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Chapter 5 

p-Type Dye-Sensitized Solar Cells Based on 

Pseudorotaxane Mediated Charge-Transfer  

 

Part of this work has been published as: 

Tessel Bouwens, Simon Mathew  and Joost N. H. Reek, p-Type dye-sensitized solar cells based on 

pseudorotaxane mediated charge-transfer, Faraday, Disc. 2019, 215, 393–406. 
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Abstract 

The efficiency of p-type dye-sensitized solar cells (p-DSSC) remains low compared to n-type 

congeners due to charge recombination events. We report a supramolecular approach to 

reduce recombination at the NiO–electrolyte interface, realized by using the cyclophane 

cyclobis(paraquat-p-phenylene) ring (ring4+/ring3+•) as a redox mediator and a dye (PSTATION) 

functionalized with a 1,5-dioxynaphthalene (DNP) recognition site, promoting the 

supramolecular formation of a pseudorotaxane capable of directing charge transfer away from 

the dye–electrolyte interface. The binding affinity of ring4+ to PSTATION is high (Kass = 3.4 × 104 

M-1) with quenching of the photoexcited dye (PSTATION*) ascribed to reduction of ring4+ to 

ring3•+. The reduced ring3+• exhibits a lower binding affinity to PSTATION facilitating exchange 

with the excess ring4+ present in solution. This supramolecular phenomenon was 

implemented into p-DSSCs, by anchoring the PSTATION dye on a NiO photocathode in 

conjunction with the ring4+/ring3+• redox couple, yielding a tenfold enhancement in short-

circuit photocurrent (JSC) compared to control devices utilizing the P1 dye or methylviologen 

(MV2+/MV+•) redox couple that cannot form pseudorotaxanes. 

Introduction 

Dye-sensitized solar cells (DSSCs) invented by O’Regan & Grätzel in 1991,[1] have 

complementary advantages to traditional silicon solar cells including low-cost 

manufacturing,[2] low-light performance,[3] and tunable colors making them useful for indoor 

applications and building integrated photovoltaics (BIPV).[4] High-efficiency n-type DSSCs (n-

DSSC) employ sterically demanding dyes and/or surface passivation to shield the TiO2–

electrolyte interface and suppress recombination of photoinjected electrons.[5,6] This design 

principle has enabled the use alternative redox mediators yielding enhancements of open-

circuit voltages (VOC) that translate to power conversion efficiencies (PCE) beyond 14%.[7,8] 

The complementary p-type DSSC (p-DSSC) opens avenues to tandem solar cells to attain 

greater PCE while demonstrating utility for both photovoltaics and solar-driven fuel 

generation, but is relatively unexplored compared to its n-type analogue[9–13] Intrinsic to the 

operation of the p-DSSC is electron transfer from the Valence Band (VB) of the p-type 

semiconductor NiO to the excited state dye (D*).[14,15] However, currently the highest 

efficiency of p-DSSCs are 10 fold lower compared to the n-type analogues due to 

recombination phenomena.[16,17] Electron propagation in the p-DSSC along with 

recombination phenomena are outlined in Figure 1. Ideally the absorption of light to generate 

an excited state dye (D*) will precede via an electron transfer from the VB of NiO (Figure 1, 
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Process 2) to afford the radical dye anion (D-). Regeneration of the ground-state dye proceeds 

via a second electron transfer to the redox mediator (Figure 1, Process 3) allowing the reduced 

species of the redox couple to diffuse to the counter electrode, regenerate and complete the 

circuit (Figure 1, Process 4). 

 

Figure 1. Schematic representation of a p-DSSC. Blue arrows represent the forward electron 

propagation processes and red arrows show the unfavorable recombination phenomena. FTO 

= Fluorine Tin Oxide. RC = redox couple. CB = Conduction Band. VB = Valence Band. D 

= Dye. D* = excited state dye. D- = radical dye anion. 

 

Unfavorable recombination phenomena can lower the PCE by creating competition for the 

forward electron transfer to the redox couple.[18,19] Ultrafast recombination between the radical 

dye anion and the hole in the VB of NiO (Figure 1, Process 6) is ameliorated by the molecular 

engineering of donor–π–acceptor dyes. Spatial separation of the donor near the 

semiconductor surface and the acceptor away from the NiO surface promotes vectorial 

electron transfer away from the surface upon light absorption increasing the lifetime of the 

photoreduced excited state.[20–22] The second recombination process involves the electron 

transfer from the reduced redox couple to the VB of the NiO (Figure 1, Process 5). As charge 

migration is relatively slow in NiO (4 × 10-8 cm2 s-1), this process also significantly contributes 

to the low efficiencies.[23] 
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Figure 2. Proposed operational principle of the pseudorotaxane-based p-DSSC. The ring in 

oxidized form (ring4+, blue) has a high affinity for the binding site (DNP, in red) in contrast 

to the reduced ring (ring3+•, green), leading to high local concentration of RING4+ close to the 

dye. Molecular structures of PSTATION, P1 the ring ring4+, MV2+ and the PSTATION–(ring 4+)2 
complex (right). 
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With these challenges in mind, we propose a novel approach in the construction of p-DSSC 

in which we functionalize the dye with a 1,5-dioxynaphthalene (DNP) recognition site for the 

ring to form a pseudorotaxane with the cyclophane cyclobis(paraquat-p-phenylene) ring, 

ring4+ being the oxidized form of the redox couple.[24] Electron transfer from D- reduces ring4+, 

yielding ring3+• that loses affinity for the recognition site and driven away from the dye–

semiconductor interface, facilitating charge rectification within the device (Figure 2). This 

self-assembly strategy is unknown for p-DSSC based on the I-/I3
- redox couple.[25] Pre-

organization of the redox couple should result in improving the competitiveness of forward 

electron propagation in the device compared to charge recombination. This contrasts the 

operation of current liquid DSSC where the electron transfer between dye and redox mediator 

is dictated by diffusion (collisional) phenomena. 

In this chapter we report the synthesis of dyes with recognition sites that facilitate 

pseudorotaxanes formation and implementation into a p-DSSC where the ring acts as a redox 

mediator. Initial experiments confirm that this supramolecular approach results in a ~tenfold 

improvement in photocurrents compared to control cells without supramolecular motifs for 

pre-organization. 

Results and discussion 

Design and description of the components. Creating a switchable pseudorotaxane-based 

DSSC requires the components to meet specific criteria. Firstly, the oxidized ring component 

in the pseudorotaxane must have a high affinity (high binding constant, Kass) for the 

recognition site, accompanied by  a decrease in Kass, upon reduction of the ring facilitating 

ring exchange and charge transport. Secondly, the redox potentials of all components must 

promote forward electron propagation by an electron cascade triggered by the absorption of 

light to reduce the ring as redox mediator. With these requirements in mind, we considered 

pseudorotaxanes developed by Stoddart and coworkers as suitable[24,26] The electron-deficient 

ring structure ring4+, or the famous “blue box”, exhibits a strong electrostatic interaction with 

the electron rich DNP (Figure 2, in red).[27] Upon reduction of ring4+ to ring3+• via chemical[28], 

electrochemical[29] or photochemical stimuli[30,31] increase in electron density of causes a loss 

of affinity for the DNP recognition site.[26,32] 

We selected to modify the P1 dye system[20,33] as it can accommodate the incorporation of the 

DNP recognition sites at the acceptor part with minimal perturbation of the dye electronic 

structure (Figure 2) so that the energy levels of the NiO VB, the dye and the redox couple 

match to allow for forward electron propagation within the system (Figure 3). Initial 
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experiments showed that high concentrations of ring caused detachment of the PSTATION dye, 

a problem that was solved by using low concentrations of ring4+ and MV2+ as main redox 

mediator as the latter is essentially two connected MV2+ molecules. 

 

Figure 3. Schematic energy diagram for the p-DSSC based on the PSTATION pseudorotaxane 

dye. Energy levels are represented in V versus NHE. This effectively creates a local high 
concentration of oxidized redox mediator in close proximity to the dye, facilitating the 

productive transfer processes compared to recombination pathways. 

 

Synthesis of the building blocks. The P1 dye,[20] and the [ring٠4PF6][34] were prepared 

according to literature procedure. The PSTATION dye functionalized with the DNP recognition 

site was prepared using a modified procedure, outlined in Scheme 1. The bisaldehyde 4 is 

reacted with malononitrile to obtain P1.[20] The last step in the preparation of PSTATION involves 

a Knoevenagel condensation of 4 with the cyanoacrylate-functionalized DNP unit 1. After 

purification by column chromatography the PSTATION dye was obtained as a waxy red solid in 

11% yield. The compound was comprehensively characterized by 1H NMR, 13C NMR, FD–

MS, ATR–IR, CV, and UV–vis. 
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Scheme 1. Synthesis of the PSTATION dye with the DNP recognition sites and synthesis of the 

ring. 

 

Optical and electrochemical properties. The absorption maxima and electrochemical 

properties of P1 and PSTATION are presented in Figure 4 and summarized in Table 1. A strong 

absorption between 400–680 nm ascribed to intramolecular charge transfer, with the 

maximum for PSTATION (450 nm) slightly blue-shifted in comparison to P1 (475 nm). This blue 

shift arises from the slight difference in electron withdrawing capability of the acceptor from 

substitution of one cyano group with an ester. The absorption of the DNP unit is a clearly 

visible feature between 270–340 nm in the UV–vis spectrum of the PSTATION dye and the 

absorption spectrum of PSTATION indeed approximates a superposition of the UV–vis spectra 

of both compound 1 and P1 (Figure 4). Furthermore, the DNP unit in PSTATION exhibits a 

structured fluorescence band with a maximum at 344 nm upon excitation at 310 nm, while 

the dye part of PSTATION shows a broad fluorescence feature at 630 nm upon excitation at 450 

nm as is shown in Figure 4. There is no electronic communication between the DNP group 

and the dye part of PSTATION as these fluorescence features are separated from each other and 

only appear upon excitation at 310 nm or 450 nm respectively.  
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Figure 4. UV–vis spectra of P1 (solid blue line), PSTATION (solid red line) and compound 1 

(solid green line) together with the normalized emission spectrum of PSTATION upon excitation 

at 450 nm (dashed red line). 

 

Table 1. Optical and Electrochemical properties of P1 and PSTATION (0.5 mM) in MeCN. The 

redox potentials were determined in 0.1 M TBAPF6 with a glassy carbon working electrode, 

a leakless Ag/AgCl reference electrode and a Pt wire as counter electrode. 

Dye λmax (nm) ε (L mol-1 cm-1) E0-0 (eV) E(D˖/D)  

(V vs. NHE) 

E(D/D-) 

 (V vs. NHE) 

P1 485 5.8٠104 2.27 1.30 -0.67 

PSTATION 450 3.5٠104 2.30 1.32 -0.98 

 

NMR investigation of binding phenomena. The binding of ring4+ to the PSTATION dye is 

qualitatively confirmed by a 5 point 1H NMR titration (Figure S7). Mixing of the components 

resulted in an upfield shift for resonances originating from ring4+ (Δδ = 0.02 ppm) and the 

DNP (Δδ = 0.20 ppm) moiety with concomitant peak broadening observed in the 1H NMR 

spectra. DOSY NMR (Figure S8) established that both the PSTATION dye and ring4+ 
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components in the PSTATION–ring4+ complex demonstrating identical diffusion constants (5.50 

× 10-10 m2 s-1) that was slightly smaller than the PSTATION dye (1.02 × 10-9 m2 s-1) and 

significantly smaller than ring4+ (1.26 × 10-10 m2 s-1) This observation is consistent with the 

PSTATION– ring4+ complex exhibiting rigidification upon complex formation at the DNP 

recognition site, manifesting in an increase in hydrodynamic radius. Quantification of the 

binding constant (Kass) along with the photoinduced charge transfer in PSTATION–( ring4+)2 

complexes was investigated by fluorescence quenching studies. 

Fluorescence quenching studies. The Kass of the ring4+ to the PSTATION dye was measured by 

titration, monitoring the quenching of emission from the DNP moiety in PSTATION (λem = 344 

nm) upon the addition of aliquots of ring4+.[35] The Kass obtained by fitting the titration curve 

using a Host–Guest–Guest (HGG) model, as introduced by Hunter[36] showed that binding of 

ring4+ to the two binding sites exhibit almost the same association constant (Kass = 3.4 × 104 

M-1). The cooperativity factor α is determined to be 0.7, suggesting a minor negative 

cooperativity, i.e. the first binding event for the formation of PSTATION–(ring4+) is slightly 

stronger than the second binding event to form PSTATION–(ring4+)2. Overall the association 

constant is the same order of magnitude as previously reported for a related system.[37]  

Next, it was investigated if the ring is able to quench the excited state of the dye when bound 

to the DNP recognition site. Upon formation of the PSTATION–(ring4+)2 complex, 83% of the 

fluorescence of the dye at 630 nm was quenched. No other emission was observed, which is 

in line with a photoinduced electron transfer process. 

Photovoltaic properties. The NiO working electrodes were sensitized by soaking the 

electrodes in dye solution (P1 or PSTATION in MeCN) for 16 hours. Adsorption of the dye was 

confirmed by the loss of the νC=O bands of the acidic group of the dye in the ATR–IR spectra 

(Figure S2). Dye desorption experiments show that the dye coverage is 1.6 × 10-8 mol cm-2 for 

PSTATION. To prove the effect of pseudorotaxane-mediated pre-organization, MV2+ only as 

electrolyte was employed as control for ring4+. They both demonstrate similar reduction 

potentials (Table S3), differing in their ability to participate in pseudorotaxane formation, i.e. 

MV2+ is not able to form a pseudorotaxane whereas ring4+ is[38,39] DSSCs employing four 

different combinations of dye (either P1 or PSTATION) and redox couple (either 25 mM MV2+/+• 

or 24.925 mM MV2+/+• with 75 µM (0.3 mol%) ring4+/●3+) were fabricated. This relatively low 

concentration of ring4+ is used in the cell as initial experiments revealed that the use of 25 mM 

(i.e. 100%) ring4+/3+• as electrolyte results in leaching of the PSTATION dye from the surface, 

observed as the sensitized orange color of the photocathode disappearing upon introduction 

of the electrolyte (for further explanation see Experimental Section 5.2.). The redox couple 
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was added as a mixture of the reduced and non-reduced species (i.e. MV+• : MV2+ = 9:1) by 

combining a pre-reduced 25 mM MV+• solution, with a non-reduced 25 mM MV2+ solution. 

As the reduced electrolyte containing MV+• and ring3●+ is sensitive to oxygen, all DSSCs were 

constructed under inert atmosphere inside a nitrogen filled glovebox. DSSCs were measured 

directly after fabrication in a two-electrode system, connected to a potentiostat to measure the 

short-circuit photocurrent density JSC (i.e. at zero bias) under AM1.5G illumination (100 mW 

cm-2) in 30 seconds cycles (Figure 5), with the data summarized in Table 2.  

The DSSCs based on the P1 and the PSTATION dye with MV2+/+• as electrolyte (Entry 1 and 2) 

give identical photocurrents, indicating that the new PSTATION dye functions similarly to the 

known P1 dye in this set-up. Entry 2 shows that in presence of ring4+/●3+ and in absence of 

the recognition site similar currents as in Entry 1 and 3 are observed. Only DSSCs utilizing 

dye PSTATION and the ring4+/●3+ redox mediator elements, conducive to pseudorotaxane 

formation, exhibit a dramatic increase in photocurrent (Entry 4). In addition, the photocurrent 

profile features an initial spike at -17 µA cm-2 which decays down to a constant value of -9.56 

µA cm-2, indicative of a mass transport limitation as the diffusion of MV2+/ +• to the counter 

electrode is slower due to its larger molecular size. This is a well-known phenomenon in n-

DSSC with redox couples based on larger molecules than for example the I-/I3
- redox 

couple.[40,41]  

Table 1..Obtained JSC values for the four different constructed DSSCs. 

Entry Dye Redox couple JSC (µA cm-2) 

1 P1 MV2+/+• only -1.31 

2 P1 0.3% ring4+ + MV2+/+• -1.02 

3 PSTATION MV2+/+•only -1.41 

4 PSTATION 0.3% ring4+ + MV2+/+• -9.56 

 

Although the photocurrents are low for the control DCCS, also in these experiments the 

typical spike phenomenon is observed (Figure 5). These initial experiments demonstrate that 

the presence of a recognition site, enabling pre-organization an electron acceptor by 

pseudorotaxane formation that also acts as a redox couple, leads to DSSCs exhibiting higher 

photocurrents. This suggests that the pseudorotaxane approach may indeed be a useful 

strategy to reduce charge recombination in p-DSSCs. 
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Figure 5. Obtained photocurrents by switching on and off the solar simulator with cycles of 
30 seconds connected to a potentiostat to measure the photocurrent at zero bias under 

AM1.5G illumination (100 mW cm-2). The black line (PSTATION with 75 µM 0.3 mol% ring4+ 

and 24.925 mM MV2+/+•) shows 10 times more photocurrent than the pink line (PSTATION with 

25 mM MV2+/+•), the red line (P1 75 µM 0.3 mol% ring4+ and 24.925 mM MV2+/+•) and the 

blue line (P1 with 25 mM MV2+/+•). 

 

Conclusions 

We proposed here a new type of p-DSSC where the redox acceptor is pre-organized to the 

dye, directing charge transfer away from the dye–electrolyte interface. We constructed a new 

dye PSTATION, based on the previously reported P1 dye, functionalized with DNP moieties that 

can form pseudorotaxanes with the electron acceptor ring4+, providing competition with 

recombination by directing charge transfer away from the dye. ring4+ shows a high binding 

affinity (3.4 × 104 M-1) for the DNP recognition sites installed on the PSTATION dye and the 

affinity for the reduced ring ring3+• is known to be low. Implementation into p-DSSCs showed 

that pseudorotaxane formation afforded photocurrents almost one order of magnitude higher 

compared to the control experiments. Future research will be focused on time-resolved 

characterization of the system to provide quantification of reductions in charge 

recombination. Also, as the eventual efficiencies of the fabricated DSSCs are still rather low, 

we aim to further improve this using the concept introduced in this paper. 

  



156 
 

Experimental 

1. Material and methods 

1.1. General 

All reagents and solvents were obtained from Sigma-Aldrich, Fluorochem and VWR and 

were used without any purification. Compound 3 was obtained following literature 

procedure.[20] MeCN and THF were dried in a solvent purification system. Column 

chromatography was performed using silica gel (SiliCycle, SiliaFlash P60, 40–63 µm, 230–400 

mesh) while fraction were analyzed using TLC (TLC silica gel 60 F254 from Merck KGaA) 

visualized with 254/350 nm light. Products were analyzed using MS, NMR and IR. 1H-NMR 

and 13C NMR spectra were recorded on a Bruker AV300 and AV400 spectrometer and are 

reported in ppm using a solvent residual signal as internal standard (7.26 ppm for CDCl3 and 

2.05 ppm for (CD3)2CO). 2D 1H-DOSY spectral data was acquired with temperature and 

magnetic gradient calibration prior to the measurements, and the temperature was kept at 298 

K during the measurements. IR spectra were recorded on a Bruker Alpha FTIR machine. 

Exact mass of the compounds was obtained on an AccuTOF GC v 4g, JMS-T100GCV Mass 

spectrometer (JEOL, Japan) equipped with an FD Emitter, Carbotec or Linden (Germany), 

FD 13 μm. Current rate 51.2 mA min-1 over 1.2 min machine using field desorption (FD) as 

ionization method. UV–vis measurements were performed on a single beam Hewlett Packard 

8453 spectrometer in a 10 mm path length quartz cuvette using MeCN as background. 

(Photo)electrochemistry experiments were performed with the g-stat potentiostat from 

Autolab and the Oriel LCS-100 solar simulator. The light intensity was set to 100 mW cm-2 

with a calibrated DSSCs Newport, 91150-2000). Fluorescence spectra were recorded on a 

Fluorolog Jobin Yvon–SPEX together with their corresponding UV–vis spectra (Shimadzu 

UV-2700 Spectrophotometer). 

1.2. Dye-sensitized solar cell fabrication and characterization 

The NiO was bought as a paste (Ni-Nanoxide N/SP from Solaronix) and screenprinted on 

FTO glass obtained from Sigma Aldrich (2.2 mm, 7 Ω/sq) as 0.5 cm diameter circles. The 

sandwich cells were constructed with carbon based counter electrodes separated from the 

working electrode using Meltonix polymer 1170-60 (Solaronix, Switzerland) of 60 µm 

thickness. The preparation of electrolyte and the DSSCs was performed under inert 

atmosphere (N2) in a glovebox since the reduced species MV+• and ring3+• are reactive towards 

oxygen. The reduced MV+• was prepared by the addition of Zn dust (2 equiv.) to a 25 mM 

solution of MV2+ in 1 M LiTFSI as supporting electrolyte in N2 degassed MeCN. Reduction 

is clearly visible as the color changes from colorless to dark blue. After stirring for 1 hour, the 

final electrolyte solution was prepared by adding 9 parts filtered reduced solution with 1 part 

oxidized MV2+, both 25 mM (either with 25 mM MV2+ or 24.925 mM MV2+ with 75 µM (0.3 

mol%) ring4+). Filtration of the reduced solution is required to remove excess Zn dust and 

precipitated Zn2+. Then the electrolyte was introduced inside the cells via a pre-drilled hole. 

After cleaning and wiping the outside of the cell, the hole was sealed with the Meltonix 

polymer and optical glass plate by melting the polymer with a 350°C heating source. The 

DSSCs were measured directly after fabrication using a g-stat potentiostat and solar simulator. 



157 
 

The cells were masked to make sure 0.126 cm2
 of the NiO surface was irradiated, to stay 

consistent throughout all measurements. 

1.3. Electrochemistry 

Cyclic voltammograms and differential pulse voltammograms were recorded on a 

potentiostat PGSTAT302N from Autolab with a glassy carbon working electrode (MetrOhm, 

diameter 3 mm), a leakless Ag/AgCl reference eletrode (eDAQ, ET069) and a Pt wire as 

counter electrode. The analyte solution was prepared by degassing a 100 mM TBAPF6 

solution with N2 and add this to the analyte to obtain a 0.5 mM final analyte solution 

1.4. Binding studies 

In order to determine Kass of the ring to the dye, a solution of PSTATION was kept at a constant 

concentration (5 µM) and was titrated with an increasing concentration of ring (2 mM and 10 

mM) inside a fluorescence cuvette of 10 mm path length. After every addition of ring the 

fluorescence at 344 nm was recorded by irradiation of 310 nm light and UV–vis spectrum was 

measured to correct for the inner-filter effect following the formula described by Turner and 

coworkers[42]:  

𝐹𝑐𝑜𝑟𝑟 =  𝐹𝑜𝑏𝑠  ×  10(
𝐴𝑒𝑥𝑐+𝐴𝑒𝑚𝑚

2
)
  

The corrected data was fitted to a 1:2 host–guest model using a Matlab script.[43] 

1.5. Excited state quenching studies 

The excited state quenching studies were performed using a similar approach as the 

determination of Kass. The PSTATION was kept at a constant concentration (10 µM) and was 

titrated with an increasing concentration of ring (4 mM and 20 mM). The decrease in 

fluorescence at 630 nm upon excitation with 450 nm light was directly used to determine the 

amount of quenching and no correction was needed as there is no self-absorption of the 

sample at 630 nm. 

1.6. Synthesis 

Compound 2:To a solution of compound 5 (2.00 g; 5.94 mmol; 1 equiv.) in dry THF (15 mL), 

NaH (242.6 g; 6.06 mmol; 1.02 equiv) in mineral oil (65%) was added portion wise. Upon 

addition, a precipitate was formed and a gas was released. After the mixture was heated at 

reflux for 1 hour, MeI (614 mg; 268 µL; 7.13 mmol; 1.2 equiv.) was added all at once. After 

heating at reflux for 4 more hours the reaction mixture was quenched by the dropwise addition 

of water. The water layer was extracted with EtOAc (3 × 400 mL). The combined organic 

layers were dried with Na2SO4. After filtering of the Na2SO4 the organic solvents were 

evaporated. The product was purified by column chromatography (silica, DCM/EtOAc, 1:1, 

the second fraction). Compound 2 was obtained as a yellow oil. Yield: 875 mg (42%). The 
1H-NMR was consistent with literature.[39] 

Compound 1: Compound 2 (825 mg; 2.35 mmol; 1 equiv.), cyanoacetic acid (210.3 mg; 2.47 

mmol; 1.05 equiv.) and a pinch of DMAP were dissolved in 10 mL dry DCM. DCC (510 mg; 

2.47 mmol; 1.05 equiv.) was added and direct precipitation of DCU was observed upon 

addition. After stirring overnight at RT, DCU was filtered of and DCM was removed and the 
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crude was purified by column chromatography (silica, DCM/EtOAc, 4:1). Compound 1 was 

obtained as an off-white waxy solid. Yield: 854 mg (87%). 1H NMR (400 MHz, CDCl3) δ 7.85 

(dd, J = 19.5, 8.5 Hz, 2H), 7.35 (td, J = 8.0, 4.1 Hz, 2H), 6.83 (dd, J = 7.6, 4.4 Hz, 2H), 4.39 

– 4.33 (m, 2H), 4.28 (dt, J = 9.8, 4.8 Hz, 4H), 3.97 (dt, J = 11.7, 4.7 Hz, 4H), 3.87 – 3.74 (m, 

4H), 3.62 – 3.55 (m, 2H), 3.39 (d, J = 4.4 Hz, 5H). 13C NMR (75 MHz, CDCl3) δ 162.99, 

154.40, 154.18, 126.80, 126.71, 125.24, 125.06, 114.84, 114.38, 112.85, 105.76, 105.74, 77.23, 

72.03, 70.89, 69.86, 69.46, 68.84, 67.93, 65.82, 63.64, 59.10, 24.61. IR νmax (cm-1) 2924 (b, -

CH2- glycol), 2226 (w, CN), 1749 (s, C=O). FD-MS (in MeCN) m/z: calculated for 

C22H27N1O7 [M]+: 417.1788. Found 417.1808.  

Compound 4: To a mixture of Compound 3 (140 mg; 0.31 mmol; 1 equiv.) and the boronic 

acid (195 mg; 1.25 mmol; 4 equiv.) in dioxane (28 mL), 3.5 mL 2M K2CO3 in water was 

added. The mixture was degassed with N2 for one hour before the Pd(dppf)Cl2 catalyst (42 

mg 0.05 mmol; 15mol%) was added. The mixture was stirred at 80°C overnight. The dioxane 

was removed and water was added. The water layer was acidified to approximately pH 3 after 

which the water layer was extracted with EtOAc. The organic layers were combined and dried 

with Na2SO4. After filtration the EtOAc was evaporated. The crude mixture was purified by 

column chromatography (silica, DCM/MeOH/acetic acid, 98%:2%:0.002%). Yield: 67.9 mg 

(43%). The 1H NMR spectrum corresponds to literature.[20]  

PSTATION dye: Compound 1 (189 mg; 0.45 mmol; 3.5 equiv.) and compound 4 (66 mg; 0.13 

mmol; 1 equiv.) and 4 drops of piperidine were dissolved in MeCN (22 mL) and heated at 

reflux for 4 hours. The MeCN was evaporated and acidified water was added (pH 3.5). The 

organic compounds were extracted with DCM. After drying the organic layers with Na2SO4 

and filtration, the product was purified by column chromatography (silica, 

DCM/MeOH/acetic acid, 98%:2%:0.002%). The red fractions containing product were 

checked for their purity by MS and pure fractions were combined to yield the product PSTATION 

as a waxy, red solid. Yield: 18.7 mg (11%). 1H NMR (300 MHz, (CD3)2CO) δ 8.21 (s, 2H) 

8.01 (d, J = 8.4 Hz, 2H), 7.85 (t, J = 8.7 Hz, 4H), 7.63 (t, J = 6.8 Hz, 6H), 7.34 (dd, J = 9.4, 

6.3 Hz, 6H), 7.17 (dd, J = 14.1, 8.4 Hz, 6H), 6.83 (dd, J = 19.8, 7.7 Hz, 4H), 4.50 (dd, J = 

5.9, 3.6 Hz, 4H), 4.29 (dt, J = 16.6, 4.8 Hz, 8H), 4.05 (t, J = 4.7 Hz, 4H), 3.97 (q, J = 4.8 Hz, 

8H), 3.78 (dd, J = 5.6, 3.6 Hz, 4H), 3.59 (dd, J = 5.6, 3.6 Hz, 4H), 3.39 (s, 6H). 13C NMR (75 

MHz, CDCl3) δ (ppm): 170.49, 163.07, 154.41, 154.39, 153.93, 151.29, 147.43, 146.76, 

139.55, 134.78, 131.97, 128.93, 127.97, 126.87, 125.54, 125.31, 125.19, 124.16, 123.68, 

122.48, 116.04, 114.83, 114.70, 105.88, 105.78, 97.58, 72.58, 70.99, 70.09, 69.96, 69.29, 

68.12, 68.00, 65.57, 59.21. IR: νmax/cm-1 3061 (b, OH conj. Acid) 2924 (b, -CH2- glycol), 2217 

(w, CN), 1713 (s, C=O ester) 1680 (m, C=O conj. acid). FD–MS (in MeCN) m/z: [M]+ 

C37H69N3O16S2 calculated: 1307.4119; found: 1307.4095.  

The ring [ring·4PF6]: The ring was synthesized based on the protocol described in literature 

with minor modifications.[34] Compound [6] was combined with α,α’-dibromo-p-xylene and 

the template in dry DMF and stirred for 30 days. After one night, a purple precipitate was 

observed. After 30 days the product was precipitated by the addition of ether. The purple solid 

was dissolved in 1 M NH4Cl (50 mL) and to this, 50 mL DCM was added. This mixture was 

heated at reflux under gentle stirring until the purple color disappeared. The DCM layer was 

separated from the water layer after which the water layer was again heated at reflux with 

DCM. This was repeated two times until the purple color had disappeared entirely. Upon 
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addition of NH4PF6 to this water solution, a white precipitate was obtained. The solid was 

filtered and washed thoroughly with Milli-Q and ether. The product was obtained from 

recrystallization from acetonitrile. The 1H NMR corresponds to literature.[34] 

Salt exchange [MV·2(PF6)]: Methyl viologen dichloride (MV·Cl2) (1.00 g; 7.78 mmol) was 

dissolved in Milli-Q water. To this, NH4PF6 was added as a solid until no more precipitation 

was observed. The white solid was filtered and washed thoroughly with Milli-Q and ether 

after which it was dried in the vacuum oven. The white solid was used without further 

purification. 

2. IR characterization compound 1, PSTATION and IR of PSTATION@NiO 

2.1. IR compound 1, PSTATION 
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Figure S1. IR spectrum of PSTATION (blue) and compound 1 (orange) (bottom) and zoom-in of 

IR spectrum (top). The C=O stretch in compound 1 is blue shifted compared to PSTATION. 

PSTATION contains two different C=O stretch signals: one from the ester functionality and one 

originates from the conjugated acid which is visible as a weaker shoulder peak next to 1713 

cm-1. 

 

Table S1. IR absorptions and Interpretation for compound 1. 

Absorption (cm-1) Appearance Interpretation 

3060 br OH (COOH) 

2924 m CH2 (ethylene glycol) 

2226 w CN 

1749 s C=O (ester) 
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Table S2. IR absorptions and Interpretation for compound PSTATION. 

 

2.2. Dye adsorption onto NiO 

Figure S2 shows the ATR–IR spectrum of the PSTATION dye and of the PSTATION dye adsorbed 

onto NiO. In this spectrum the carbonyl region shows two signals that can be assigned to the 

ester carbonyl (at 1730 cm-1) and of the of the acidic carboxyl group at 1680 cm-1 (see Figure 

S1). Upon adsorption the νC=O band of the acidic group of the dye at 1680 cm-1 is lost as can 

be seen in the spectrum (grey line). This indicates that the dye is indeed chemisorbed to the 

NiO surface via the carboxyl group. 

 

Figure S2. IR spectrum of PSTATION (red), PSTATION adsorbed onto NiO (blue), and NiO (grey) 

with the C=O stretch vibration highlighted. The arrow points to the C=O stretch vibration 
that originates from the conjugated acid (COOH) highlighted in green that is absent when 

PSTATION is adsorbed onto NiO. 

 

2.3. Dye coverage 

The dye coverage on NiO was determined by dye desorption. Since experiments using base 

(TBAOH) led to complete dye decomposition and acid treatment did not lead to full 

desorption, a concentrated solution of ring4+ was used (20 mM, 10 mL) to induce dye leach. 

The sensitized electrode was  sonicated for 30 minutes. From this mixture 5 mL was 

Absorption Appearance Interpretation 

3061 br OH (COOH) 

2924 m CH2 (ethylene glycol) 

2217 w CN 

1713 s C=O (ester) 

1680 m C=O (COOH) 
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centrifuged. From this, 2 mL was used to record the UV absorption. The amount of dye was 

determined via the extinction coefficient using Lambert–Beer law. 

A(λ) = ε · c · l 

Using this approach it was determined that the dye coverage is 1.61 × 10-8 mol cm-2. 

Completion of dye desorption was confirmed as no orange color was observed at the NiO.  

3. Electrochemical characterization  

In order to determine the position of the redox waves, ferrocene was added as a redox 

standard. Since it is know that the ferrocene couple has a potential of 630 mV versus NHE, 

the redox potentials of the P1 and the PSTATION dye could be determined versus NHE.[44] The 

reported electrochemical properties in Table 1 are determined from these voltammograms. 

 

3.1. Electrochemical characterization of P1 

 

 

Figure S3. Cyclic voltammogram of P1 start from 0.2 V, upper limit at 1.6 V and lower limit 

at -0.8 V with scan rate 0.1 V s-1 (left) and differential pulse voltammogram measured from 0 

to 1.7 V (right) in 0.1 M TBAPF6 in MeCN using glassy carbon as working electrode, leakless 
Ag/AgCl as reference electrode and Pt-wire as counter electrode. Cyclic voltammogram of 

P1 start from 0.2 V, upper limit at 1.7 V with scan rate 0.1 V s-1 in presence of ferrocene (first 

wave) in 0.1 M TBAPF6 in MeCN using glassy carbon as working electrode, leakless 
Ag/AgCl as reference electrode and Pt-wire as counter electrode. 
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3.2. Electrochemical characterization of PSTATION 

 

Figure S4. a) Cyclic voltammogram of PSTATION start from 0.2 V, upper limit at 1.6 V and 

lower limit at -0.8 V with scan rate 0.1 V s-1 in 0.1 M TBAPF6 in MeCN using glassy carbon 
as working electrode, leakless Ag/AgCl as reference electrode and Pt-wire as counter 

electrode. b) Differential pulse voltammogram of PSTATION measured from 0 to -1.3 and c) 

from 0 to 1.7 V using glassy carbon as working electrode, leakless Ag/AgCl as reference 
electrode and Pt-wire as counter electrode. 
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3.3. Electrochemical characterization of MV2+ and ring4+  

 

Figure S5. Cyclic voltammogram of MV2+ start from 0.2 V, upper limit at 0.2 V and lower 

limit at -0.8 V with scan rate 0.1 V s-1 in 0.1 M TBAPF6 in MeCN using glassy carbon as 
working electrode, leakless Ag/AgCl as reference electrode and Pt-wire as counter electrode. 

Cyclic voltammogram of ring4+ start from 0.05 V, upper limit at 0.2 V and lower limit at -0.9 

V with scan rate 0.1 V s-1 in 0.1 M TBAPF6 in MeCN using glassy carbon as working 

electrode, leakless Ag/AgCl as reference electrode and Pt-wire as counter electrode. 

Differential Pulse Voltammogram of ring4+ (black) MV2+ (blue) and ring4+ with DNP (red) 

start from 0.3 V and lower limit at -0.95 V with scan rate 0.005 V s-1 in 0.1 M TBAPF6 in 
MeCN using glassy carbon as working electrode, leakless Ag/AgCl as reference electrode and 

Pt-wire as counter electrode. 

 

Table S3. E1/2 determined from CV and DPV of MV2+, RING4+ and RING4+/2+@DNP.  

Compound 
Reduction potential E1/2 (V vs. 

NHE) 

MV2+/+• -209 

ring4+/2+• -78.9 

ring4+/2+•@DNP -134 
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The cyclic voltammograms of MV2+ and ring4+ are shown in Figure S4 and Figure S5 

respectively. The voltammogram of MV2+ is characterized by two reversible waves of which 

the first wave corresponds to the MV2+/+•  redox couple and the second wave corresponds to 

the MV+•/0 transition. In case of the ring, two separate waves are observed as well, however 

both waves are characterized by a two electron reduction since there are two identical MV 

units present in this molecule as was established by Stoddart and coworkers.[24] The first wave 

is assigned to the ring4+/2+• couple and the second wave corresponds to the two electron 

reduction of ring2+• to the neutral ring0. This means that electrochemically the ring3+• cannot 

be observed, however, photochemically this oxidation state is accessible since this is a one 

electron process.  

The observed E1/2 values are summarized in Table S3. This shows that for the first reduction 

of MV2+/+• the E1/2 is at a more negative potential than the E1/2 of ring4+/2+•. Figure 6 shows 

the recorded Differential Pulse Voltammograms in which an overlap region is visible between 

reduction peaks of MV2+ and ring4+ indicating that reduction of MV2+ by the ring is indeed 

possible. Interestingly, the E1/2 of ring4+/2+• becomes more negative when it is associated to 

DNP by approximately 50 mV. Although DSSC are not at equilibrium we can estimate how 

much ring3+ can reduce MV2+ using the Nernst equation at equilibrium.[45] 

If we consider the following reaction: 

ring3+ + MV2+ <-> ring4+ + MV+• 

The ratio between ring4+/ ring3+ can be determined with 

𝐿𝑜𝑔
𝒓𝒊𝒏𝒈𝟒+

𝒓𝒊𝒏𝒈𝟑+ = 8.47 ∆E°′ 

This gives us  
𝐫𝐢𝐧𝐠𝟒+

𝐫𝐢𝐧𝐠𝟑+
 = 0.08 

0.08 · 75 µM = 6 µM 

 

Keq = [ring4+][MV+•]/[ring3+][MV2+] 

 

Keq is then found to be 12.6  
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4. Binding studies 

4.1. Fluorescence binding study ring (guest) to PSTATION (host) 

 

 

Figure S6. a) Corrected fluorescence quenching of PSTATION naphthyl fluorescence at 344 nm 

upon excitation at 310 nm by addition of ring to determine the binding constant Kass. Fit with 

HGG system. Binding constant Kass found 6.3 × 104 M-1 and α=0.7. b) The absorbance of the 

DNP unit in PSTATION (solid line) and its structured fluorescence  (dotted line).  
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4.2. 1H NMR studies on PSTATION–ring complexation 

 

Figure S7. Apparent NMR shift and broadening of the signals of the PSTATION dye upon 

addition of ring in (CD3)2CO. Spectrum 1 shows spectrum before addition of ring and 

spectrum 6 with 5 equivalents of ring. The naphthyl proton signals at 6.9 ppm broaden and 

shift to 6.6 ppm. The NMR shifts of unbound ring in (CD3)2CO are represented in spectrum 

7. 
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Figure S8. DOSY spectra of free PSTATION dye (purple), free ring (blue) and of the 

pseudorotaxane, complexed ring to PSTATION dye. Since the ring and dye signals are on the 

same line, they have diffusion coefficient and therefore this belongs to the same species, 

namely the pseudorotaxane. 

 

Table S4. Apparent diffusion coefficient derived from the DOSY data and their calculated 

radius. The radius was determined via the Stokes-Einstein equation. 

 PSTATION  ring (ring)2@ PSTATION 

LogD -8.99 -8.90 -9.26 

D (m2 s-1) 1.02 × 10-9 1.26 × 10-9 5.50 × 10-10 

r (nm) 0.7 0.7 1.3 
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4.3. Excited State quenching study 

 

Quenching of the PSTATION dye by the ring (quencher) 

 

 

 

Figure S9. Fluorescence quenching of the excited state of PSTATION at 630 nm upon excitation 

at 450 nm by addition of ring4+ (quencher). 
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5. Photovoltaic characterization 

 

5.1. J–V curve PSTATION 0.3% ring and MV 
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Figure S10. J–V curve for the DSSCs constructed of the PSTATION dye and the 0.3% ring in 25 

mM MV electrolyte. 

 

Table S5. Solar cell results for the DSSCs constructed of the PSTATION dye and the 0.3 mol% 

ring4+/3+ in 25 mM MV2+/+ electrolyte. VOC = open-circuit voltage; Isc = short-circuit current; 

FF= fill factor; PCE=power conversion efficiency as %. 

Voc (mV) Jsc (µA cm-2) FF PCE(%) 

179 -5.72 0.391 0.000333 
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5.2. DSSC with varying ring4+ concentration 

DSSCs in absence of MV2+ 

DSSC in absence of MV2+ with ring (75 µM) in 1 M LiTFSI was prepared with MeCN inside 

a nitrogen filled glovebox as is described in the experimental section.The photovoltaic results 

are shown in Figure S11. In case of P1 a very small negative photocurrent density is observed 

of 0.26 µA cm-2 which is 4 times smaller than the current densities that are observed for the 

ring4+ MV2+ mix in the P1 cell and 40 times smaller than the best performing PSTATION cell. 

This lower current is due to low electrolyte concentration, (75 µM ring in this case instead of 

25 mM MV2+ with 0.3% ring). 

In case of the cell consisting of PSTATION positive photocurrents are observed. This most likely 

due to capacitor effects rather than the solar cell function. When this cell is irradiated for a 

longer period of time, the positive current preserves on decreasing indicating that capacitance 

is built up (Figure 23). As there are 1.61 × 10-8 mol cm-2 dye molecules on the NiO, our cell 

contains 3.1 nmol dye and only 0.32 nmol ring4+/3+ under the conditions applied. As the Kass 

is high for ring to the DNP unit, most of the rings will be associated to the dye molecules at 

the surface as we have a 10 times excess of dye. Effectively there is no redox mediator and 

therefore the excited dye injects its electron in the NiO trap states rather than the redox 

mediator for which a positive current is observed.  

 
Figure S11. a) Observed photocurrent densities upon irradiation of the DSSC containing 75 

µM ring4+/3+ in 1 M LiTFSI for P1 (black line) and PSTATION (red line). b) Decrease of 

photocurrent observed for DSSC containing PSTATION as a dye with 75 µM RING4+/3+ in 1 M 

LiTFSI. c) Observed photocurrent densities upon irradiation of the DSSC containing 5% (1.25 

mM) ring4+/3+ in 24.75 mM MV2+/+ with 1 M LiTFSI supporting electrolyte in case of PSTATION 

dye. 
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From these experiments it becomes clear that the presence of MV2+ is essential for the DSSC 

to function.  

If ring4+ concentration is increased, the dye leaches. Photocurrent densities that can be 

measured are extremely low in this case. The figure below gives an example of a 

chronoamperometry measurement with 5% ring4+. Dye leach is observed as soon as the 

electrolyte in introduced into the cell with concentration above 1%. 
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