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A comparative investigation of the role of anchoring group on perylene monoimide dyes in NiO based dye-sensitized solar cells

The anchoring group of a sensitizer may strongly affect the overall properties and stability of the resulting dye sensitized solar cells (DSSCs) and dye sensitized photoelectrosynthetic solar cells (DSPECs). This article describes a comprehensive study of the properties of seven perylene monoimide dyes (PMI) for their immobilization on nanocrystalline NiO film. The PMI dyes differ only by the nature of the anchoring group, which are: carboxylic acid (PMI-CO 2 H), phosphonic acid (PMI-PO 3 H 2 ), acetyl acetone (PMI-acac), pyridine (PMI-Py), aniline (PMI-NH 2 ), hydroxyquinoline (PMI-HQ), and dipicolic acid (PMI-DPA). The dyes were investigated by cyclic voltammetry, spectroelectrochemistry, modeled by DT-DFT quantum chemical calculations. The mode of binding of these anchoring groups was investigated by infrared spectroscopy and the stability of the binding to NiO surface was studied by desorption experiments in acidic and basic media. Overall, we found that phosphonic acid group offers the strongest binding to NiO surface in terms of stability and dye loading. Finally, a photophysical study by ultrafast transient absorption spectroscopy shows that all dyes inject a hole in NiO with rate constants on a subpicosecond timescale and display similar charge recombination kinetics. The photovoltaic properties of the dyes show that PMI-HQ and PMI-acac gave the highest photovoltaic performances due to lower degree of aggregation on the surface. PMI-NH 2 0.83 -0.93 1.21 -0.91 -0.61 -1.

Introduction

NiO based dye-sensitized photocathodes have enjoyed a rising popularity in the scientific community because they are the key component of tandem dye sensitized solar cells (DSSCs) [1][2][3] and dye sensitized photoelectrosynthetic solar cells (DSPECs). [4-6] [7-8] These devices rely on chemically bound molecular components (sensitizers, or sensitizer + catalysts) to a NiO mesoporous electrode. [9] In DSPECS, the catalyst can be either covalently connected to the dye or co-adsorbed on the NiO surface. The primary role of the sensitizer is to absorb light and inject a hole in the valence band of NiO with the highest quantum yield upon photoexcitation. [10][11] This requirement demands a significant electronic coupling between the dye excited state and the valence band manifold. On the other hand, the catalyst must accumulate reductive equivalents and catalyze the reduction of substrates in solution before charge recombination takes place. This function requires slow charge recombination rate constant and consequently a weak electronic interaction between the injected holes in NiO and the reduced catalyst. Accordingly, the dye and the catalyst require different connectors if they are to be co-adsorbed on the surface. However, both dyes and catalysts must remain strongly attached to the NiO surface to sustain long operation lifespan. This condition is quite satisfyingly met in DSSCs, while it still remains an important challenge to solve in DSPECs, because the latter usually operate in harsher conditions than DSSC, most often in aqueous acidic or basic media. Thus, the anchoring group represents a very important factor to consider for the optimal design of sensitizers and dye/catalyst for NiO based DSSCs or DSPECs, because it controls both the electronic coupling and the stability of the anchored molecules on the NiO surface. The impact of different anchoring groups in TiO 2 based photoanodes has been quite thoroughly investigated, [12][13] although many of these studies are rather recent if one considers the large amount of work undertaken on Grätzel cells since 1991. [14][15] The development of NiO based photocathodes has been much less explored than the TiO 2 based photoanodes, therefore it is unsurprising that there are few studies of the role of the anchoring group on NiO dyes, for which carboxylic acid remains the most used one. [9] However, the electronic properties of the optimal binding group for NiO are certainly different as those for TiO 2 based photoanodes, because NiO is a p-type semiconductor and is composed of Ni(II) cation which is a weaker Lewis acid than Ti(IV) in TiO 2 . For a fast hole injection into the NiO valence band, the HOMO of the dye must mix with the valence band, which implies that the anchoring group orbitals must give a significant contribution to the HOMO. This is the opposite situation for TiO 2 sensitizers, which must be composed of electron deficient anchoring groups on which the LUMO should be delocalized. [16] We have investigated the replacement of carboxylic acid by catechol, [17] carbodithioic acid, [17] phosphonic acid, [17] acetyl acetone (acac), [18] silyl [19] and other teams have investigated pyridine, [20][21][22] di(carboxylic acid)pyrrole, [23][24] hydroxamic acid, [25] and di(carboxylic acid)triazole [26] as alternative anchoring groups for NiO photocathodes. Owing to the scarcity of systematic studies on NiO anchoring groups, we have been interested to investigate the properties of a series of dyes that differ only by the nature of the anchoring group (Chart).

Chart. Structures of the PMI dyes investigated in this study.

As dye for this study, perylene monoimide (PMI) was chosen as an ideal candidate for this study because previous work has shown that it is an effective NiO sensitizer and the radical anion displays a characteristic absorption band, which makes it easy to detect by transient absorption spectroscopy. [27][28] In this work, we prepared and investigated PMI dyes connected to seven different anchoring groups via an ethynyl spacer in order to promote electronic interaction of the -aromatic system of PMI with the anchoring group (Chart). The 

Results and discussion

The synthesis and characterization of the dyes, preparation and sensitization of the NiO films and experimental methods are described in the Supporting Information.

Electronic UV-visible absorption and emission spectroscopy

First, the absorption and emission spectra of the all dyes were recorded in DMF solution at room temperature (Figures 1 and2). The spectroscopic data including wavelengths of maximum absorption wavelength ( abs ), extinction coefficient (),maximal emission wavelength ( em ) and the zero-zero energy level of the lowest singlet excited state (E 00 ) are collected in Table 1. shifted absorption band compared to the above dyes. This is attributed to the electron donating effect of the aniline and phenol groups that destabilize the HOMO level and consequently lower the optical gap and also leads to a charge transfer character of the optical absorption in which the PMI acts as an electron accepting unit (Figures 1 and2). This is also supported by DFT calculations (see below). Consequently, these two dyes display a broader absorption spectral coverage than the others. Moreover, all these PMI dyes exhibit a strong fluorescence band with a maximum emission located at 560-600 nm. From the absorption and emission spectra, we derive a singlet excited state energy (E 00 ) of about 2.2 eV (Figures 1&2 and Table 1). The absorption spectra of these PMI dyes were then investigated after chemisorption on thin NiO films (Figure 3). All dyes, except PMI-Py and PMI-NH 2 , turn the initially greyish NiO film into a reddish film after soaking the electrode into a DMF solution of these dyes.

Contrary to our expectation, the aniline and pyridyl groups do not show strong affinity to NiO surface, in spite of the fact that some previous reports showed that they could bind to some metal oxides, including NiO for pyridine. [20][21][22] The electron withdrawing effect of PMI might decrease the electron density on these amines and consequently diminish their ability to coordinate to nickel. Interestingly, the visible absorption band is blue-shifted and the intensity ratio of the vibronic peaks (between 450 and 550 nm) is inverted with respect to those in solution (Figures 12and S2 and Table 1). These characteristics are clear indications of the formation of H-type aggregates on NiO surface and is due to excitonic interaction between stacked chromophores. [29][30][31] Finally, the dye loading of these PMI dyes on NiO was determined by desorption experiments. Towards this end, we have not used the classical strategy consisting of soaking the NiO electrodes into a basic solution of hydroxyde, because PMI dyes are not fully stable under such conditions. Instead, the PMIs were cleanly and quickly desorbed from the NiO surface by a DMF solution of phenyl phosphonic acid which acts as a competing ligand. [32] The average values of dye loadings were determined from three independent runs and they are indicated in Figure 4. Phosphonic acid is undoubtedly the strongest binding group, then comes dipicolinic acid closely followed by carboxylic acid and finally hydroxyquinoline and acac, which gave the lowest loading on NiO. The dye loading and the stability of the linkage on NiO (see below)

are strongly related to the pKa of the anchor group, with the usual observation that strongly acidic binding groups displays higher affinity to the metal oxide surface. [12][13] Electrochemistry, spectroelectrochemistry and calculations of the charge transfer driving forces

These dyes were studied by cyclic voltammetry to determine the potentials for their first reduction and oxidation, as well as to calculate the hole injection (G°i nj ) and dye regeneration (G°r eg ) driving forces with iodine and tetrazole-thiol (T 2 /T -) based electrolytes (Table 2 and Figure S1 for the structures of T 2 /T -).

All the PMI dyes show similar behavior in cyclic voltammetry. For each dye, one reversible reduction process occurs at -0.9 V vs. SCE corresponding to the addition of an electron on the PMI unit. Conversely, in the anodic region, the PMI core is oxidized at around 1.1 -1.2 V vs.

SCE with a non-reversible wave for the dyes PMI-CO 2 H, PMI-acac, PMI-Py, PMI-DPA

and PMI-PO 3 H 2 . For the dyes PMI-NH 2 and PMI-HQ the first oxidation is cathodically shifted by circa 300 mV relative to the others PMI dyes reflecting the electron donating effect of the electron rich anchoring group (destabilization of the HOMO level) consistent with the spectroscopic properties.

The Gibbs free energies of hole injection into the NiO valence band after excitation of the dye and that of the regeneration reaction with iodine or tetrazole thiol based electrolytes indicate that all PMI dyes display sufficient exergonicity, by a large margin, for the charge transfer processes to spontaneously occur (Table 2). SCE. [33] c Calculated according to the equation: [34] d Calculated according to the equation: [35] The spectra of the radical anions of PMI-CO induces an important spectral change, which is accompanied by a bleach of the ground state absorption between 450-600 nm and the formation of a new band between 600-750 nm, which peaks at 654 nm. These changes are in perfect agreement with those measured with similar PMI dyes reported in the literature. [27][28] The same experiment run with PMI-HQ yields similar spectral changes except that the spectrum of the radical anion is broader and is stronger in the lower energy part of the visible spectrum ( max = 656 nm; Figure 5) as was also the case for the spectrum of the neutral dye above. 

G reg = E Red (PMI/PMI -) -E(I 3 - /I 2 -• ) with E(I 3 - /I 2 -• ) = -0.32 V vs. SCE.
G reg = E Red (PMI/PMI -) - E(T 2 /T -) with E(T 2 /T -) = 0.25 V vs. SCE.

Binding mode of the anchoring group on NiO studied by infrared spectroscopy

Characterization of the dye binding modes on the NiO surface was made by FTIR spectroscopy, as there is extensive information available on the position of vibrational transitions of these anchoring groups on TiO 2 [12][13] but fewer on NiO. [18,20,[36][37] To interpret the data, we have compared the FTIR spectra of the bare NiO with those of the dye in KBr pressed disc and the dye grafted on NiO in order to determine the band shifts and disappearances (Figures S1-S5). Figure 6 summarizes the binding mode of each dye deduced from the analysis of the FTIR spectra. First, the spectrum of bare NiO displays two broad bands: a weak one at 1631 cm -1 attributed to the bending vibration mode of hydroxyl groups on the NiO surface [START_REF] Porta | C ianchi Confalonieri car[END_REF] and the more intense one at 1346 cm -1 assigned to the presence of adsorbed carbonate probably due to residual contaminants on the surface or coming from carbonization of the NiO paste used for screen printing. [39] Second, the intense C=O stretching band of the bisimide group, located at 1709 cm -1 is observed on the IR spectra of all the PMI dyes without any modification before and after grafting on NiO. Naturally, this moiety is not involved in the binding with NiO, but bear witness of the presence of dye attached to the NiO surface.

Starting with PMI-CO 2 H, after binding to NiO, the carboxylic C=O stretching band seen in KBr as a shoulder at 1727 cm -1 disappears upon binding on NiO. A new band appears at 1380 cm -1 , which is attributed to the symmetric stretching of O-C-O (Figure S3). The difference in wavenumber between the asymmetric and symmetric stretching of O-C-O is generally used as a diagnostic tool to determine the binding mode of CO 2 H. [40][41] Unfortunately, the asymmetric stretch of O-C-O, which is known to show up between 1610 cm -1 and 1650 cm -1 , [40,[42][43] cannot be distinguished here because this region overlaps with the NiO vibration modes of hydroxyl groups. Although, we can confidently conclude that the PMI dye is coordinatively bound via its carboxylic acid group and exclude the monodentate ester like binding, it is impossible to safely determine if it is a bidentate chelating or bidentate bridging mode (Figure 6). The IR spectrum of PMI-PO 3 H 2 is also very rich of information owing to the numerous vibrational modes on the phosphonic acid resonator (Figure S4). After binding, the P=O stretching band at 1210 cm -1 is not modified and is still intensely present, while the P-OH stretching bands between 925-940 cm -1 disappears and a new band appears at 968 cm -1 . [44][45][46][47] This suggests that P=O is not involved in the binding, but the two P-OH group are deprotonated and chelated to nickel, giving a bidentate binding mode as usually observed. [12] The interpretation of the IR spectrum of PMI-HQ can be made according to that of the Ni(II) quinolinol complex. [48][49] The (C=N) band of quinoline moiety, initially located at 1476 cm -1 before binding, is shifted to lower wavelength number (1468 cm -1 ) after chelation to NiO (Figure S5). This change is typical of quinoline group coordinated to Lewis acid metals. [48][49] The observation of the (OH) band of the phenol is more difficult as it appears as a broad band of medium intensity around 3400 cm -1 and it overlaps with those of the hydroxyl groups of NiO. However, the intensity of the (C-O) stretching band around 1030 cm -1 has decreased after binding, in agreement with formation of a metal-oxygen bond (Figure S5). Overall, we propose that both the nitrogen and the oxygen of hydro-quinoline moiety of PMI-HQ are bound to Ni(II) like in coordination complex of nickel tris(hydro-quinoline) because spectra of these species share similarities (Figure 6).

The dipicolinic acid anchoring group of PMI-DPA raises the questions whether both carboxylic acid groups are bound to the surface and if the nitrogen of pyridyl unit participates to the binding. The first interrogation can be quickly answered as the C=O stretching band at 1730 cm -1 has completely disappeared and an intense absorption at 1393 cm -1 (symmetric stretching of O-C-O) can be observed after grafting the dye on NiO (Figure S6). As a result, we can conclude that both carboxylic acid groups are involved in the binding with Ni(II).

Concerning the participation of the pyridyl unit, the breathing modes of the aromatic ring due to (C=C) and (C=N) located at 1414, 1446, 1464 cm -1 are not altered after binding, indicating that the pyridine is not coordinated to the NiO surface (Figure S6). [20,50] This is not surprising owing to the electron withdrawing nature of the PMI unit which most certainly diminishes the electron density on the nitrogen. As a consequence, the binding mode is either bidentate chelating or bidentate bridging mode but most probably bidentate chelating for geometrical reason (Figure 6). The mode of binding of acac group in PMI-acac was not analyzed, because the dye loading on NiO was not sufficiently high to obtain a good quality spectrum that would enable us to make a conclusive analysis (Figure S7).

Stability assessment of the dye-NiO linkage

The stability of anchoring groups in corrosive environment such as those in aqueous basic or acid conditions is an important factor to consider when designing dyes for DSPECs, because the electrode must sustain much harsher conditions than those in DSSCs. To assess the relative stabilities of each anchoring group, the stained electrodes were first soaked in acidic (acetic acid at 35 mM) or basic (tetrabutylammonium hydroxide at 1 mM) aqueous solutions, but no leaching of the dyes could be observed. This result is most certainly the consequence of the high insolubility of these hydrophobic and aromatic dyes in water as already observed with other systems. [51] Next, we turn to DMF solutions, which is a good solvent for all the dyes, to determine the relative stability scale of these series of anchoring groups. Towards this objective, the NiO electrodes, initially coated with each dye, were soaked in acidic (acetic acid at 35 mM) or in basic (tetrabutylammonium hydroxide at 1 mM) DMF solutions and the absorption of the DMF solution was monitored as a function of time for one hour (Figure 7).

The dye substituted with hydroxyquinoline (PMI-HQ) anchor was not investigated with this method, because the absorption spectrum of the desorbed solution was complicated by the presence of several species (broad absorption band very different from that of the dye implying degradation) preventing thus a quantitative analysis. However for a qualitative assessment, we have tentatively ranked the relative stability of PMI-HQ by using the pictures of the NiO films before and after 5 hours of soaking (Figure S9 ESI materials). First, in acidic conditions the phosphonic acid anchoring group is by far the most stable linker to NiO, a result in line with the high stability already reported on TiO 2 surface. [52][53] On the other hand, the least stable anchoring groups are acetyl acetone and carboxylic acid (Figure 7). Interestingly, dipicolinic acid (PMI-DPA) is less desorbed than the PMI-CO 2 H, which contains a single carboxylic anchoring group, most probably because DPA binds with the two carboxylic groups (see IR study above). Overall, in acid conditions, the relative stability towards desorption of the anchoring groups is: PO 3 H 2 > > DPA > HQ > CO 2 H > acac. Please note that PMI-HQ was ranked here only according to the qualitative observation of the electrode color as a function of the soaking time (Figure S9).

As far as the basic conditions are concerned, significant differences can be noticed. First, the stability of the linkage is lower in basic conditions than in acidic ones, because all binding groups detach faster from NiO surface. This result can be understood by the fact that hydroxyl anion is a stronger competitor than water to displace the anchoring group on the PMI dye from the NiO surface. Phosphonic acid remains the most stable anchor. Single carboxylic anchoring group (PMI-CO 2 H) is quickly desorbed as compare to the other binding group and it is followed by acac. Overall, in basic conditions, the relative stability of the linkage is:

PO 3 H 2 > DPA > HQ > acac > CO 2 H. Please note that PMI-HQ was ranked here only according to qualitative observation of the electrode color as a function of the soaking time (Figure S9).

In conclusion, the most stable binding group within this series is the phosphonic acid both in acidic and basic conditions. Accordingly, phosphonic acid remains among the best and most promising anchor to ensure slow desorption of a grafted molecular component on NiO surface. Dipicolinic acid does not provides as strong binding as phosphonic acid does, however, it is significantly more stable than the classically used carboxylic acid. Based on qualitative observation of the optical density of the soaked electrodes, it appears that hydroxyquinoline however provides a stronger stability than carboxylic acid.

Quantum chemical calculations

In order to get further insights on the structural and optical properties of the dyes, the ground and lowest excited electronic states of the dyes were investigated using Density Functional Theory (DFT) and Time Dependent DFT (TD-DFT) calculations, respectively. Solvent effects were included by the means of a Polarizable Continuum Model. [54] For the sake of clarity only results computed at the LC-PBE level of theory [55] are reported in the main text while corresponding data computed at the PBE0 level [56] are reported in Supporting Information together with a more extensive description of the computational protocol. The simulated absorption spectra are reported in Figure S8. All dyes are characterized by an intense absorption band centered around 475 nm corresponding to a  excitation of dominant HOMO-LUMO character. Although the computed absorption energies are shifted by roughly 50 nm with respect to the experimental values, calculations correctly reproduce the relative shift in absorption band maxima observed for the different dyes and, in particular, the observed sizable red-shifted absorption of PMI-HQ and PMI-NH 2 (Figure 8). Indeed, calculations show that due to the electron donating effect of the aniline and hydroxyquinoline groups, for these two dyes the HOMO lies at higher energy resulting in a consequently reduced HOMO-LUMO gap as reported in Figure 9. In particular, while the LUMO (of * character) is practically unchanged for all systems and always localized on the PMI moiety, the HOMO (of  character) shows a partial delocalization on the anchoring moiety only in the case of the PMI-NH 2 and PMI-HQ molecules and, to a minor extent, also in the case of the PMI-acac system. Therefore, the first electronic transition computed for all these systems of dominant HOMO-LUMO character displays a sizable intramolecular Charge Transfer (ICT) nature. This ICT character has been quantified computing the associated effective hole electron distance by the means of the D CT index. [57][58] Accordingly, PMI-HQ and PMI-NH 2 molecules display the greatest D CT value among the six molecules tested (Table 3), thus in principle providing the best hole-electron separation upon excitation followed by PMI-acac.

On the other hand, the smallest ICT character is computed for the PMI-DPA system. Calculation of the reduced form of the dyes allowed quantification of the spin density localized on each of the moieties that are here defined as the PMI core and the anchoring groups (-CC-X). The contribution of the anchoring group has been further dissected in the one localized on the carbon-carbon triple bond and on the terminal group (X) as reported in Table 4. In agreement with the LUMO localization on the PMI core, the spin density is mainly localized on it. Furthermore, the spin density distributes similarly among the terminal groups (-X) and carbon-carbon triple bonds. The terminal groups indeed carry from 3 to 4 % of the total spin density while the carbon-carbon triple bond carries from 2 to 4 % of the total spin density. The highest spin density contribution on the anchoring group is computed for the PMI-DPA (7.5%) while only in the case of PMI-NH 2 and PMI-CO 2 H an excess of beta spin density (resulting from a spin polarization effect) is computed. Nonetheless, these variations are relatively small and, in a general sense, we can conclude that the spin delocalization on the dyes is relatively insensitive to the anchoring group considered. 

Transient absorption spectroscopy of the PMI dyes

The different anchor groups may lead to significant variations in electronic coupling to the NiO within the series of dyes. To investigate potential resulting differences in hole injection The ground state bleach is narrower (from 460 nm to 580 nm). There is no stimulated emission indicating that the singlet excited state has decayed within the experimental time resolution. The shape of the TA spectrum resembles the reduced state of PMI-CO 2 H

indicating ultrafast (<200 fs) hole injection, as commonly found for NiO-based DSSCs. [2, 11, To summarize, all investigated PMIs inject on a sub-ps time scale and show very similar recombination kinetics. Hence, the anchoring group does not seem to significantly influence the photophysical or electron transfer properties. Given the very different electronic structures of the anchoring groups, this is a surprising result. One possible reason is that hole injection and charge recombination does not occur through-bond but predominantly through space, as the dyes may lie close to the NiO surface. [61][62][63] Another possibility is that the hole injection is very fast and may be best described as adiabatic. In this case, the rate is not sensitive to small variations of the electronic coupling of the dye with the semiconductor. This is why there is no noticeable difference in the injection rate constants from one anchoring group to the others.

There are no obvious effects on the dynamics that can be attributed to dye aggregates (Figure 10). To study whether the aggregation has an effect on the conversion efficiency, PV measurements of DSSCs were conducted. The results are presented below.

Photovoltaic performances of the PMI dyes in p-DSSCs

The PMI dyes were used to fabricate p-DSSC with a NiO sensitized film assembled to a platinized counter electrode (See experimental part for fabrication details). A preliminary study was conducted only with PMI-CO 2 H dye with three electrolyte compositions in order to identify the optimized electrolyte for these sensitizers. Electrolytes with two different compositions of iodine/triiodide as redox couple and another one with 1-methyl-1H-tetrazole-5-thiolate (T-) and its disulfide dimer (T 2 ) [35] were investigated (Table 5). With the iodine based electrolyte, the one richer in triiodide (E1) gave the highest photocurrent density, while the redox couple T 2 /T-performs similarly in terms of Jsc but gives a higher Voc. Moreover and very importantly, the latter redox couple does not produce photocurrents from light absorption by the electrolyte, as observed for iodine based electrolytes, especially when they contain a high concentration of triiodide. [64][65] This is clearly visible in the photoaction spectra, which features a prominent band between 350-420 nm attributed to the photoactivity of triiodide (Figure S16). Therefore, the rest of the photovoltaic study was conducted with electrolyte E3 composed of the T 2 /T -redox mediator because it gives the highest performance and is not unreliably biased with artefacts on the photocurrent densities. The metrics of the solar cells of all the other PMI dyes fabricated with the T 2 /T -electrolyte are gathered in Table 6 and the IPCE spectra are given in Figure 12. Interestingly, the photovoltaic performances of these dyes differ significantly from one to another with PMI-HQ and PMI-acac being the most efficient within these series. There is a strong correlation between the dye loading and the short circuit photocurrent density, with the unusual behavior that J SC decreases with increasing dye loading. This is most certainly the direct consequence of the formation of aggregates on NiO, which decreases the injection quantum yield owing to quenching of the excited state. Consequently, the difference in photovoltaic performances of these dyes is not predominantly controlled by the anchoring groups in a direct way, but by the degree of aggregate formation. The latter increases with increasing dye loading that is, however, controlled by the affinity of the anchoring group with the NiO surface. Nevertheless, the IPCE spectra still show larger values at the higher vibronic peak (ca. 500 nm) than at the lower one (ca. 550 nm). Thus, it is clear that the aggregated dyes do contribute to the photocurrent, albeit with a lower yield than for the monomeric dyes. Probably, the aggregates already form in the dyeing bath before chemisorption. 

Conclusion

In this study, we have investigated the largest series of anchoring groups for dyes sensitizing NiO. A series of seven different anchoring groups was explored with regard to their ability to form strong linkage with NiO and to mediate electronic coupling with the NiO valence band.

Overall, we found that phosphonic acid is the strongest binding group of the series and it leads to the highest dye loading. Conversely, acac and hydroxyquinoline are the weakest binding groups. Moreover, dipicolinic acid proved to be a stronger anchor than carboxylic. The photophysical study reveals that the PMI excited state of all dyes is quenched by fast hole injection into NiO at a sub-ps time scale, irrespectively of the binding group. Similarly, the anchoring group had no effect on the charge recombination kinetics. The weakest binding groups led to the lowest dye loading and consequently to the lowest degree of aggregation on NiO, which results in the highest photovoltaic performances, even if the differences are small. This demonstrates that, for dyes which have a strong tendency to form aggregates, the strongest binding group is not necessary optimal for application in DSSCs. This study also shows that the investigated anchor groups work equally well for hole injection and dye regeneration and therefore that the anchor-mediated electronic coupling of the dye with the semiconductor in NiO based DSSC may not be the primary parameter to consider to slow down the charge recombination between the reduced dye and the holes in NiO valence band.

However, for the fabrication of DSPEC, phosphonic acid is the most favorable binding group, within those investigated in these series, to attach a dye or a catalyst to NiO surface.

  PMI dye was substituted with pyridine (PMI-Py), aniline (PMI-NH 2 ), phosphonic acid (PMI-PO 3 H 2 ), hydroxyquinoline (PMI-HQ), acetyl acetone (PMI-acac), dipicolic acid (PMI-DPA), and naturally the carboxylic acid derivative (PMI-CO 2 H) was synthesized for purpose of comparison. The experimental electronic absorption, emission and electrochemical properties of the dyes were measured and analyzed by quantum chemical calculations. The dyes were also grafted on NiO mesoporous films and the stability of the linkage was assessed by desorption studies. The hole injection efficiency was determined by photovoltaic measurements in p-DSSCs and by ultrafast transient absorption spectroscopy.

Figure 1 .

 1 Figure 1. Electronic absorption (straight line) and normalized steady state emission (dashed line) spectra of the PMI-CO 2 H, PMI-acac, PMI-PO 3 H 2 and PMI-NH 2 dyes recorded in DMF solution.

Figure 2 .

 2 Figure 2. Electronic absorption (straight line) and normalized steady state emission (dashed line) spectra of the PMI-CO 2 H, PMI-DPA, PMI-Py and PMI-HQ dyes recorded in DMF solution.

Figure 3 .

 3 Figure 3. Electronic absorption spectra of the PMI-CO 2 H, PMI-HQ, PMI-DPA, PMI-acac and -PMI-PO 3 H 2 dyes recorded in thin films of NiO and pictures of the corresponding NiO thin films.

Figure 4 .

 4 Figure 4. Dye loading values (in nmol/cm 2 ) of the PMI dyes measured on NiO film of 1.3 m thickness. The average pKa value is given above each anchoring group.

Figure 5 .

 5 Figure 5. Evolution of the spectrum of the neutral for PMI-CO 2 H (left) and PMI-HQ (right) upon electrochemical reduction in dichloromethane. The initial spectrum of the neutral ground state is shown in black and the spectrum of the fully reduced dye is in red.

Figure 6 .

 6 Figure 6. Schematic representation of the binding mode of each anchoring group.

Figure 7 .

 7 Figure 7. Evolution of the relative absorbance of the DMF solution as a function of soaking time of NiO electrode coated with the PMI dyes. Left panel DMF with 35 mM of acetic acid and right panel DMF with 1 mM of tetrabutylammonium hydroxide.

Figure 8 .

 8 Figure 8. Simulated electronic absorption spectra of the dyes.

Figure 9 .

 9 Figure 9. HOMO-LUMO energies and gaps (in eV), where the former are given relative to the HOMO energy of PMI-DPA.

Table 4 .

 4 Computed Mulliken spin densities of the dyes, localized on the anchoring -CC-X group, along with the repartition on the carbon-carbon triple bond -CC and on the terminal group -X. PMI-CO 2 H PMI-NH 2 PMI-py PMI-DPA PMI-HQ PMI-Acac PMI-PO 3 H 2

  and recombination, transient absorption (TA) was performed on the dyes in solution and grafted on NiO. When exciting PMI-CO 2 H in THF solution, the transient absorption spectra show negative features from 480 nm to 650 nm and positive induced absorption features in the rest of the spectral range (Figure 10, left).

Figure 10 .PO 3 H 2 ,

 1032 Figure 10. Transient absorption spectra of PMI-CO 2 H in THF solution (left) and grafted on NiO films, immersed in propylene carbonate solution (right) at different time delays after excitation at 540 nm. The gray lines represent the corresponding ground state absorption (dotted) and fluorescence (dashed) spectra and the difference spectrum from spectroelectrochemical reduction (full) in arbitrary units.

Figure 11 .

 11 Figure 11. Kinetic traces of the TA at the maximum of the induced absorption and the minimum of the ground state bleach of PMI sensitized NiO films in propylene carbonate (upper/left) and the E3 electrolyte T 2 /T -(bottom/right) after excitation at 540 nm and normalized at 10 ps.

1 M

 1 E1 composition: [I 2 ] = 0.1 M, [LiI] = 1 M in CH 3 CN; E2 composition: [I 2 ] = 0.03 M, [1,2dimethyl-3-butylimidazolium iodide] = 0.6 M, [tBu-pyridine] = 0.5 M, [guanidinium thiocyanate] = 0.1 M, in CH 3 CN; E3 composition: [T 2 ] = 0.3 M, [T -] = 0.1 M, [LiTSFI] = 0.in propylene carbonate/CH 3 CN: 3/7 vol./vol.)

  However, we have tested the possibility to break the aggregates by loading the PMI-PO 3 H 2 dye in presence of increasing concentrations of chenodeoxycholic acid (CDCA) ([CDCA] = 2 mM, 5 mM, 10 mM and 20 mM) into the dyeing bath, hence a dye/CDCA ratios of 0, 10, 25, 50 and 100 were explored. However, the Jsc and the Voc was not changed within experimental errors resulting in no real improvement of the PCE. In a second series of experiments, we have also investigated the possibility to reduce the degree of dye aggregation by shortening the soaking time. The NiO electrodes were therefore soaked into the dye bath for 30 minutes, 2 hours, 4 hours and overnight. It turned out that after 2 hours, the Jsc and Voc plateau to almost the same values measured after 12 hours. When the soaking time was set to 30 min, both Jsc and Voc were reduced by about 20% relative to those after overnight in line with the lower dye concentration on the NiO film. Overall, we conclude that the control of the dye aggregation on NiO surface with PMI-PO 3 H 2 cannot be simply achieved neither with CDCA used as co-adsorbent in the dyeing bath nor by reducing the soaking time.

Figure 12 .

 12 Figure 12. IPCE spectra of the PMI dyes recorded with the electrolyte composed of the T 2 /T - redox mediator.

  

Table 1 .

 1 Wavelengths

		of maximal absorption ( abs ) with extinction coefficient (),
	wavelength of maximal emission ( em ) recorded at room temperature and zero-zero energy
	level of the lowest singlet excited state (E 00 ) of the PMI moiety.		
	Dyes	a  abs /nm (/M -1 cm -1 )	b  abs /nm	 em /nm	c E 00 / eV
	PMI-CO 2 H	535 (48800) ; 421 (7300) ; 362 (10400)	495	592	2.21
	PMI-NH 2	555 (49900) ; 393 (10300)	-	601	2.14
	PMI-Py	529 (52800) ; 422 (7600) ; 338 (8200)	-	573	2.25
	PMI-DPA	534 (40100) ; 422 (6700) ; 357 (8500)	497	575	2.24
	PMI-HQ	546 (56200) ; 395 (14100)	514	575	2.21
	PMI-Acac	534 (54300) ; 419 (9100) ; 363 (11500)	497	584	2.22
	PMI-PO 3 H 2	535 (38500) ; 419 (5300) ; 366 (7400)	495	563	2.20

Table 2 .

 2 Redox Calculated according to the equation: E 1/2 (PMI*/PMI -) = E 1/2 (PMI/PMI -) + E 00 . b Calculated according to the equation: G°i nj =E VB (NiO)-E Red (PMI*/PMI -) with E VB (NiO) = 0.30 V vs.

	Dyes	E a,peak (PMI + /PMI)	E 1/2 (PMI/PMI -) (V)	a E (PMI*/PMI -)	b G°i nj	c G°r eg with I 3 -	d G°r eg with T 2 /T -
		(V)		(V)	(eV)	(eV)	(eV)
	PMI-CO 2 H	1.20	-0.93	1.28	-0.98	-0.61	-1.18

potentials recorded by cyclic voltammetry at room temperature in dichloromethane/DMF [95:5] solution with Bu 4 NPF 6 (0.1 M) as supporting electrolyte and referenced versus saturated calomel electrode (SCE). Calculated Gibbs free energies for hole injection (G°i nj ) and dye regeneration (G°r eg ) a

Table 3 .

 3 Computed

	Dye	 abs	Oscillator	D CT /Å
			Strength	
	PMI-CO 2 H	473	1.71	1.83
	PMI-NH 2	479	1.85	2.64
	PMI-py	470	1.62	1.81
	PMI-HQ	479	1.77	2.33
	PMI-DPA	471	1.65	1.54
	PMI-acac	474	1.70	2.21
	PMI-PO 3 H 3	472	1.68	1.90

absorption energies ( abs in nm) and associated oscillator strengths (in au) and D CT values (in Å).

Table 5 .

 5 Photovoltaic properties of the p-DSSCs recorded under simulated AM 1.5 with

	PMI-CO 2 H sensitizer.

Table 6 .

 6 Photovoltaic properties of the p-DSSCs recorded under simulated AM 1.5 with all the PMI sensitizers with the electrolyte E3 composed of the T 2 /T -redox mediator.

	Dyes	Jsc [mA.cm -2 ] Voc [mV]	FF [%]	[%]	Dye loading [nmol cm -2 ]
	PMI-CO 2 H	1.52 ± 0.06	161 ± 7 25.4 ± 0.3 0.062 ± 0.001	22.3
	PMI-HQ	2.21 ± 0.09	164 ± 4 23.8 ± 0.6 0.086 ± 0.003	9.3
	PMI-DPA	1.33 ± 0.09	168 ± 6 24.6 ± 0.6 0.055 ± 0.005	23.7
	PMI-acac	2.08 ± 0.08	169 ± 8 27.9 ± 0.2 0.098 ± 0.002	7.7
	PMI-PO 3 H 2	1.27 ± 0.12	181 ± 7 17.7 ± 0.4 0.041 ± 0.004	38.2

a recorded in dichloromethane solution. b recorded on thin NiO film. c calculated according to
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 59]However, the spectral shape does not completely follow the reference of the reduced state. This could be explained by a broadening of the peak at 650 nm due to different environment.

A similar broadening was observed earlier. 24 It could, however, also originate from dye aggregates on the surface, for which the anion spectra are different than for the monomers.

The other dyes show very similar TA spectra (not shown) and kinetic traces (Figure 11). However, PMI-HQ shows a contribution from stimulated emission in the initial spectra (< 1 ps) suggesting a slower injection for this compound (Figure S14 and Figure S15).

When comparing the normalized kinetics of the PMIs grafted on NiO in propylene carbonate solution, there is no significant difference between those of PMI-CO 2 H, PMI-acac, PMI-DPA, PMI-PO 3 H 2 , and PMI-HQ shows a fast component in the ground state bleach recovery, which is attributed to the disappearance of the stimulated emission, i.e. reflecting hole injection. This processes is, however, still on the sub-ps time scale. Except for this difference, the TA signal of the reduced PMIs decays non-exponentially to approximately 20% of the initial signal after 1.9 ns.

When adding the T 2 /T -electrolyte, the kinetics is slightly slower compared to the kinetics in propylene carbonate only. Also with T 2 /T -, the signal decays to approximately 20% of the initial value at 1.9 ns. There are previous studies where the dye anion has been more longlived in the presence of redox couple than without. [60] This counter-intuitive result must be attributed to changes in the fermi level (hole filling by the electrolyte), which slows down dye-NiO recombination. This makes it difficult to estimate the regeneration efficiency, and may obscure differences in recombination and regeneration rates between dyes. Especially for PMI-acac, the fraction of the initial signal that remains (20%) is smaller lower than the IPCE value (30 %, see below), indicating that (some) regeneration should take place on the sub-ns timescale.