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Abstract: Icosahedral metallacarboranes are θ-shaped anionic molecules in which two 

icosahedra share one vertex that is a metal center. The most remarkable of these compounds is 

the anionic cobalt-based metallacarborane [Co(C2B9H11)2]
-, whose oxidation-reduction 

processes occur via an outer sphere electron process. This, along with its low density negative 

charge, makes [Co(C2B9H11)2]
- very appealing to participate in electron-transfer processes. In 

this work, [Co(C2B9H11)2]
- is tethered to a perylenediimide dye to produce the first examples 

of switchable luminescent molecules and materials based on metallacarboranes. In particular, 

the electronic communication of [Co(C2B9H11)2]
- with the appended chromophore unit in these 

compounds can be regulated upon application of redox stimuli, which allows the reversible 

modulation of the emitted fluorescence. As such, they behave as electrochemically-controlled 
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fluorescent molecular switches in solution, which surpass the performance of previous 

systems based on conjugates of perylendiimides with ferrocene. Remarkably, they can form 

gels by treatment with appropriate mixtures of organic solvents, which result from the self-

assembly of the cobaltabisdicarbollide-perylendiimide conjugates into 1D nanostructures. The 

interplay between dye π-stacking and metallacarborane electronic and steric interactions 

ultimately governs the supramolecular arrangement in these materials, which for one of the 

compounds prepared allows preserving the luminescent behavior in the gel state. 

 

Introduction 

Carboranes and their derivatives are polyhedral boron-based clusters that have been proposed 

for a variety of applications,[1] ranging from biomedicine[2] to catalysis[3] and materials 

science.[4] Among them, the use of these systems for the development of luminescent 

molecules and materials is raising increasing interest.[5] To date most efforts in this field have 

been focused on the synthesis of carborane-emitter conjugates, where two main features of 

boron clusters are generally exploited: (a) their 3D bulk geometry, which allows spatial 

control of interchromophoric interactions between attached fluorophores in solution (e.g. 

excited-state energy transfer)[6] and enables aggregation-induced emission (AIE) in the solid-

state;[7] and (b) their electron-withdrawing (e.g. 1,2-dicarba-closo-carborane) or electron-

donating (e.g. 7,8-dicarba-nido-dodecaborane) nature, which can be utilized to modulate the 

emission from nearby fluorophores via photoinduced charge transfer (CT) and, by taking 

advantage of the steric congestion around the carborane motifs, to generate intramolecular CT 

states displaying intense AIE luminescence upon aggregation.[8] 

The emission from these AIE-active, CT-based carborane-emitter conjugates is sensitive 

to external stimuli that alter molecular packing (e.g. mechanical forces, temperature, chemical 
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environment), and can be used for the preparation of smart materials.[8c-j] However, attempts 

to provide further functionality to these systems by reversibly switching the electronic 

communication between fluorophores and boron clusters have not been reported. To reach 

this goal, herein we decided to replace the common metal-free 1,2-dicarba-closo-dodecaborane 

employed in most studies with a cobalt-based metallacarborane showing a much richer 

electrochemical behavior. In particular, our attention focused on the metallacarborane anion 

cobaltabisdicarbollide ([3,3’-Co(C2B9H11)2]
-, more commonly known as COSAN), a boron 

cluster-based complex in which two dicarbollide ligands ([C2B9H11]
2-) are coordinated η5 to a 

Co(III) center.[1,9] Owing to the presence of the metal, this complex and its derivatives display 

several well-studied reversible waves under cyclic voltammetry conditions arising from the 

oxidation (Co(III)/Co(IV)) and reduction (Co(III)/Co(II) and Co(II)/Co(I)) of the cobalt 

ion.[5a,10] Also, the COSAN anion presents other remarkable features, such as exceptional 

chemical stability,[1,4a,11] low charge density and weak coordination capacity,[12] and 

hydrophobicity.[13] The latter makes the protonated form and sodium salts of COSAN highly 

amphiphilic, which accounts for their good solubility both in water and organic solvents, as 

well as for their capacity to self-assemble into micelles and monolayer vesicles in aqueous 

media.[14] Because of this combination of properties, COSAN has been efficiently linked to 

the surface of platforms of different nature, such as dendrimers,[15] octasilsesquioxanes,[16] 

TiO2
[17] and polymeric nanoparticles,[18] SWCNTs[19] or graphene oxide,[20] giving rise to 

materials with enhanced solubility, dispersability, thermal stability, and electrochemical 

features. 

By contrast, the utilization of COSAN and other metallacarboranes to the development of 

emissive systems has been rather scarce.[5,6e] Mainly, we[21] and others[22] have reported the 

synthesis of several conjugates of COSAN derivatives with organic fluorescent dyes (e.g. 

porphyrin,[22a-c] phtalocyanine,[22d-e] fluorescein,[22f] BODIPY[21b]), essentially aiming to 
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improve their solubility, cellular uptake and intracellular boron release for theranostic 

applications that combine fluorescence diagnosis with anticancer boron neutron capture 

therapy. In none of these cases, however, the photoluminescence properties of the 

fluorophores benefited from the presence of nearby metallacarborane clusters, which mainly 

cause a decrease of the fluorescence efficiency,[21,22] and, to the best of our knowledge, no 

externally-controlled switchable fluorescence behaviour was described for any of them. In 

this work we aimed to take a step beyond and exploit the redox versatility of COSAN to 

derive for the first time electrochemically-responsive fluorescent compounds based on 

(metalla)carboranes. It is important to keep in mind that to achieve redox-controlled 

fluorescence switching in metallacarborane-fluorophore systems is not straightforward, but it 

requires wise selection of their composition and structure to warrant: (a) tunable excited-state 

interaction between the dye and the metallacarborane as to selectively quench fluorescence in 

one of the redox states of the compound; and (b) selective access to the redox switching of the 

metallocarborane without affecting the fluorophore. In addition, by capitalizing on the self-

assembly capacity of COSAN, we explored the use of these compounds for the preparation of 

solid materials with enhanced luminescence. Bearing these objectives in mind, we designed 

conjugates 1 and 2, which are a dyad and a triad of COSAN with a perylenediimide (PDI) dye 

(Figure 1). PDIs are well-known chromophores presenting outstanding absorption and 

emission properties as well as high thermal and photochemical stability.[23] In addition, they 

present two other advantageous features that are of special relevance for this work: (a) PDIs 

are good photoexcited electron acceptors, which enables light-induced charge transfer 

processes with other close-by molecular components;[23,24] and (b) PDIs present a large 

tendency to self-assemble via π-π and solvophobic interactions to generate supramolecular 

architectures.[23,25] 
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Figure 1. Structures of COSAN-PDI dyad 1 and triad 2. 

Results and Discussion 

Synthesis and structural characterization 

The COSAN derivative [H][8-NH2-C4H8O2-3,3’-Co(1,2-C2B9H10)(1’,2’-C2B9H11)] (3) was 

the metallacarborane building block selected for the preparation of 1 and 2 (Scheme 1). 

Different factors accounted for this choice. First, its 2-(2-aminoethoxy)ethoxy pending chain 

should warrant facile conjugation to PDI fluorophores by exploiting the well-known reaction 

between terminal amino groups and perylene anhydrides.[23,26] Second, the resulting 

oligooxyethylene tether linking the metallacarborane and PDI units in 1 and 2 should allow 

preserving the redox properties of the COSAN core[5a] while enabling photoinduced charge 

transfer with the fluorophore, as previously suggested for similar conjugates with other 

emitters.[21b,c] Finally, 3 could be easily obtained from its precursor [3,3’-Co(8-C4H8O2-1,2-

C2B9H10)(1’,2’-C2B9H11)] (6),[27] for which we slightly modified the conditions previously 

described for the nucleophilic oxonium ring-opening reaction with NH3 (Scheme S1, 

Supporting Information).[28] 
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Scheme 1. Synthetic procedure for the synthesis of COSAN-PDI conjugates 1 and 2. The 

structure of PDI reference fluorophore 7 is also given.  

For the synthesis of COSAN-PDI dyad 1, we first prepared perylene derivative 4 

following literature procedures (Scheme S2, Supporting Information).[26] Then, the 

stoichiometric reaction between 4 and COSAN derivative 3 was conducted in imidazole at 120 

ºC for 24 h, which led to the formation of the protonated form of 1 in high yield (92%) 

(Scheme 1). Similarly, the reaction of commercial perylene-3,4,9-10 tetracarboxylic 

anhydride (5) and 3 applying the same conditions as for compound 1 furnished COSAN-PDI 

triad 2 with 100% yield (Scheme 1). Compound 2 was finally isolated as its sodium salt using 

a cation exchange resin. The linking of COSAN derivative 3 to both perylene derivatives 4 

and 5 produced an outstanding improvement of the solubility of these perylene dyes in polar 

organic solvents. For instance, they became significantly soluble in acetone (up to 360 mg 
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mL-1 for 2), while compounds 4, 5 and analogous bisalkylated PDI dye 7 (Scheme 1) are 

insoluble or poorly soluble in this solvent (< 1 mg mL-1). 

The structures of conjugates 1 and 2 were confirmed by IR-ATR, 1H, 13C{1H} and 

11B{1H} NMR spectroscopy (see the Supporting Information), and MALDI-TOF mass 

spectrometry. The IR spectra for both compounds showed typical υ(B-H) strong bands 

between 2533 and 2540 cm-1 settling the presence of boron clusters, while characteristic 

bands for the in-phase and out-of-phase stretching of cyclic imides were also observed at 

around 1650 and 1695 cm-1. Several 1H NMR spectral features also demonstrated successful 

COSAN-PDI tethering in 1 and 2: (a) the downfield shift of the resonances for the CH2 

protons from the oligooxyethylene chain of the COSAN fragment; (b) the presence of the 

aromatic signals of the PDI unit and, in the case of 1, of the resonances of its branched alkyl 

side chain at low frequencies. Similarly, the 13C{1H} NMR spectra of 1 and 2 showed 

resonances corresponding to their two different building blocks. Finally, the presence of 

boron clusters in these compounds was further confirmed by 11B{1H} NMR spectroscopy. For 

dyad 1 that only contains one COSAN fragment, a 1:1:1:1:2:3:3:2:2:1:1 pattern in the typical 

range from 23.10 (B-O) to -28.67 ppm was found in its 11B{1H} NMR spectrum; in the case 

of triad 2 comprising two COSAN groups, a 2:2:2:18:4:6:2 pattern with overlapped 

resonances in the range from 25.44 (B-O) to -26.77 was instead registered (see the Supporting 

Information). 

Electro-optical properties in solution 

The photophysical properties of dyad 1 and triad 2 in solution were investigated by UV-vis 

absorption and steady-state fluorescence spectroscopies at room temperature (Figure 2 and 

Table 1). The UV-vis absorption spectra of both compounds in acetonitrile showed the 

distinctive bands of each one of their constituting units (Figure 2a): the different vibronic 

bands in the visible region corresponding to the S0-S1 transition of the PDI fragment (λabs,max = 
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519 nm), and the UV absorption band of the COSAN unit (λabs,max = 313 nm). Very minor 

spectral differences were observed relative to the absorbance of reference COSAN compound 

3 and PDI dye 7 (Table 1), which proves that these moieties are not electronically coupled in 

the ground state of 1 and 2. As previously observed for other COSAN-containing conjugates, 

this could be mainly ascribed to the long separation distance between both fragments through 

the oligooxyethylene tether. 

 

Figure 2. a) Absorption spectra of conjugates 1, 2 and reference compounds 3 and 7, in 

acetonitrile (c  3.0 10-6 M). b) Fluorescence emission spectra of conjugates 1 and 2, and 

reference PDI compound 7 in acetonitrile (c  3.0 10-6 M, λexc = 445 nm). For sake of clarity, 

the intensity of the spectra of 1 and 2 has been magnified (x10). 
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Table 1. Electro-optical data of dyad 1, triad 2 and reference compounds 3 and 7.a 

 
λabs,max (nm) λfl,max (nm) Φfl 

E1/2 (V vs SCE)b 

  reduction oxidation 

1 519, 313 528 0.058 -0.60, -0.79, -1.38 1.54, 1.71 

2 519, 313 529 0.018 -0.61, -0.76, -1.37 1.54, 1.69 

3 308 - - -1.33 1.53  

7 520 529 1 -0.63, -0.82 1.68 

[a] In acetonitrile for 1, 2 and 3, and dichloromethane for 7. Electrochemical data obtained 

using 0.1 M n-Bu4NPF6 as a supporting electrolyte (scan rate: 0.1 V s-1). [b] All reduction and 

oxidation waves were found to be (pseudo)reversible at our experimental conditions; half-

wave potentials (E1/2) are given. 

No significant spectral variations were observed either for the fluorescence emission of 

the PDI dye in 1 and 2 when compared to reference compound 7 (λfl,max  528 nm in 

acetonitrile, Figure 2b). However, a dramatic decrement of emission intensity was registered, 

which became more pronounced for triad 2 bearing two COSAN clusters. Thus, while 7 

presents a high fluorescence quantum yield typical for perylenediimide dyes (fl = 1 in 

acetonitrile[29]), much lower values were determined for the COSAN-PDI conjugates (fl
 = 

0.058 and 0.018 for 1 and 2 in acetonitrile, respectively). These results, which were replicated 

in other solvents (Table S1, Supporting Information), are a clear indication that the emission 

of these PDI-based fluorophores is strongly quenched by the nearby COSAN units, as 

previously observed for other emitters.[21b,c] Since there is no spectral overlap between PDI 

emission and COSAN absorption, this effect could not be ascribed to Förster resonance 

energy transfer (FRET) processes[30] between these two fragments. Instead, photoinduced 

electron transfer-induced quenching[30,31] would be a much more plausible explanation given 
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the rich electrochemical behavior of both COSAN[5a] and PDI[23a] moieties. This prompted us 

to investigate the redox properties of conjugates 1 and 2. 

The cyclic voltammograms of 1 and 2 in acetonitrile displayed a large number of 

electrochemical waves that could be assigned to their different constituting units by 

comparison with the data registered for reference compounds 3[5a] and 7[23a] (Figure 3, Table 1 

and Figure S1, Supporting Information). In the anodic region, two pseudoreversible waves 

were detected corresponding to the Co(III)  Co(IV) oxidation of the metal center of the 

COSAN moiety (E1/2 = +1.54 V (vs SCE)), and the oxidation of the PDI fragment to its 

radical cation (E1/2  + 1.70 V (vs SCE)). A more complex behavior was encountered for the 

cathodic region, where reversible waves were detected for the consecutive, two-step reduction 

of the PDI unit to its dianion (E1/2  -0.60 and -0.80 V (vs SCE)), and for the Co(III)  Co(II) 

reduction of the COSAN metal cluster (E1/2  -1.47 V (vs SCE)). Notably, minor differences 

were observed for the redox signals registered for 1 and 2 concerning reference compounds 3 

and 7, which further evidence that the COSAN and PDI moieties are not electronically 

coupled in the conjugates.[32] 

Based on the electro-optical properties determined for conjugates 1 and 2, the viability of 

photoinduced electron transfer (PET) processes under light irradiation that could quench the 

fluorescence of these compounds was evaluated using Rehm-Weller equation[31] (Table S2, 

Supporting Information). Because of the distinct redox behavior of COSAN and PDI 

moieties, two different alternatives were explored: (a) PET from COSAN to PDI to produce 

the corresponding Co(IV) species and the perylenediimide radical anion; and (b) PET from 

PDI to COSAN to generate the perylenendiimide radical cation and the resulting Co(II) state 

of the metal cluster. While the latter was found not to be thermodynamically allowed (GPET 

 +0.60 eV for both 1 and 2 in acetonitrile), negative GPET values were obtained for the 

photoinduced electron transfer process from COSAN to PDI in the conjugates (GPET = -0.22 
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and -0.23 eV for 1 and 2 in acetonitrile, respectively). As such, charge separation is expected 

to occur in these compounds after light absorption by their PDI unit, thus offering a 

competing, nonradiative pathway for excited state relaxation and, as experimentally proven, 

resulting in a striking loss of fluorescence emission. Interestingly, previous oxidation of the 

COSAN cluster to the Co(IV) state should prevent this PET-induced quenching mechanism, 

thereby opening the door for external modulation of the emission of 1 and 2 through redox 

stimuli. 

 

Figure 3. a) Cyclic voltammograms in reduction of conjugates 1 and 2 in acetonitrile + 0.1 M 

n-Bu4NPF6 (c  0.5 10-3 M, scan rate: 0.1 V s−1). b) Cyclic voltammograms in oxidation of 

conjugates 1 and 2 in acetonitrile + 0.1 M n-Bu4NPF6 (c  1.0 10-3 M, scan rate: 0.3 V s−1). 
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Green circles and blue squares are used to assign the electrochemical waves arising from the 

COSAN and PDI units of these compounds, respectively. The arrows indicate the direction of 

the potential scan in each case. 

Fluorescence switching in solution 

To investigate the redox-induced fluorescence switching of conjugates 1 and 2 in solution, 

spectrofluoroelectrochemical experiments were conducted under N2 atmosphere. In this way, 

changes in the emission intensity could be measured for these compounds while applying 

sequential redox potentials to (a) oxidize their COSAN units to their Co(IV) state to inhibit 

fluorescence quenching by PET; and (b) reduce back the cobalt center from the boron clusters 

to the initial Co(III) state, which should lead to a concomitant decrease in emission.  

For the first of these steps, careful selection of the experimental conditions was required 

to avoid simultaneous PDI  PDI+ oxidation, which takes place at slightly larger potentials 

than the Co(III)  Co(IV) transformation (see Figure 3). After several tests, we decided to 

apply a constant potential (Eapp) at +1.55 V (vs SCE) for both compounds until no further 

changes in fluorescence were registered (typically, for about 120 - 180 s). It must be noted 

that no oxidation of the PDI unit took place under such conditions, as proven by the negligible 

absorption changes observed for this fluorophore in spectroelectrochemical measurements 

(Figure S2, Supporting Information). By contrast, a clear increase in emission intensity was 

simultaneously registered for both conjugates, which we attributed to COSAN oxidation and 

inhibition of PET-induced quenching of PDI fluorescence (Figure 4a). In particular, about 3- 

and 5-fold increments in emission intensity were measured for 1 and 2 after application of 

Eapp = +1.50 V (vs SCE), which correspond to relative fluorescence enhancement percentages 

(ΔF) of ΔF = +258% and +436%, respectively. Larger ΔF values would, however, have been 

expected if the intrinsic emissive behavior of PDI in the conjugates had been fully restored 
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upon oxidation of the COSAN moieties, given the very low fl values of these compounds in 

the absence of electrochemical stimuli. Two different factors could account for this behavior: 

(a) incomplete electrochemical transformation of all the conjugate molecules in the optical 

path after saturation of the platinum gauze that we used as a working electrode in our 

spectrofluoroelectrochemical experiments; and (b) partial quenching of the fluorescence of the 

PDI unit of the compounds by the nearby oxidized metallacarborane clusters, which could in 

principle take place by reverse photoinduced electron transfer (i.e. from the fluorophore to the 

COSAN moieties in the Co(IV) state). Nevertheless, this did not prevent us from attaining 

strong modulation of the luminescence of 1 and 2 by oxidizing their COSAN units. 

 

Figure 4. a) Variation of the fluorescence emission spectra of conjugates 1 and 2 upon 

consecutive controlled potential electrolysis at +1.55 V and -0.10 (vs SCE) in acetonitrile + 

0.1 M n-Bu4NPF6 (c  2.0 x 10-4 M, λexc = 445 nm). b) Variation of the fluorescence emission 
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intensity of 1 and 2 upon application of four consecutive redox cycles in acetonitrile + 0.1 M 

n-Bu4NPF6 (c  2.0 x 10-4 M, λexc = 445 nm). 

Once proven oxidation-induced enhancement of the emission of 1 and 2, we explored the 

reversibility of this process by reducing back the COSAN moiety of these compounds while 

monitoring their fluorescence response. For this, we applied Eapp = -0.1 V until negligible 

changes in emission intensity were observed, which typically required about 120 - 180 s. At 

these conditions, the Co(IV) state of the metallacarborane becomes unstable and should 

selectively convert into its Co(III) state, as further reduction of the metal ion or even of the 

PDI unit must occur at larger potentials (see Figure 3). This was confirmed by 

spectroelectrochemical measurements at Eapp = -0.1 V, where neither variation of the 

absorption of the PDI fluorophore nor appearance of the typical spectral bands arising from its 

radical anion[29] were observed (Figure S3, Supporting Information). Instead, a drop of the 

emission of the conjugates 1 and 2 was concomitantly registered until the fluorescence 

intensity of the starting conjugates was essentially regained (Figure 4a). This was attributed to 

the back-transformation of the oxidized COSAN moieties to their original Co(III) state, 

thereby reactivating the fluorescence quenching mechanism proceeding through photoinduced 

electron transfer from the metallacarborane units to the PDI fluorophore. 

To demonstrate the robustness and reproducibility of the emission modulation of 1 and 2 

triggered by electrochemical stimuli, spectrofluoroelectrochemical measurements were 

performed for acetonitrile solutions of the conjugates when applied to up to 3 consecutive 

oxidation-reduction cycles (Figure 4b). Although these experiments were conducted under an 

inert atmosphere, similar results were obtained in air. In all the cases, reversible fluorescence 

modulation was observed in these experiments with minimal degradation, which indicates that 

all the charge-separated transient species generated electro- and photochemically for 1 and 2 

present good stability even at ambient conditions. More importantly, this unambiguously 
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demonstrates the capacity of compounds 1 and 2 to behave as redox-induced fluorescent 

switches,[33] which could be of use for the design of molecular memories and information 

processing devices,[34] biosensing and imaging probes,[35] or electrofluorochromic displays.[36]  

To our understanding, this is the first example where such phenomenon has been 

achieved by using metallacarboranes as redox-active species, which allowed us surpassing 

previous reports based on the use of other metal complexes, mostly ferrocene[36] (e.g. PDI-

ferrocene conjugates[33a,37]). With respect to these precedents, compounds 1 and 2 present 

several advantages as redox-controlled fluorescent switches that arise from the particular 

properties of COSAN. On one hand, larger electrochemically-induced fluorescence 

modulation amplitudes were accomplished herein, which for triad 2 are at least 2-fold greater 

than those previously reported.[33a,37] In addition, such improved emission switching behavior 

was obtained even at larger emitter-quencher distances, since the use of very short methylene 

tethers was required to observe optimal fluorescence modulation in the case of PDI-ferrocene 

conjugates.[33a,37] As such, this demonstrates the potential of COSAN to show stronger 

electronic coupling effects with nearby organic fluorophores. This, in combination with its 

ability to undergo both oxidation and reduction processes at relatively low potentials, makes 

COSAN an ideal candidate for the realization of electrochemically-triggered fluorescent 

switches with both electron-deficient (e.g., PDI) and electron-rich emitters. On the other hand, 

compounds 1 and 2 developed in this work also benefit from the increment in solubility that 

COSAN provides in polar solvents,[16] a much desired property for highly hydrophobic 

perylenediimides.[38] Finally, by exploiting the self-assembly capacity of COSAN, the 

emissive properties of their conjugates with fluorophores could be transferred and even 

enhanced in the solid state. 
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Optical properties in the solid-state 

Given the previous reports on the improved emissive behavior of carborane-fluorophore 

conjugates upon aggregation,[7,8c-j] we also investigated the optical properties of 1 and 2 in the 

solid state, which were compared to those of reference PDI dye 7. As previously reported for 

thin films of symmetric perylenediimide fluorophores bearing branched alkyl side chains,[39] 

large differences were observed when optically characterizing 7 as a solid powder relative to 

solution. Thus, broader absorption covering most of the visible range (i.e. 400-600 nm) and 

drastically red-shifted emission (λfl,max = 653 nm) were measured, none of which showed the 

clear vibronic features registered for this compound in organic solvents (Figure S4, 

Supporting Information). These changes arise from the interchromophoric interactions that 

take place in the solid-state after molecular close-packing, which is mainly driven by co-facial 

π-stacking of the perylendiimide cores.[23a] As such, it must lead to the formation of excitonic 

H-aggregates with hypsochromically-shifted absorption and negligible emission.[23a,40] 

However, because of the steric hindrance introduced by the branched alkyl chains of 7, 

geometrically distorted columnar stacks with rotational displacement between neighbouring 

PDI units are expected to be obtained in this case, which ultimately alters the optical 

properties of aggregates.[39,41] In particular, this makes the optical transition into their lower 

energy exciton state partially allowed,[39,41] thus accounting for the longer-wavelength 

absorption component observed for 7 in the solid-state with respect to solution. As for the 

broad, bathochromically-shifted fluorescence registered, it is generally attributed to exciton 

relaxation into excimer sites formed along the π-stacks of PDI chromophores, which are 

typically weakly emissive.[39] In fact, when measuring the fluorescence quantum yield of the 

solid powder of 7, a 6-fold decrement in Φfl was determined (Φfl = 0.17) with respect to 

solution. 
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Owing to the strong dependence of the optical properties of perylendiimide aggregates on 

the molecular arrangement,[23a,39] we did not directly investigate the behavior of 1 and 2 as 

solid powders. Instead, we attempted to favor supramolecular order by conducting the 

structuration of both compounds using the slow solvent-induced precipitation method (or bulk 

solution-phase transfer method) in acetone-hexane mixtures.[42] As shown in Figure 5a-b, this 

led to the formation of gel-like materials for 1 and 2, a situation that has already been reported 

for other amphiphilic PDI derivatives,[23a,43] but has been seldom described for COSAN-based 

compounds.[44] Inspection of these materials by scanning electron microscopy revealed that 

their solid phase was formed by micrometer-long 1D nanostructures of different 

morphologies: bundles of fibers of about 75 nm in diameter in the case of 1, and nanobelts 

with a rectangular cross-section of about 550 x 50 nm for 2, which should originate from the 

self-assembly of these compounds (Figure 5c-d). This was confirmed by X-ray powder 

diffraction of the dried gels, for which two main diffraction peaks were observed at very 

similar 2 values that are indicative of supramolecular ordering (ca. 4.5º and 25.4º; Figure S5, 

Supporting Information). On one hand, the reflections at around 25.4º correspond to the d-

spacings of 0.35 nm expected between adjacent co-facially π-stacked PDI units (e.g., as in the 

solid powder of 7, Figure 5c-d).[41a,b] As for the diffractions at about 4.5º, they can be assigned 

to the intercolumnar spacings between neighbouring stacks in the self-assembled 

nanostructures,[39a,41a,b] which are of 1.96 and 1.88 nm for 1 and 2, respectively. It must be 

noted that such d values are considerably shorter than the long intramolecular axis of these 

compounds, which we estimated to be around 2.82 (1) and 3.89 nm (2) from molecular 

mechanics calculation at the MM2 level. This behavior is normally attributed to geometrical 

distortion of the columnar stacks of PDI chromophores (e.g., by rotational displacement of 

adjacent units),[39,41] which was expected to occur in this case due to: (a) the electrostatic (and 

steric) repulsion between the negatively-charged COSAN side clusters of 1 and 2; and (b) the 
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steric congestion caused by the branched alkyl chain of 1 (Figure 5c-d). Actually, because of 

the diverse nature of these interactions governing the mutual orientation of the pending side 

groups of 1 and 2 in adjacent stacked molecules, different supramolecular arrangements 

should take place in the nanostructures of these compounds, thus ultimately accounting for the 

distinct morphologies obtained.[42b] 

1 µm

2 µm

2 µm

4 µm

a

b

c

d

 

Figure 5. a-b) Photographs of the organogels obtained for a) 1 and b) 2. c-d) SEM images of 

the dried gels for c) 1 and d) 2. The insets in the SEM images show a schematic representation 

of the intracolumnar packing of the PDI units of 1 and 2, which are separated by a d-spacing 

of 0.35 nm and displaced with respect to each other to minimize the electrosteric repulsion 

between adjacent side groups. 

Figure 6 shows the diffuse-reflectance absorption spectra of the gels obtained for 

compounds 1 and 2. In both cases, broad and poorly structured spectra were obtained, which 

are compatible with the optical behavior expected for these materials according to the 
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molecular arrangement of their PDI units. As previously discussed for the solid powder of 7, 

the geometrical distortion of the co-facial stacks of PDI chromophores in the nanostructures 

of 1 and 2 must enable the optical transitions to the lowest exciton state of the aggregates 

formed, thus accounting for the longer-wavelength absorption component registered relative 

to the measurements in solution. Noticeably, such a component was found to be more 

prominent for the gel of 1, which corroborates that the π-stacked PDI units must be differently 

arranged in both materials due to their distinct side chains. This should not only affect their 

absorption properties but also their emissive behavior, as corroborated experimentally (Figure 

6). On one hand, the gel obtained from 2 was observed to produce red-shifted and broad 

fluorescence with extremely low efficiency (λfl,max = 701 nm, Φfl = 0.003) that cannot solely 

be explained based on the PET-induced quenching observed in solution. As such, the 

formation of a diversity of very poorly emissive excimers within the aggregates of π-stacked 

molecules is expected for this compound. By contrast, much stronger and narrower red-

shifted luminescence was registered for the gel 1, which fairly preserved the fluorescence 

quantum yield measured for this compound in organic solutions (λfl,max = 673 nm, Φfl = 0.024) 

and was visible by the naked eye (see inset in Figure 6). Therefore, supramolecular ordering 

induced the creation of more defined and efficient emissive sites in this case upon 

aggregation, thus allowing the preparation of fluorescent gels for 1 despite the occurrence of 

PET between PDI and COSAN units. 
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Figure 6. Absorption and emission (λexc = 445 nm) spectra of the organogels obtained from a) 

1 and b) 2, which are compared to those measured in acetonitrile solution for both 

compounds. In the case of gels absorbance, the Kubelka-Munk function (F(R)) determined 

from the diffuse reflectance absorption spectrum is given, as indicated by the arrows. For sake 

of comparison, all the spectra are normalized to unity at their maxima in the visible region. 

The inset in a) shows a photograph of the emission from the gel made from 1 under irradiation 

at λexc = 445 nm. 

Conclusions 

In this work, we reported the synthesis and characterization of two different metallacarborane-

emitter conjugates: a dyad and a triad of cobaltabisdicarbollide (COSAN) and a 

perylendiimide dye (PDI), which were linked through a short oligooxyethylene linker. This, 
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together with the particular redox properties of the metallacarborane and chromophore units, 

enabled photoinduced electron transfer to take place between them, which resulted in 

dramatic fluorescence quenching for both compounds. However, oxidation of the cobalt 

center of the COSAN moiety inhibited this process and enhanced the emission from the dyad 

and the triad, a situation that could be subsequently reverted upon reduction of the 

metallacarborane. As a result, we proved these systems to behave as redox-controlled 

fluorescent molecular switches in solution, which constitutes the first example of this type of 

smart behavior obtained from carboranes and metallacarboranes. For our COSAN-PDI dyad 

and triad, several advantages were found over precedent systems based on PDI conjugates 

with other metal complexes such as ferrocene. On one hand, they display larger fluorescence 

modulation at even longer emitter-quencher distances, while their solubility in polar media is 

dramatically enhanced. In addition, when treated with appropriate mixtures of organic 

solvents, the compounds prepared were observed to self-assemble into 1D nanostructures of 

different morphologies, which eventually gave rise to the formation of gel-like materials. In 

the case of the COSAN-perylendiimide dyad, strong red-shifted luminescence was observed 

for the gel, a result that we ascribed to the supramolecular arrangement achieved in the solid 

network of the material. Overall, we demonstrated that the optical properties of perylendiimide 

emitters can be tuned by appending nearby cobaltacarboranes, thus allowing access to new 

molecules and materials with improved functionalities that could find application in diverse 

areas (e.g., biosensing and imaging, fluorescent displays and photovoltaic devices). 

 

Experimental Section 

Instrumentation 

ATR-IR spectra were recorded on JASCO FT/IR-4700 spectrometer on a high-resolution. The 

1H NMR (300.13 MHz), 11B{1H} (96.29 MHz) and 13C{1H} NMR (75.47 MHz) NMR spectra 
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were recorded on a Bruker ARX 300 spectrometer. All NMR spectra were recorded in 

CD3COCD3 solutions at 25ºC. Chemical shift values for 11B{1H} NMR spectra were 

referenced to external BF3·OEt2, and those for 1H and 13C{1H} NMR were referenced to 

SiMe4 (TMS). Chemical shifts are reported in units of parts per million downfield from the 

reference, and all coupling constants are reported in Hertz. MALDI-TOF-MS mass spectra 

were recorded in the negative ion mode using a Bruker Biflex MALDI-TOF [N2 laser; λexc = 

337 nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 kV (Uis2)]. XRD 

experiments for the solid powder of 7 were performed with a X'Pert Powder diffractometer 

(Panalytical) with theta-theta geometry, copper anode X-ray tube and PIXcel1D detector in a 

silicon crystal sample holder. In the case of the gels obtained from 1 and 2, XRD experiments 

were conducted in a Malvern PANalytical X’pert PRO MPD powder diffractometer with a 

vertical theta-theta goniometer (240 mm radius). These XRD analyses were carried out in 

transmission mode using a capillary spinner and the sample was filled inside borosilicate glass 

capillaries with an outer diameter of 0.7 mm. A focusing mirror was used for the incident 

beam and a lineal X'Celerator detector for the diffracted beam. In all the cases, the X-ray 

source was a ceramic X-ray tube with Cu Kα anode (λ=1.5406 Å). UV-Vis spectra in solution 

were recorded in a HP 8452A spectrophotometer (Agilent) with Chemstation software, using 

1 cm cuvettes. When measuring solid samples, an Agilent Cary 60 spectrophotometer in 

diffuse reflectance mode and coupled to a remote integrating sphere was used. In this case, the 

Kubelka-Munk function was used to estimate their absorption spectra. Fluorescence emission 

spectra were recorded utilizing a custom-made spectrofluorometer, where the sample was 

excited with a cw laser (BeamQ, λexc = 440 nm) and emitted photons were detected using an 

Andor ICCD camera coupled to a spectrograph. All the emission spectra registered were 

corrected by the wavelength dependence of the spectral response of the detection system. 

Samples were prepared in spectroscopic grade solvents and adjusted to a response within the 
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linear range. Fluorescence quantum yields in solution were determined using the standard 

method[30] for highly diluted solutions of the compounds of interest to prevent self-absorption 

processes (absorption <0.1 at the excitation wavelength) and relative to N,N′-bis(1-

hexylheptyl)perylene-3,4,9,10-tetracarboxybismide in acetonitrile (Φfl=1).[29] For the solid 

samples, an absolute quantum yield spectrophotometer from Hamamatsu (model C9920-02G) 

was used, which is based on a wide spectrum 150 W Xenon light source coupled to a 

motorized monochromator, an integrating sphere equipped with a sample holder for solids, 

and a CCD spectrometer (Photonic multichanel analyzer PMA-12). Cyclic voltammograms 

were registered using a CHI 660 potentiostat and a conical electrochemical cell equipped with 

an argon bubbling source for degassing, a glassy carbon working electrode (WE, d= 0.45 

mm), a glassy carbon auxiliary electrode (CE, d= 3 mm) and a saturated calomel reference 

electrode (SCE, RE). All the potentials are reported versus an SCE isolated from the working 

electrode by a salt bridge. All measurements were performed in an acetonitrile solution 

containing 0.1 M of n-Bu4NPF6 as a supporting electrolyte. Spectroelectrochemical and 

fluorospectroelectrochemical experiments were performed in a 1 mm thin layer quartz glass 

cell using platinum gauze and platinum wire as working and counterelectrodes, respectively, 

whereas a saturated calomel electrode (SCE) was used as a reference electrode. A PC-

controlled VSP-Potentiostat synchronized with an MMS-UV−vis high-speed diode array 

spectrometer with a bandwidth of 330−1100 nm and a deuterium/tungsten light source (HM) 

and optical fibre (SMA, J&M) was employed to register the spectroelectrochemical 

measurements. Each absorption spectrum was recorded after 0.05 s. For 

fluorospectroelechemical measurements, the CHI 660 potentiostat and custom-made 

spectrofluorometer described above were used. In both cases, samples were typically 

degassed by bubbling N2 before conducting the measurements. 

 



24 

Materials 

All reactions were performed under an atmosphere of dinitrogen/argon employing standard 

Schlenk techniques. Commercial grade ethanol, diethyl ether, chloroform, acetonitrile and 

acetone were used without further purification. Compounds 4[26] and 6[27] were synthesized 

according to the literature. Perylene-3,4,9,10-tetracarboxylic dianhydride (5) and imidazole 

were purchased from Aldrich. HCl (37% AGR ISO) was obtained from Labkem. NH3 30% 

and cation exchange resin strongly acidic PA were acquired from Panreac. 

Synthesis of 3. 10 eq. of 30% NH3 was added dropwise to a solution of 6 (300 mg, 0.731 

mmol) in 96% EtOH (7 mL). The mixture was stirred and refluxed at 80°C for 48 h, after 

which the solvent was removed under vacuum and the mixture was quenched with HCl (1 M, 

10 mL), transferred to a separating funnel, and extracted with Et2O (3 × 10 mL). The organic 

layer was extracted one time more with brine, then dried with MgSO4, and the volatile 

substances were finally removed under vacuum. The residue was treated with a mixture of 

cold EtOH/H2O (10:1) to obtain 3 as a yellow solid (220 mg, 70% yield). 1H NMR (300 MHz, 

acetone-d6): = 7.89 (broad s, 3H; NH3), 4.07 (s, 2H; Cc–H), 3.98 (s, 2H; OCH2), 3.92 (t, 3JH,H 

= 5.25 Hz, 2H; OCH2), 3.78 (s, 2H; Cc–H), 3.68 (t, 3JH,H = 4 Hz, 2H; OCH2), 3.53-3.46 (m, 

2H; CH2–NH2). 
11B{1H} NMR (96 MHz, acetone-d6): = 25.81 (s, 1B, B–O), 8.11 (s, 1B, B–

H), 1.89 (s, 1B, B–H), –1.27 (s, 1B, B–H), –3.84 (s, 1B, B–H), –5.35 (s, 4B, B–H), –7.92 (s, 

3B, B–H), –15.95 (s, 2B, B–H), –18.97 (s, 2B, B–H), –21.12 (s, 1B, B–H), –27.55 (s, 1B, B–

H). 13C{1H} NMR (75 MHz, acetone-d6): = 40.19 (s, CH2–NH3), 46.81 (s; Cc–H), 51.66 (s; 

Cc–H), 66.30 (s; O–CH2), 69.30 (s, O–CH2), 71.35 (s; O–CH2); ATR-IR (cm−1): ν = 1597 

(C=C), 2529 (B-H), 2871, 2919 (CarH), 3040 (Cc-H), 2337 (NH3). 

Synthesis of 1. A mixture of 102 mg (0.23 mmol) of 3, 127 mg (0.23 mmol) of N-(1-

hexylheptyl)perylene-3,4:9,10-tetracarboxyl-3,4-anhidride-9,10-imide (4) and 5 g of 

imidazole were heated at 120 ºC and stirred overnight under argon atmosphere. Then, the 
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crude was cooled at room temperature and acidified until pH=2 by adding aqueous HCl (2 

M). After stirring overnight, the red solid obtained was filtered, washed with abundant 

distilled water, dried under vacuum at 120 ºC for 3 h and washed twice with 30 mL of diethyl 

ether to obtain 0.200 g (0.20 mmol, 92 % yield) of the neutral protonated form of 1. This 

compound was then purified by recrystallization in acetone:hexane. For optical and 

electrochemical characterization experiments, a small fraction of this solid was further 

purified by preparative TLC using CHCl3/acetone 10:1 as the eluent. 1H NMR (400 MHz, 

acetone-d6): = 8.52-8.41 (m, 4H; C6H2), 8.38 (d, 3JH,H = 7.2 Hz, 2H; C6H2), 8.28 (d, 3JH,H = 

7.2 Hz, 2H; C6H2), 5.26 (m, 1H; N-CH), 4.37 (m, 2H; Cc–H), 4.30-4.20 (m, 4H; OCH2 and 

Cc–H), 3.88 (m, 2H; OCH2), 3.71 (m, 4H; CH2–NH2 and Cc–H) , 2.40 (m, 2H; CH–CH2), 1.99 

(m, 2H; CH–CH2), 1.46 (m, 8H; C4H8), 1.35 (m, 8H; C4H8), 0.91 (m, 6H; CH3). 1.00-3.00 

(Broad signal corresponding to B-H). 11B{1H} NMR (128 MHz, acetone-d6): = 23.10 (s, 1B, 

B–O), 4.03 (s, 1B, B–H), 0.39 (s, 1B, B–H), –2.56 (s, 1B, B–H), –4.57 (s, 2B, B–H), –7.35 (s, 

3B, B–H), –8.16 (s, 3B, B–H),  –17.39 (s, 2B, B–H), –20.35 (s, 2B, B–H), –22.38 (s, 1B, B–

H), –28.67 (s, 1B, B–H). 13C{1H} NMR (75 MHz, acetone-d6): = 13.15 (s, CH3), 22.45 (s, 

C5H10), 26.85 (s, C5H10), 29.57 (s, C5H10), 31.68 (s, C5H10, 32.24 (s, C5H10), 39.18 (s, CH2–

N), 54.04 (s; CH–N), 54.30 (s; Cc–H), 67.68 (s; O–CH2), 68.59 (s, O–CH2), 71.55 (s; O–

CH2), 121.15 (s; C6H2), 123.29 (s; C6H2), 130.51 (s; C6H2), 133.73 (s; C6H2), 162.71 (s; 

C=O); ATR-IR (cm−1): ν = 1592 (C=C), 1650, 1693 (C=O), 2540 (B-H), 2869, 2922 (CarH), 

3042 (Cc-H); MALDI-TOF-MS: m/z calcd for [4]-: 982.53; found: 982.14. 

Synthesis of 2. A mixture of 61 mg (0.14 mmol) of 3, 23 mg (0.059 mmol) of commercially 

available perylene-3,4,9,10-tetracarboxylic dianhydride (5) and 5 g of imidazole were heated 

at 120 ºC under argon atmosphere and stirred overnight. Upon reaction completion, the 

mixture was cooled at room temperature and aqueous HCl (2 M) was added to acidify the 

crude until pH=2. After stirring overnight, the suspension was filtered under vacuum and 
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washed with abundant distilled water. The red solid obtained was dried under vacuum at 120 

ºC for 3 h and then washed twice with 20 mL of diethyl ether to obtain 75 mg (0.059 mmol, 

100 % yield) of 2. This compound was then purified by recrystallization in acetone:hexane. 

1H NMR (400 MHz, acetone-d6): = 9.17 (s, 2H, H+-COSAN), 7.88 (d, 3JH,H = 7.2 Hz, 2H; 

C6H2), 7.80 (m, 4H, C6H2), 7.71 (m, 2H, C6H2), 4.22-4.13 (m, 12H; OCH2 and Cc–H), 3.92-

3.80 (m, 12H; OCH2, CH2–N and Cc–H). 1.25-3.00 (Broad signal corresponding to B-H)  

11B{1H} NMR (128 MHz, acetone-d6): = 25.44 (s, 2B, B–O), 6.93 (s, 2B, B–H), 1.72 (s, 2B, 

B–H), –5.57 (s, 18B, B–H), –15.81 (s, 4B, B–H), –19.06 (s, 6B, B–H), –26.77 (s, 2B, B–H). 

13C{1H} NMR (75 MHz, acetone-d6): = 39.01 (s, CH2–N), 46.87 (s; Cc–H), 52.64 (s; Cc–H), 

67.42 (s; O–CH2), 68.96 (s, O–CH2), 71.67 (s; O–CH2), 122.76 (s; C6H2), 124.05 (s; C6H2), 

127.40 (s; C6H2), 129.99 (s; C6H2), 132.55 (s; C6H2), 134.80 (s; C6H2), 162.18 (s; C=O); 

ATR-IR (cm−1): ν = 1652, 1693 (C=O), 2533 (B-H), 2860, 2923, 2956 (CarH), 3049 (Cc-H). 

Compound 2 was dissolved in a minimum volume of acetonitrile/water (50:50). The solution 

was passed repeatedly through a cation exchanging resin, previously loaded with NaCl. The 

solvent mixture was finally evaporated to give compound Na2[2]. This compound was then 

purified by recrystallization in acetone:hexane. For optical and electrochemical 

characterization experiments, a small fraction of this solid was further purified by preparative 

TLC using CHCl3/acetone 10:1 as the eluent. 1H NMR (300 MHz, acetone-d6): = 8.00-7.77 

(m, 4H; C6H2), 7.75-7.40 (m, 4H; C6H2), 4.40-4.17 (m, 12H; OCH2 and Cc–H), 4.00-3.70 (m, 

12H; OCH2, CH2–N and Cc–H). Broad signal corresponding to B-H?  11B{1H} NMR (128 

MHz, acetone-d6): =  25.39 (s, 2B, B–O), 6.38 (s, 2B, B–H), 1.75 (s, 2B, B–H), –5.62 (s, 

18B, B–H), –15.94 (s, 4B, B–H), –18.97 (s, 6B, B–H), –27.17 (s, 2B, B–H). 13C{1H} NMR 

(75 MHz, acetone-d6): = 39.04 (s, CH2–N), 46.82 (s; Cc–H), 52.71 (s; Cc–H), 67.36 (s; O–

CH2), 68.88 (s, O–CH2), 71.72 (s; O–CH2), 122.74 (s; C6H2), 124.11 (s; C6H2), 127.32 (s; 

C6H2), 129.92 (s; C6H2), 132.56 (s; C6H2), 134.88 (s; C6H2), 162.31 (s; C=O). 
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Structuration of 1 and 2. First, 1 mL of a stock solution of the compound of interest in 

acetone (c1 = 2.0·10-3 M, c2 = 2.4·10-3 M) was introduced in a test tube. Then, 1 mL of hexane 

was added dropwise without stirring and allowing drops to slide down the tube walls. After 30 

minutes, 3 mL of hexane were added following the same procedure. The two phases formed 

are left to mix by diffusion overnight. The gel formed was separated from the liquid, and 4 

mL of acetone/hexane (1:4) was added until no color was observed in the liquid. 
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