15.2 14.2 14.2 

CIS-OUT 7.2 16.2 13.4 14.9 14.0 

 

Figure 7.10 DFT optimized structures (M06-2X def2-TZVP with SDM solvation 
model for water) of model inclusion complexes in cis-in conformation 

1-(6-iodohexyl)-1'-methyl-[4,4'-bipyridinium] hexafluorophosphate (4) 

A two-neck round-bottom flask equipped with 
reflux condenser was charged with 3 (1.0 
equiv., 1.50 g, 5.03 mmol), a 1,6-diiodohexane 
(3.0 equiv., 5.10 g, 15.1 mmol, 2.5 mL) after 
which MeCN (30 mL) was added. The reaction mixture was heated at reflux for 16 
h. Next, the mixture was cooled to room temperature, the solvent was removed in 
vacuo, and the resulting solid was suspended in toluene, filtered, washed with 
toluene and dried to give 4 (with iodide counterions) as a red solid. For counterion 
exchange, 4 (with I- counterions) was dissolved in Milli-Q water (20 mL), and 
a solution of NH4PF6 (4.92 g, 30.2 mmol, 6 eq.) in Milli-Q water (5.0 mL) was 
added. The resulting solid was filtered, the residue washed with Milli-Q water and 
dried to give 4PF6 as a white solid (3.21 g, 4.78 mmol, 95%). 1H NMR (400 MHz, 
d6-DMSO) δ 9.43 – 9.35 (m, 2H), 9.33 – 9.25 (m, 2H), 8.83 – 8.73 (m, 4H), 4.69 (t, 
J = 7.4 Hz, 2H), 4.44 (s, 3H), 3.28 (t, J = 6.8 Hz, 2H), 1.99 (p, J = 7.4 Hz, 2H), 
1.77 (p, J = 6.9 Hz, 2H), 1.52 – 1.26 (m, 4H). 13C NMR (100 MHz, d6-DMSO) δ 



 

 
191 

 
 
 
 

Maximized change in water contact angle for photoswitchable cucurbit[8]uril-
mediated supramolecular monolayers on gold 

148.5, 148.1, 146.6, 145.7, 126.5, 126.1, 60.8, 48.1, 32.5, 30.5, 29.2, 24.3, 8.8. 
HRMS (ESI) calc.d C17H23IN2 [M]2+ 191.0447, found 191.0445. 

(E)-(4-((4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatridecan-13-yl)oxy)phenyl)diaze
nyl)phenyl)methanol (7) 

A two-neck round-bottom flask 
equipped with reflux condenser was 
charged with 5 (1.0 equiv., 1.50 g, 
6.57 mmol), 6 (1.2 equiv., 4.79 g, 7.89 
mmol), K2CO3 (3.0 equiv., 2.72 g, 19.7 mmol) and subsequently acetone (45 mL) 
was added. The reaction mixture was heated at reflux for 16 h. Next, the reaction 
mixture was cooled, EtOAc (30 mL) was added, the layers were separated, and the 
aqueous phase was extracted with EtOAc (2 x 10 mL). The combined organic 
layers were washed with brine (20 mL), dried over MgSO4 and concentrated in 
vacuo. Purification by column chromatography (SiO2, pentane/EtOAc) afforded 7 
as orange oil (3.57 g, 5.39 mmol, 82%). 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J 
= 9.2, 7.4 Hz, 4H), 7.48 (d, J = 8.3 Hz, 2H), 7.44 – 7.36 (m, 6H), 7.30 – 7.22 (m, 
6H), 7.22 – 7.15 (m, 3H), 7.05 – 6.95 (m, 2H), 4.77 (s, 2H), 4.23 – 4.13 (m, 2H), 
3.87 (dd, J = 5.7, 4.0 Hz, 2H), 3.75 – 3.68 (m, 2H), 3.68 – 3.61 (m, 2H), 3.61 – 
3.53 (m, 2H), 3.45 (dd, J = 5.8, 3.8 Hz, 2H), 3.30 (t, J = 6.9 Hz, 2H), 2.42 (t, J = 
6.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 161.1, 152.0, 146.9, 144.6, 143.0, 
129.4, 127.7, 127.3, 126.5, 124.6, 122.6, 114.7, 70.7, 70.5, 70.4, 70.0, 69.4, 67.6, 
66.4, 64.8, 31.5 (Two resonances of the ethylene glycol chains overlap). HRMS 
(ESI neg.) calc.d C40H41N2O5S [M-H]- 661.2743, found 661.2731. 

(E)-1-(4-(bromomethyl)phenyl)-2-(4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatride
can-13-yl)oxy)phenyl)diazene (8) 

A round-bottom flask was charged 
with 7 (1.0 equiv., 3.05 g, 4.60 mmol), 
CBr4 (1.2 equiv., 1.83 g, 5.52 mmol) 
and dry DCM (25 mL). Subsequently, 
a solution of PPh3 (1.5 equiv., 1.81 mg, 6.90 mmol) in DCM (10 mL) was added. 
The reaction mixture was stirred at room temperature for 4 h. Next, the reaction 
mixture was concentrated in vacuo, and purified by column chromatography (SiO2, 
pentane/EtOAc) to afford 8 as an orange oil (4.17 g, 5.75 mmol, 80%). 1H NMR 
(400 MHz, CDCl3) δ 7.95 – 7.80 (m, 4H), 7.51 (d, J = 8.4 Hz, 2H), 7.44 – 7.37 (m, 
6H), 7.30 – 7.25 (m, 6H), 7.22 – 7.15 (m, 3H), 7.05 – 6.95 (m, 2H), 4.54 (s, 2H), 
4.18 (dd, J = 5.7, 4.0 Hz, 2H), 3.87 (dd, J = 5.7, 4.0 Hz, 2H), 3.74 – 3.69 (m, 2H), 
3.67 – 3.62 (m, 2H), 3.57 (dd, J = 5.8, 3.8 Hz, 2H), 3.45 (dd, J = 5.8, 3.8 Hz, 2H), 
3.30 (t, J = 6.9 Hz, 2H), 2.42 (t, J = 6.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 
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161.4, 152.2, 146.8, 144.6, 139.7, 129.7, 129.4, 127.7, 126.5, 124.7, 122.8, 114.7, 
70.7, 70.5, 70.4, 70.0, 69.4, 69.4, 67.6, 66.4, 32.7, 31.5. HRMS (ESI) calc.d 
C40H41N2SO4BrNa [M+Na]+ 747.1863, found 747.1863. 

(E)-1-(4-((4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatridecan-13-yl)oxy)phenyl)dia
zenyl)benzyl)-1H-imidazole (9) 

A two-neck round-bottom flask 
equipped with reflux condenser was 
charged with 8 (1.0 equiv., 2.35 g, 
3.24 mmol), 1H-Imidazole (10 equiv., 
2.21 g, 32.4 mmol), K2CO3 (10 equiv., 
4.48 g, 32.4 mmol) and acetone (25 mL). The reaction mixture was heated at reflux 
for 16 h. Next, the reaction mixture was cooled, EtOAc (30 mL) was added, and 
the layers were separated. The aqueous phase was extracted with EtOAc (2 x 10 
mL). The combined organic layers were washed with brine (20 mL), dried over 
MgSO4, concentrated in vacuo, and purified by column chromatography (SiO2, 
DCM/MeOH) to afford 9 as an orange oil (2.05 g, 2.88 mmol, 89%). 1H NMR 
(400 MHz, CDCl3) δ 7.93 – 7.82 (m, 4H), 7.62 (s, 1H), 7.45 – 7.37 (m, 6H), 7.31 – 
7.10 (m, 8H), 7.04 – 6.97 (m, 3H), 7.13 (s, 1H), 7.03-6.99 (m, 2H), 6.94 (s, 1H) 
5.19 (s, 2H), 4.22 – 4.15 (m, 2H), 3.87 (dd, J = 5.6, 4.0 Hz, 2H), 3.77 – 3.62 (m, 
4H), 3.58 (dd, J = 5.8, 3.8 Hz, 2H), 3.46 (dd, J = 5.8, 3.8 Hz, 2H), 3.31 (t, J = 6.9 
Hz, 2H), 2.43 (t, J = 6.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 161.3, 152.4, 
146.8, 144.6, 137.9, 137.3, 129.7, 129.4, 127.7, 127.7, 126.5, 124.7, 122.9, 119.1, 
114.7, 70.7, 70.5, 70.3, 70.0, 69.4, 67.6, 66.4, 50.4, 31.5 (Two peaks of the 
ethylene glycol chains overlap). HRMS (ESI neg.) calcd C43H43N4SO4 [M-H]- 
711.3011, found 711.3000. 

(E)-1-methyl-1'-(6-(1-(4-((4-((1,1,1-triphenyl-5,8,11-trioxa-2-thiatridecan-13-
yl)oxy)phenyl)diazenyl)benzyl)-1H-imidazol-3-ium-3-yl)hexyl)-[4,4'-
bipyridium] trihexafluorophosphate/trichloride (2) 

 

A pressure tube was charged with 4 (1.0 equiv., 1.26 g, 1.87 mmol), 9 (1.5 equiv., 
2.00 g, 2.81 mmol) and MeCN (20 mL) was added. The reaction mixture was 
heated at 80 °C for 16 h. Next, the reaction mixture was cooled, and Bu4NCl (3.11 
g, 11.2 mmol, 6.0 eq.) in MeCN (5 mL) was added to precipitate the product. The 
resulting suspension was filtered, and the residue was from MeCN/PhMe (1/1 v/v) 
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mixture and dried to give 2Cl as an orange solid (1.50 g, 1.40 mmol, 75%), which 
was used for further UV/Vis and NMR studies. For the deprotection step, the 
counter ion was exchanged for PF6

-. 2Cl (1.00 g, 0.93 mmol, 1.0 eq.) was dissolved 
in Milli-Q water (10 mL) and a solution of NH4PF6 (0.91 g, 5.58 mmol, 6.0 eq.) in 
Milli-Q water (5 mL) was added. The precipitate was filtered off, washed with 
Milli-Q water and dried to afford 2PF6 as orange solid (1.24 g, 0.88 mmol, 95%). 
1H NMR (400 MHz, d6-DMSO) δ 9.48 (m, 3H), 9.35 – 9.29 (m, 2H), 8.87 – 8.77 
(m, 4H), 7.94 – 7.80 (m, 6H), 7.66 – 7.59 (m, 2H), 7.35-7.29 (m, 12H), 7.26 – 7.20 
(m, 3H), 7.18 – 7.06 (m, 2H), 5.57 (s, 2H), 4.72 (t, J = 7.5 Hz, 2H), 4.46 (s, 3H), 
4.27 – 4.15 (m, 4H), 3.80 – 3.73 (m, 2H), 3.64 – 3.41 (m, 6H), 3.34 (dd, J = 5.8, 
3.6 Hz, 2H), 3.22 (t, J = 6.6 Hz, 2H), 2.27 (t, J = 6.6 Hz, 2H), 1.98 (p, J = 7.5 Hz, 
2H), 1.84 (p, J = 7.4 Hz, 2H), 1.35 (m, 4H). 13C NMR (100 MHz, d6-DMSO) δ 
161.5, 152.0, 148.4, 148.0, 146.6, 146.0, 145.8, 144.4, 137.2, 136.3, 129.4, 129.1, 
128.0, 126.7, 126.5, 126.1, 124.7, 122.9, 122.7, 122.6, 115.1, 69.9, 69.8, 69.6, 69.5, 
68.8, 68.5, 67.7, 66.0, 60.5, 51.5, 48.8, 48.0, 31.4, 30.5, 28.9, 24.9, 24.7. HRMS 
(ESI) calc.d C60H66N6O4S2+ [M-3Cl-,-H+]2+ 483.2428, found 483.2425. 

(E)-1-(6-(1-(4-((4-(2-(2-(2-(2-mercaptoethoxy)ethoxy)ethoxy)ethoxy)phenyl)dia
zenyl)benzyl)-1H-imidazol-3-ium-3-yl)hexyl)-1'-methyl-[4,4'-bipyridinium] 
triiodide (1) 

 

A round-bottom flask was charged with 2PF6 (1.0 equiv., 300 mg, 0.21 mmol), and 
the dry DCM (10 mL) was added. Subsequently, Et3SiH (20 equiv., 498 mg, 4.28 
mmol, 0.73 mL) and TFA (10 equiv., 244 mg, 2.14 mmol, 0.16 mL) were added. 
The reaction mixture was stirred at rt for 2 h and concentrated in vacuo. The 
resulting solid was dissolved in MeCN/Toluene (1/1 v/v, 5 mL) and Bu4NI (6.0 
equiv., 508 mg, 1.28 mmol) in MeCN (3 mL) was added to precipitate the iodide 
salt. The resulting suspension was filtered, washed with MaCN/PhMe mixture and 
dried in vacuo to afford 1I as an orange solid (199 mg, 0.18 mmol 82%). The pure 
product was stored at 17 °C in a glove box. 1H NMR (600 MHz, DMSO-d6) δ 9.43 
– 9.35 (m, 3H), 9.29 (d, J = 6.5 Hz, 2H), 8.84 – 8.73 (m, 4H), 7.93 – 7.84 (m, 6H), 
7.65 – 7.56 (m, 2H), 7.21 – 7.11 (m, 2H), 5.54 (s, 2H), 4.68 (t, J = 7.4 Hz, 2H), 
4.45 (s, 3H), 4.27 – 4.12 (m, 4H), 3.78 (tq, J = 7.1, 3.9, 3.4 Hz, 2H), 3.69 – 3.44 
(m, 10H), 2.66 – 2.57 (m, 2H), 2.28 (t, J = 8.1 Hz, 1H) 1.98 (p, J = 7.3 Hz, 2H), 
1.83 (p, J = 7.4 Hz, 2H), 1.49 – 1.26 (m, 4H). 13C NMR (151 MHz, DMSO-d6) δ 
162.0, 152.5, 149.0, 148.5, 147.1, 146.5, 146.2, 137.6, 136.7, 129.9, 127.0, 126.5, 
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125.2, 123.4, 123.2, 115.6, 72.6, 70.4, 70.3, 70.2, 70.0, 69.9, 69.3, 69.1, 68.2, 61.2, 
52.0, 49.4, 48.6, 31.0, 29.5, 25.4, 25.3, 23.9. HRMS (ESI) calc.d C41H53N6O4S3+ 
[M-3I-]3+ 241.7942, found 241.7944.  
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Figure 7.11 Eyring plot analysis of thermal E/Z isomerization of Z-2 in water. The 
solution of E-2 (c = 1·10-5 M) was irradiated at 365 nm until no further changes 
were observed in the UV/Vis absorption spectrum. After the irradiation was 
stopped, the recovery of the band at 354 nm was followed in time. The rate 
constants (k) of the first order decay at five temperatures (60 °C, 65 °C, 70 °C, 75 
°C and 80 °C) were obtained by fitting to the equation Y = Ae(-t/k)+Y0 using Origin 
software. The obtained rates were used to perform a least-squares analysis with 
the linearized form of the Eyring equation to obtain the following activation 
parameter: Δ‡G(20 °C) = 103.7±1.6 kJ mol‒1. The dashed line indicates the 95 % 
confidence interval. 

Critical Aggregation Concentration of E-2. The critical aggregation 
concentration of E-2 was determined by incorporation of the hydrophobic 
solvatochromic probe – Nile Red (NR). Nile Red is a hydrophobic dye, poorly 
soluble and weekly emissive in water. Upon inclusion in hydrophobic aggregates, 
like micelles or bilayers, it shows blue shift of the emission maxima and 
enhancement of fluorescence. A stock solution (1 mM, EtOH) of Nile red was 
diluted in the investigated aqueous solutions of E-2 (concentration range 25.0 to 
177.5 μM), so that the final concentration of NR was 250 nM. As a result, the 
samples contained 0.25 % (v/v) of EtOH, which was expected not to influence the 
aggregation concentration. The samples were excited with λexc = 550 nm, and 
emission maxima of NR was plotted against concentration of E-2 on logarithmical 
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scale, as a result a sigmoidal shaped curve was obtained. The critical aggregation 
concertation was determined as a inflection point of the curve.  
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Figure 7.12 Dependence of the emission maximum of Nile Red (λexc = 550 nm) on 
the conctentration of the E-2. Critical aggregation concentration was determined 
based on the inflection point of the sigmoidal curve cCAC = 0.30 mM. 

Determination of the Quantum Yield of the photoisomerization of E-2 to Z-2 
and E-2⊂CB[8] to Z-2⊂CB[8] The photon flux of the Thorlabs M395F1 LED was 
estimated by measuring the production of ferrous ions from potassium ferrioxalate. 
All the manipulations with actinometer solution were performed under safe red 

light. A solution of K3[Fe(C2O4)3] (1.2  10-4 M) in M H2SO4aq (5.0  10-2 M) was 

irradiated at 20 °C for 10, 20, 30, 40, 50 and 60 s with max = 365 nm. At every 
time interval, a volume of 10 μL was taken and diluted to 2.0 mL with an aqueous 
0.5 M H2SO4 solution containing phenanthroline (1.0 g/L) and NaOAc (122.5 g/L). 

The absorption at  = 517 nm was measured and compared and the concentration 

of [Fe(phenanthroline)3]2+ complex was calculated using its molar absorptivity ( = 
11100 M cm-1). The concentration of Fe2+ ion was plotted versus time and the 
slope, corresponding to the rate of formation of Fe2+ ions was obtained by linear 
fitting to the equation y = ax + b using Origin software. The photon flux was 

calculated by dividing the rate of formation by the quantum yield (365 = 1.20) of 

the formation of the Fe2+ ion, to give a flux of 8.32  10-5 mol dm-3 s-1). 
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Figure 7.13 Formation of ferrous ions over time upon irradiation with 365 nm. 

A sample of E-1 (1.22  10-4 M, H2O) or E-1⊂CB[8] (1.83  10-4 M, H2O) was 
irradiated with 365 nm under identical conditions as the solution of the 

actinometer. The formation of Z-2 was followed at  = 480 nm. Molar absorptivity 

of E-2 and Z-2 at  = 480 nm (εE-1 = 949 M-1 cm-1 and εZ-1 = 1486 M-1 cm-1) and  

E-1⊂CB[8] and Z-1⊂CB[8] at  = 490 nm, εE-1⊂CB[8]  = 617 M-1 cm-1 and εZ-1⊂CB[8] 
= 881 M-1 cm-1)were used to determine concentration of the photoproducts. The 
concentration of Z-1 or Z-1⊂CB[8] formed upon irradiation was plotted against 
time and the rate of formation of Z-1 or Z-1⊂CB[8] was obtained by linear fitting 
to the equation y = ax + b using Origin software. The quantum yield of the (E-Z) 
photoisomerization was calculated by dividing the rate of formation by photon flux 
determined at identical conditions using actinometer, to give ϕE-Z = 17%. The 
quantum yield of the Z-E isomerization was derived from the composition of the 
PSS mixture ϕZ-E = 12%. Accordingly for ternary complexes values ϕE-Z⊂CB[8] = 
0.9% and ϕZ-E⊂CB[8] = 1.4% 
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Figure 7.14 Linear fit of photochemical E-2 to Z-2 isomerization upon irradiation 
with 365 nm. 
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Figure 7.15 Linear fit of photochemical E-2CB[8] to Z-2CB[8] isomerization 
upon irradiation with 365 nm. 
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Figure 7.16 Collection of changes in UV/Vis absorption spectra observed during 
photochemical isomerization (a) E-2→Z-2 induced by irradiation at 365 nm,  
(b) Z-2→E-2 induced by irradiation at 455 nm, (c) E-2⊂CB[8]→Z-2⊂CB[8] 
induced by irradiation at 365 nm and (d) Z-2⊂CB[8]→E-2⊂CB[8] induced by 
irradiation at 455 nm. In all panels black lines indicate initial state, red line final 
state reached during the isomerization and grey lines intermediate states. Insets 
show expansion of the spectra around ~ 410 nm. During E-2↔Z-2 isomerizations 
the isosbestic points were maintained at 421 nm. For E-2⊂CB[8]→Z-2⊂CB[8] 
isomerization no isosbestic point was observed and for Z-2⊂CB[8]→E-2⊂CB[8] 
isomerization the isosbestic point was observed at 408 nm. 
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