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6
PHOTOSWITCHABLE

CUCURBIT[8]URIL MONOLAYER ON

GOLD SURFACE

This chapter introduces the 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. The
CB[8] complexes were grafted on 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 of UV light, the paraquat moiety is
expelled from the cavitand but when irradieated with white light (Ê 455nm) it threads
back into the macrocyle. The conformational change of molecular complex were analyzed
by XPS and contact angle measurements and fatigue behaviour when moving in and out
of the cavitand is analysed.

Sumit Kumar, Wojciech Danowski, Laura Nunes dos Santos Comprido, Tasheen Zehra, Sander J.
Wezenberg, Ben L. Feringa, and Petra Rudolf, "Maximized change in contact angle for photo-switchable
cucurbit[8]uril-mediated supramolecular monolayers on gold", in preparation.
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6. PHOTOSWITCHABLE CUCURBIT[8]URIL MONOLAYER ON GOLD SURFACE

6.1. 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].
Photo-responsive 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. The
light-induced structural change of these molecules on surfaces can be exploited for
switching wettability[16–22] or for opto-mechanical applications[14, 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].
The light-induced water contact angle (WCA) changes of currently known photoactive
SAMs are modest, amounting to 2−14° for azobenzene monolayers [16, 21, 27], to 6−10°
for spyropyrans[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, 28–30] through grafting of polymer brushes to the surface[31–34], or
fabrication of patterned surfaces[22]. Nevertheless, the control of the WCA on flat,
non-patterned surfaces by light remains a fundamental challenge.

Recently a lot of attention has been devoted to the assembly of SAMs of
photoresponsive host-guest complexes[35]. In these systems the isomerization of
the photoswitch usually promotes the dissociation/association of the supramolecular
complex and therefore, conformational change associated with the isomerization of the
photoswitch can be further amplified, which in turn, should result in larger variation
in WCA between the pristine and the irradiated surface[30, 36]. For this purpose,
responsive surfaces functionalized with macrocyclic hosts including cyclodextrins[30,
36] and calixarenes[37] have been fabricated and were proven to exhibit large WCA
changes modulated by light on rough or patterned surfaces.

As one of the largest macrocyclic hosts, cucubit[8]uril (CB[8]) can simultaneously
accommodate up to two guest molecules within its hydrophobic cavity, in particular
an electron poor paraquat (MV+2) and electron rich E-azobenzenes, forming a
heteroternary photoswitchable complexs[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], coloids[41], polymer
brushes[31], memory deivces[42] or light-modulation of adhesive properties[43,
44].Scherman et. al. showed that irradiation of the binary complex of azobenzenes,
bearing an adjacent cations, and MV+2 CB[8] leads to expulsion of MV+2 from the CB[8]
cavity due to much higher binding affinity of cationic Z−azobenzenes to CB[8] than that
of MV+2 to CB[8][45].

Inspired by this pioneering work, we considered this type of switchable inclusion
complexes suitable candidates for fabrication of photoresponseive SAMs. In this
chapter, we present, a simple design of a novel CB[8] guest comprising a cationic
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6.2. RESULTS AND DISCUSSION

azobenzene photoswitch and a paraquat moiety connected with tetraethyleneglycol
to thiol anchoring group for suface modification. We envisioned that the hydrophilic
tetraethylenglycol 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 6.1).

6.2. RESULTS AND DISCUSSION
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Figure 6.1 Schematic illustration of the design, structure and photoswitching of the trityl-protected
azobenzene thread (E−2) (left panel) and photoswitching of the supramolecular photoresposive host-guest
complex with E-2⊂CB[8] (right panel). The DFT optimized structures (M06-2X def2-TZVP (see appendix 7.4
for details) with SDM solvation model for wateer) of model photoswitchable supramolecular complexes (left
lower panel).

6.2.1. PHOTOCHEMICAL ISOMERIZATION STUDIES IN SOLUTION

The photochemical E→Z isomerization of the E−2 ⊂CB[8] (Figure 6.2 (a),(c)) complex
as well as of the trityl-protected thread E−2 (Figure6.2) alone were studied in solution
by 1HNMR by UV/Vis absorption spectroscopies. As expected, in the absence of
CB[8], the bare thread shows the typical isomerization behaviour of azobenzene
photoswitches (Figure 6.2 (b)). 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 455 nm, in line with the
E→Z isomerization of the azobenzene moiety (Figure 6.2 (b), red spectrum). The
complementary Z→E isomerization could be achieved upon irradiation of Z−2 at
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6. PHOTOSWITCHABLE CUCURBIT[8]URIL MONOLAYER ON GOLD SURFACE

455 nm, which led to a gradual recovery of the original UV/Vis absorption (Figure 6.2 (b),
blue spectrum).Reversible E-Z photoswitching of the bear thread could be performed for
at least five cycles by alternating UV-Vis irradiations without any appreciable amount
of fatigue (Figure 6.2 (b), inset). The composition of the photostationary state (PSS)
mixtures formed upon sufficient irradiation at both wavelengths was determined from
the 1HNMR 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 slightly lower ratio of configurational isomers (PSS455 72:28 of Z−2 :E−2).

In the 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]. In fact, 1HNMR
spectroscopy revealed a significant upfield shift of the resonances ascribed to the
aromatic protons of the paraquat and azobenzene moieties of the thread, consistent
with the encapsulation of both these moieties in the hydrophobic interior of the CB[8]
cavitand (Figure 6.2 (a), red spectrum, red and blue dashed lines respectively). When
irradiated at 365 nm, the E−2 ⊂CB[8] host-guest complex showed a similar signature of
the photoswitching behavior in the UV/Vis absorption spectrum as the free E−2 thread,
namely a gradual decrease in the absorbance at 355 nm accompanied by small increase
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Figure 6.2 2. (a) Comparison of the 1H NMR spectra (400 MHz, D2O, MeOH-d4) 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). The dashed lines indicate changes
in chemical shift of resonances ascribed to paraquat (red, dashed lines), azobenzene (blue, dashed lines) and
methylene adjacent to thioether (yellow, dashed lines) protons. (b) Changes in UV/Vis absorption spectrum
E−2 (black spectrum), after irradiation at 365 nm (PSS365, red spectrum) and after consecutive irradiation with
455 nm (PSS455, blue spectrum). (c) Changes in UV/Vis absorption spectrum E−2 ⊂CB[8] (black spectrum),
after irradiation at 365 nm (PSS365, red spectrum) and after consecutive irradiation with 455 nm (PSS455, blue
spectrum). The insets show the absorbance during multiple irradiation cycles.
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in the absorbance at 455 nm, pointing to the E→Z isomerization of the azobenzene
moiety encapsulated by CB[8] (Figure 6.2 (c)). In the 1HNMR spectrum, irradiation
at 365 nm of the aqueous solution of the E−2 ⊂CB[8], (Figure 6.2 (a), blue spectrum)
resulted in a significant downfield shift of the resonances of the protons ascribed to the
paraquat moiety towards the positions observed for the bare thread (Figure 6.2 (a), black
curve, red, dashed lines). This leads to the conclusion that formation of the Z-2⊂CB[8]
complex entails expulsion of the paraquat moiety from the cavitand.

The complementary 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 the
UV/Vis absorption and 1HNMR spectra (Figure 6.2 (a), green spectrum). The reversible
E→Z photoswitching of the supramolecular complex could be performed for at least
five cycles by alternating UV and Vis irradiation without any appreciable sign of fatigue,
as demonstrated by the intensity change of the 355 nm absorption during alternate
illumination with 365 nm and 455 nm light shown as inset in the bottom right. From
the composition of the photostationary state (PSS) mixtures (PSS365 ratio of 74 : 26
of Z-2⊂CB[8]: E−2 ⊂CB[8]) the E→Z isomerization of the encapsulated azobenzene
thread was found to proceed with lower efficiency than that of the bare thread, while
the complementary Z→E photoisomerization resulted more selective, giving rise to the
much higher PSS ratio (PSS455 ratio of 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 the same fashion and that the paraquat moiety moves in and
out of the CB[8] host when stimulated by light, we undertook the fabrication of the
photoresponsive supramolecular surface.

6.2.2. SURFACE FUNCTIONALIZATION

Surface functionalization with E−2 is rather challenging compared to the formation of
self-assembled monolayers (SAMs) of simple molecules such as alkanethiols because
these molecules are insoluble in a variety of solvents, and unstable in normal
atmospheric conditions. We therefore prepared all samples under glove box conditions
(1 ppm H2O, 1 ppm O2), and stored them in inert atmosphere before measurements. The
switches were grafted on 100 nm Au deposited on mica (see experimental techniques
for details ). A methanolic solution of E−2 switches was prepared under glove box
conditions by adding a few drops of tetrahydrofuran (THF). The solution was stirred
for 5 min at room temperature before immersing a freshly prepared Au/mica substrate
for 8 h; thereafter the samples were gently rinsed three times with methanol, dried in
an Ar atmosphere and sealed in Ar atmosphere before characterization (sample 1) or
immediately used to form complexes with CB[8]. For the latter, an aqueous dispersion
of CB[8] was prepared in degassed DI water (resistivity >18 M Ω*cm) and sonicated
for 40 min before immersing the freshly prepared sample 1 for 5 min. Afterwards, the
sample was rinsed with DI-water and dried under Ar atmosphere. These samples were
either irradiated by white light (sample 2) or UV light (sample 3) in order to produce the
conformations sketched in Figure 6.3 left panel - before being measured.

We used X-ray photoelectron spectroscopy (XPS) to check the integrity of the
molecules on the two gold surfaces (sample 1 and sample 2) and to follow the changes
in conformation induced by irradiation in order to verify whether the model (sample 3)
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Figure 6.3 Right: Molecular structure of the photoswitchable azobenzene functionalized thread (E−2), and
of cucurbit[8]uril (CB[8]). Left: Schematic diagram of the molecules (E−2 ⊂CB[8]) attached to the Au surface;
under visible irradiation the photo-switchable molecules have cis form, and hence paraquat inserted inside the
CB[8] cavitand while under UV radiation the molecule undergoes the transition to the trans form (Z-2⊂CB[8])
and the paraquat moity is expelled from the CB[8] cavity.

presented in Figure 6.3 is indeed correct. Nitrogen is present in both guest (E−2 thread)
and host (CB[8]) molecules.Figure 6.4 (a),(b), and (c), presents the N1s core level spectra
of sample 1, 2, and 3, respectively. The spectrum of sample 1, where the bare thread is
grafted onto Au(111), comprises three distinguishable components (Figure 6.4 (c)); the
first one at a binding energy of 399.8 eV [46], 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 eV[12, 47]. The third component at 402.3 eV can
be attributed to N+ in the five membered ring in imidazolium, Ni mz , where the charge
density around the photoemitting nitrogen is lowest. These components contribute with
40±2% (Nazo), 22±3% (Npqt ) and 37±3% (Ni mz ) to the total N1s spectral intensity. The
additional component at a binding energy of 400.2 eV[48], detected in the spectra of
sample 2 and 3 (presented in Figure 6.4 (b) and (a)), corresponds to N in an carbaminde
group and confirms the presence of CB[8] moieties on these surfaces. In sample 2, Nazo

peak sifted by 0.8 eV toward lower binding energy, because of hydrophobic interaction
with the CB[8] core. Differences in intensity of the nitrogen components observed for
sample 2 and 3 (Figure 6.4 (a) and (b)) will be discussed below in the section on the
switching mechanism.

Figure 6.5 presents the C1s, S2p and I3d XPS spectra of sample 1nd 2. The C1s
spectrum of sample 1 (Figure 6.5 (b)) consists of three distinct components, one
at a binding energy of 285.1 eV[49], originating from C-C bonds, a second one at
287.4 eV[50][51], corresponding to C-O-C bonds and a relatively broad one (with a full
width at half maximum of 0.6 eV) at 286.4 eV[49], which stems from C=N-C, C-S and C-O
bonds. After sample 1 was exposed to CB[8] additional components at 287.9 eV[52] and

6
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Figure 6.4 Left panels: XPS spectra of the N1s core level region collected from (c) a gold surface
functionalized,with the azobenzene thread, sample 1; (b) the same surface after further modification with
CB[8] and irradiation with visible (Ê 455nm) light, sample 2; and (a) the sample of spectrum (b) after
irradiation with 365 nm light, sample 3. Right panels: Contact angles measured on the samples 1, 2 and 3,
whose respective XPS are shown in the left panels and sketches of the presumed surface conformation of the
grafted molecules in each case.

289.4 eV[48] appear in the C1s spectrum, testifying to the presence of N-(C=O)-N, and
C-N-C species (Figure 6.5 (a)), and hence confirming that CB[8] adsorbed on the surface
of sample 2.

The S2p core level spectra (Figure 6.5 (c) and (d)) consist of two doublets peaked at
161.8 eV[53] and 163.6 eV[12], which correspond to chemisorbed sulfur and disulphide
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6. PHOTOSWITCHABLE CUCURBIT[8]URIL MONOLAYER ON GOLD SURFACE
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Figure 6.5 XPS spectra of the C1s, S2p and I3d core level regions collected from collected from (bottom panel)
a gold surface functionalized,with the azobenzene thread, sample 1; (top panel) the same surface after further
modification with CB[8] and irradiation with visible (Ê455 nm) light, sample 2.

bonds, respectively. The relative S2p photoemission intensity of sulfur in disulfide bonds
changed from 20±2% to 48±3% after we functionalized sample 1 with CB[8] in water
(Figure 6.5 (c)). The I3d core level spectra (Figure 6.5 (e) and (f)) confirm the presence
of the iodine anion on the azobenzene functionalized thread after grafting to the gold
surface (sample 1) and after further functionalization with CB[8] and testify to the
thread’s integrity.

From the XPS spectra we can therefore conclude that our surface functionalization
protocol was successful, resulting the adsorption of the E−2 switches on the Au(111)
surface and the successive attachment of CB[8]. In the following we examine our
evidence for CB[8] being actually threaded onto the E−2 switch and for the light-induced
switching leading to the conformational changes sketched in Figure 6.3.

6.2.3. MECHANISM OF SURFACE SWITCHING

The theoretical length of the bare thread is 42 Å , whereas the length deduced from the
attenuation the Au4f signal in the XPS spectrum of the E−2 molecules on the surface
was 8.0±0.2 Å . 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[54]. The
molecular structure of CB[8] translates into a height of 9 Å [38] for the guest molecules,
whereas the thickness of the surface-anchored the host-guest complex as deduced
from the attenuation the Au4f signal in the XPS spectrum was 18.0 ±0.6Å . In other
words, the modification of sample 1 with the guest molecule and irradiation with visible
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(Ê455 nm) light resulted in sample 2 with an around ≈11 Å thicker adsorbate layer than
sample 1, 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 a hydrophobic core and
a hydrophilic top outer rim. The images of water droplets on the various surfaces are
shown in the right panel of Figure 6.4, where also the measured contact angle and the
proposed structure are reported; the measured contact angles are also summarized in
Table6.1 below. The water contact angle of sample 1 was 59±2◦ at room temperature
(see Figure 6.3, right panel), which agrees with a conformation like the one sketched in
Figure 6.4, 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 6.2). The water contact angle of sample 2 was measured to be 41±3◦ (Figure 6.4,
right panel, center), which indicates that sample 2 has a more hydrophilic surface than
sample 1 and supports the conformation drawn in Figure 6.3 (left panel, E−2 ⊂CB[8])
and Figure 6.4, where the CB[8] molecules arrange such that the hydrophilic top outer
rim is facing away from the gold substrate, the azobenzene is in the cis form and the
paraquat moieties inserted inside the cavitand. As sketched in Figure 6.3 for sample 2
these results also suggest that the molecular thread orients more perpendicular to the
Au surface when CB[8] is present.

Table 6.1: The water contact angle measurement after Vis (Ê455 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 visible light

61±3◦ 59±3◦

Sample 1 after
irradiation with UV light

58±2◦ 59±2◦

Sample 2 45±2◦ 41±3◦

Sample 3 60±3◦ 58±2◦

After irradiation with 365 nm, UV light to produce the configuration sketched in
Figure 6.3, the water contact angle changed to 61±2◦, and the adsorbate layer thickness
increased to 21.5±03 Å , in agreement with a conformation change as shown in Figure
6.4, (right panel top), where the azobenzene moiety underwent a cis to trans isomerism
and the paraquat moiety was expelled from the cavity and exposed on the surface.
The dynamic changes in the film thickness between sample 2 and sample 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 6.3. In fact,
the overall design of CB[8] molecules with their hydrophobic core and hydrophilic outer
rim is such that various hydrophobic-hydrophilic interactions are possible giving rise
to the conformational change, which results in the ≈20◦ water contact angle change in
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6. PHOTOSWITCHABLE CUCURBIT[8]URIL MONOLAYER ON GOLD SURFACE

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 Table6.1, shows
that the ≈20◦ water contact angle change was reproducible for different samples.
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Figure 6.6 Switching cycles of E−2 ⊂CB[8] anchored on A(111) surface, monitored via contact angle of a 1µL
water droplet, measured after each alternate irradiation with 365 nm (UV) and Ê455 nm (Vis) light

(Ê455 nm)

We also studied the reversibility of the switching by measuring the water contact
angle; the results during various switching cycles are shown in Figure 6.6. 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 (Ê455 nm) 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 sets[55] in after the second cycle and the
contact angle change becomes much less (see in Figure 6.6).

6.3. CONCLUSION
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 behavior of the host–guest complex was carefully analyzed 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 integer but forms a glassy disordered phase, rather 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 behavior under UV
irradiation, which results in a water contact angle change of 20◦. Most interestingly,
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the switch is fully reversible under irradiation with visible light during fist cycle and
the initial hydrophobicity of the surface is recovered. Moreover the observed changes
in the thickness of the adsorbate layer upon illumination demonstrate that this surface
mounted supramolecular system shows unprecedented dynamical behavior. In detail,
the paraquat fragment moves out of the CB[8] macrocyle and threads back into it under
alternate irradiation with UV and visible light, respectively.
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