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ABSTRACT: The powerful electron accepting ability of fullerenes makes them ubiquitous components in biomimetic
donor-acceptor systems that model the intermolecular electron transfer processes of Nature’s photosynthetic centre.
Exploiting perylene diimides (PDIs) as components in cyclic host systems for the non-covalent recognition of fullerenes
is unprecedented, in part because archetypal PDIs are also electron deficient, making dyad assembly formation
electronically unfavourable. To address this, we report the strategic design and synthesis of a novel large, macrocyclic
receptor comprised of two covalently strapped electron-rich bis-pyrrolidine PDI panels, nicknamed the “Green Box”
due to its colour. Through the principle of electronic complementarity, the Green Box exhibits strong recognition of
pristine fullerenes (Ceo70), With the non-covalent ground and excited state interactions that occur upon fullerene guest
encapsulation characterised by a range of techniques including electronic absorption, fluorescence emission, NMR and
time-resolved EPR spectroscopies, cyclic voltammetry, mass spectrometry and DFT calculations. Whilst relatively low
polarity solvents result in partial charge transfer in the host donor-guest acceptor complex, increasing the polarity of the
solvent medium facilitates rare, thermally allowed full electron transfer from Green Box to fullerene in the ground state.
The ensuing charge separated radical ion paired complex is spectroscopically characterised, with thermodynamic
reversibility and significant kinetic stability also demonstrated. Importantly, the Green Box represents a seminal type
of Ceoro host where electron-rich PDI motifs are utilised as recognition motifs for fullerenes, facilitating novel
intermolecular, solvent tuneable ground state electronic communication with these guests. The ability to switch between
extremes of the charge transfer energy continuum is without precedent in synthetic fullerene-based dyads.

Introduction

Beyond their aesthetic appeal, fullerenes possess intriguing electrochemical, photophysical and magnetic properties®?
with a wide variety of applications stemming from photovoltaics®® and superconductors®® to biological®** and organic
electronics.'?%% Within the latter, the renowned electron accepting ability*® and small reorganisation energy?’ of rigid,
symmetric fullerenes has led to their combination with electron donors to generate elegant models of Nature’s
photosynthetic reaction centre,® that capture, transform and store energy via electronic donor—acceptor interactions.»*°
Such dyads have been constructed from covalent'>?-22 and mechanical bonds, 2 however, a non-covalent
approach®®?-3! is particularly desirable because it follows biomimetic principles of design whilst also preserving the
singular electronic properties of fully conjugated cages such as pristine Cg and Cro fullerenes.®? Therefore, in
conjunction with supramolecular chemistry, a range of synthetic receptors®*- have been developed with the large
cavities of preorganized macrocyclic hosts often providing the optimum strategy in terms of affinity and selectivity for
fullerenes in solution.>*% Hosts containing electron rich, lipophilic cavities are also preferential, on the basis of
electronic complementarity towards the electron deficient fullerene guest, enabling interactions to be visualized
spectroscopically.5*% When these criteria are satisfied intermolecular partial charge transfer in the ground state and/or
full single electron transfer (SET) in the excited state can occur between donor and acceptor.3+34244 However, thermally
promoted SET in the ground state, an extreme of the charge transfer energy continuum,> is, to the best of our
knowledge, unprecedented in a rationally designed fullerene-based dyad system.

Perylene diimides (PDIs) represent a class of chemically, thermally and photophysically stable organic dye molecules.%-
62 Their rich photo- and electrochemistry provides a wide range of visible light absorptions, characteristic long lived
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excited states and the ability to undergo efficient energy and electron transfer reactions, making them ideal components
in synthetic donor—acceptor assemblies.®*-%8 However, the covalent®®-® or non-covalent®”88 linking of PDI derivatives
with Ceo fullerene has generated dyads in which negligible electron communication has been observed spectroscopically
in the ground state®"-6%-76.798086-88\yhj|st energy transfer was the predominant relaxation pathway for the excited state.”-
727476798387 This is because, like fullerenes, archetypal PDIs are benchmark electron deficient aromatic molecules.®
Fortunately, their electronic properties can be modulated such that the incorporation of electron-donating pyrrolidine
heterocycles in two of the bay positions of the perylene core causes a large, negative shift in oxidation potential to
produce an electron-rich PDI.2° Furthermore, these chromophores are green with large extinction co-efficients in the
highly desirable red and NIR regions, where a significant fraction of the solar spectrum occurs.*®® While two previously
reported dyads comprised of a bis-pyrrolidine PDI and a covalently appended Cgo fullerene exhibit photoinduced
electron transfer from donor to acceptor,®2# spectroscopic evidence for strong electronic communication between these
motifs in the ground state remains elusive, and host—guest non-covalent systems are unprecedented. Furthermore,
thermally promoted SET between a PDI motif and fullerene remains unknown.

Herein we describe the rational design, synthesis and fullerene recognition properties of a large, macrocyclic receptor
comprised of two covalently strapped electron-rich bis-pyrrolidine PDI panels, nicknamed the “Green Box” due to its
colour. These PDI chromophores were chosen because: (i) they provide electronic complementarity to electron-deficient
fullerene guests; (ii) the bis-bay substituted PDI aromatic framework is twisted and flexible® to allow optimization of
alignment/intimate contact with the curved surface of a fullerene® and (iii) they are monomeric, exhibiting excellent
solubility in organic solvents. Furthermore, aryl and alkyl spacer units were used in tandem to create a macrocyclic host
with a preorganised, lipophilic cavity, whilst also maintaining some flexibility for structurally idealised guest
encapsulation (size/shape complementarity). Novel ground and excited state electronic interactions between the
macrocycle’s PDI components and pristine Ceo70 fullerene guest species are demonstrated via a non-covalent approach.®:
We have employed a range of spectroscopic and electrochemical techniques to comprehensively characterise the
fullerene recognition properties of Green Box, 4, and its impact on the electronics of host and guest. For the first time,
this work reveals a fullerene-based dyad with solvent tuneable partial charge ([4]>*>[Csor0]>") or full electron transfer
([4]"=2[Ceo70] 7) in the ground state of the supramolecular complex assembly (Figure 1).

Figure 1. Schematic of pristine fullerene recognition inside the electron rich cavity of a bis-pyrrolidine PDI macrocycle
(Green Box) and electronic communication in the host donor—guest acceptor complex. (CT = ground state partial charge
transfer, ET = ground or excited state full electron transfer, Py = pyrrolidine).

Synthesis and Characterisation

The Green Box bis-PDI macrocycle 4 was prepared by a multi-step synthetic pathway as fully described in the
Supporting Information (Scheme 1 and Supporting Information section 1). Initially, bis-pyrrolidine perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA)? 1 was synthesised in four steps as the pure C1,7 bay-functionalised regioisomer,
whilst condensation with an appropriate amine®** afforded bis-pyrrolidine perylene-3,4,9,10-tetracarboxylic diimide
(PDI) derivatives containing either butyl alkyne (2) or a biphenyl azide (3) at each of the imide termini. A [1+1]
macrocyclization reaction was then performed with these precursors via a double copper(l)-catalyzed azide alkyne
cycloaddition (CuAAC) “click” reaction under high dilution conditions (0.5 mM) to give the large bis-perylene diimide-
containing macrocycle 4 as a dark green solid (and in solution) in 40% yield following purification by preparative silica
thin-layer chromatography (Scheme 1, Figure 2b). Compound 5 was also synthesised® to act as a model for a single
bis-pyrrolidine PDI panel and allow comparative studies to the Green Box (Scheme S1.1 and Supporting Information
section 1).
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Scheme 1. Final procedures in the multi-step synthesis of bis-PDI macrocycle Green Box 4, and bis-pyrrolidine PDI
single panel 5.

Green Box 4 was fully characterised by H and **C NMR spectroscopy with full assignment of spectra provided from
two-dimensional NMR experiments including COSY, ROESY and HSQC whilst MALDI-TOF and high resolution
(ESI) mass spectrometry further confirmed isolation of the desired [1+1] macrocyclic product (Figure 2a and Supporting
Information sections 1-3). Cyclic voltammetry of 4 recorded in nitrobenzene revealed two quasireversible oxidation
processes (EY%, = +0.19 V; +0.33 V), and no reduction processes within the examined potential window (Figure 2d and
Supporting Information section 5). Comparison of the position of these redox couples with those reported in the
literature for structurally similar PDI derivatives,2#% as well as the single PDI panel reference compound 5 (Table



S5.1, Figure S5.2) indicate these correspond to the sequential oxidations of both PDI units, thus demonstrating the
electron-rich nature of the PDI macrocycle.
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Figure 2. Characterisation of Green Box 4; (a) 'H NMR spectrum (CDCls, 298 K, 500 MHz), (b) photograph of a
toluene solution (10~ M), (c) electronic absorption (solid line) and fluorescence emission (dotted line) spectra (toluene,
107° M, Aex= 680 nm) and (d) cyclic voltammogram (nitrobenzene with 0.1 M [n-BusN][BF4], 0.1 V/s).

Importantly, an absence of broadening of the *H NMR spectrum in CDCI; up to a maximum concentration of 9 mM
indicated that the macrocycle remains monomeric in solution due to the twisted PDI panels (Figure 2a). This was also
the case in a number of aromatic organic solvents; electronic absorption and fluorescence emission spectra of the Green
Box revealed a well-resolved vibronic fine structure to respective So=>S; and S;>So PDI bands® at A > 600 nm (Figure
2¢ and Supporting Information section 4).8% Interestingly, the UV-Vis-NIR spectrum of 4 also exhibited
solvatochromism (Figure S4.1); with an increase in polarity producing a bathochromic shift in Aapsmax due to the PDI
HOMO being localized mainly on the pyrrolidine nitrogen atoms thus giving rise to charge transfer character of the
Sp=>S; transition.®® A significant Stokes shift (A = 46 nm) is indicative of the propeller-type contortion of the aromatic
framework of the macrocycle bay-substituted PDI motif (Figure 2c).*

Fullerene recognition studies

Toluene and o-dichlorobenzene

The solution phase interactions of the Green Box with the two most ubiquitous fullerenes, Ceo and C7o, were investigated
by a variety of techniques. Initially these studies were performed in toluene and o-dichlorobenzene (0-DCB) media
because these aromatic solvents are known to provide excellent solubilisation of fullerenes.%

Photophysical titration experiments were performed in which up to 170 equivalents of fullerene guest were added to a
solution of Green Box (host concentration maintained at 10 uM) and monitored by Vis-NIR absorption and fluorescence
emission spectroscopies (Figure 3a and Supporting Information section 4).% In all cases the addition of fullerene caused
a significant decrease in intensity of the main So=>S; PDI band (Aabsmax = 690 nm in toluene) and the emergence of new
absorptions at A< 615 nm and A > 730 nm (Figures 3a and S4.2 — S4.4). These are diagnostic of new ground state charge
transfer aromatic stacking interactions between the tightly associating electron rich macrocyclic host and electron
deficient fullerene guest, i.e. formation of complex [4]%">[Csorro]®.3+4*568282 Concomitant quenching of the PDI
fluorescence emission (up to 29 % %) was also observed with Cg (Figure 3a), indicative of intermolecular charge
transfer between proximal donor and acceptor molecules (vide infra), 36498081101
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Figure 3. Characterisation of the [4]>*>[Cgo]> complex in toluene; (a) electronic absorption (solid line) and
fluorescence emission (dotted line) spectra of Green Box upon the titration with Ce (170 eq., toluene, 10° M, hex =
680 nm, corrected for Ceo absorptions, red line = start point, blue line = end point), (b) *H NMR spectroscopic titration
of up to three equivalents of Ceo into Green Box (dg - toluene, [4] = 0.5 mM, 298 K, 500 MHz) and (c) ESI mass
spectrum indicating formation of a 1:1 stoichiometric complex (m/z = [4+Cgo+2H]?).

The formation of several isosbestic points in the Vis-NIR titration spectra (Aaps = 730, 615, 454 nm in toluene) indicated
the establishment of a thermodynamic equilibrium between host, guest and complex [4]2[Csoro] (Figures 3a and S4.2
— S4.4), thereby enabling quantification of fullerene binding in solution (Table 1). Multiwavelength fitting at A = 690 —
720 nm, where the largest spectral changes occurred, was performed using Bindfit!®? and revealed 1:2 host:guest
stoichiometric binding (Supporting Information section 8).1%1% The fullerene association constants are large and
comparable to analogous macrocyclic systems containing multiple porphyrin (K, = 10° M-1)*1% and tetrathiafulvalene
(Ka = 10° M1y units.2” In all cases Ka is negligible in comparison to Ky, indicating the first and most favourable
binding event occurs inside the cavity of the preorganised host such that the fullerene guest is sandwiched between the
two PDI units via the formation of strong charge transfer aromatic stacking interactions. The importance of a
macrocyclic scaffold to facilitate such cooperativity for fullerene recognition was further highlighted when the single
bis-pyrrolidine PDI panel of the Green Box 5 was titrated with Ceo in toluene and produced negligible changes to its
electronic absorption spectrum (Figure S4.5).1% Finally, the formation of a strong 1:1 host-guest stoichiometric complex
was confirmed by ESI mass spectrometry in which only peaks corresponding to the m/z of the Green Box and a single
Ceo fullerene species, i.e. [4]2[Ceo], were observed (Figures 3c and S3.2). As expected, collision induced dissociation
MS/MS of [4]2[Ceo] triggered ejection of the fullerene guest, generating a peak for the macrocyclic component (Figure
S3.3).

In both solvents Green Box exhibits a preference for C7 over Ceo which may result from a closer size and shape match
with the larger ellipsoidal fullerene as well as enhanced electronic complementarity owing to C being more electron
deficient.%6:%8109110 |n agreement with previously reported solution phase fullerene recognition studies, Ceo binding is
stronger in toluene than 0-DCB due to the fact that the latter is a more competitive solvent.%1! However, on moving to
the more polar solvent with C7o, an enhanced stabilisation of the stronger charge transfer aromatic stacking interactions
appears to compensate for this effect.!12113



Table 1. Fullerene association constants (Ks;, M) for Green Box 4.2 Determined by Vis-NIR spectroscopy, three expt.
mean reported with relative standard deviations < 3%, fitting errors <5 %, (298 K, haps = 690—720 nm, [4] = 1075 M).
See Supporting Information section 8.

Ceo Cno
Toluene 41,400 69,900
0-DCB 20,300 71,700

2 1:2 host:guest binding; for Cep Ka2 < 1, for C7o Kaz < 101.

Proton NMR spectroscopy was employed to understand more about the locus of the fullerene in the Green Box cavity
and the nature of the interactions driving their association. The titration of three equivalents of Ce into a dg-toluene host
solution (0.4 mM) produced downfield shifts (up to A = 0.05 ppm) of a number of resonances including aromatic PDI
based protons, Hycer (Figures 3b and S2.4). Analogous perturbations of signals were also observed in the more
competitive solvent ds-0-DCB!* (Figure S2.5) and upon titration with Cyo (Figure S2.6). Interestingly, the largest
downfield shifts occur for proton signals associated with the biphenyl substituted PDI of the Green Box suggesting that
the additional aromatic rings and rigid strap offer superior interactions with the fullerene relative to the alkyl-linked half
of the cavity. Classical macrocyclic hosts such as cycloparaphenylenes® and porphyrin-based systems''® have also
reported downfield shifts upon complexation with fullerenes. As in the case of Green Box these are ascribed to CH—
716117 and intimate aromatic stacking interactions with partial charge transfer to the fullerene cage resulting in
deshielding of receptor protons. By contrast, a control experiment with the single acyclic bis-pyrollidine PDI panel 5
exhibited no change to its *H NMR spectrum upon titration with Ceo (Figure S2.7).

Finally, the existence of ground state electronic communication between fullerene and the Green Box was characterised
by electrochemical studies; cyclic voltammograms of macrocycle 4 and [4]>[Ceo] were recorded in 0-DCB (Table S5.1).
The encapsulation of Cg by the Green Box induced an anodic shift of 20 mV in the first oxidation potential of the bis-
pyrrolidine PDI (Figure S5.1), consistent with partial charge transfer between the electron donating macrocycle and
electron accepting fullerene and formation of the polarized complex [4]%*>[Cgg]?® 348182101

Importantly all of the above techniques revealed that full ground state electron transfer to form [4]*2[Cgo] ~ does not
occur in either toluene or 0-DCB. However, Green Box PDI fluorescence emission quenching by Ceo (Figure 3a) and a
HOMO (PDI)-LUMO (Ceo) gap of 1.25 eV (Table S5.1) indicated that excited state electron transfer processes were
energetically favourable over formation of *Ceo* (1.50 eV);'!® with an estimated free energy change for photoinduced
electron transfer from 4 to Cg of AGei = —0.49 eV (Supporting Information section 9). This motivated further
investigation into the excited state behaviour of the Green Box—Cso fullerene complex in toluene,®* using LASER pulses
in time resolved EPR spectroscopy (TR-EPR) with CW detection (Figure 4a,b and Supporting Information section 6).
Measurements were performed at 85 K, where the low temperature is expected to enhance equilibrium in favour of
[41°2[Ceo]> complex formation. At Aex = 600 nm selected for PDI, the charge separated state [4]*>[Cqo] ~is produced
(Figure 4a), with both Green Box host and fullerene guest radical ion species clearly resolved, in a peak-to-peak signal
width of 6 mT and an absorption-emission (AE) non-Boltzmann, spin polarization pattern. By contrast, in a sample of
only PDI macrocycle 4, a signal width of 50 mT with EEEAAA pattern was observed, characteristic of a molecular
triplet state formed via inter-system crossing (Figure 4b). Therefore, in the absence of Cgo fullerene acceptor guest, no
photoinduced electron transfer processes occur. This represents a rare application of TR-EPR to probe excited state
interactions of a supramolecular pristine fullerene complex.

The molecular triplet simulation of PDI macrocycle 4 gives g = 2.0018 and zero-field splitting values of |D| = 723 +5
MHz and |E/D| at the rhombic limit of 1/3. The lineshape of complex [4]*2[Ceo] ~ at 85K in a LASER-induced echo
detection field sweep (trace i., Figure 4a) exhibits the parallel dipolar splitting of about 22 mT for a modelled average
distance of 5.5 A between PDI and fullerene. The CW-detection of this species further holds a low-intensity signal of
molecular triplet of 4, albeit opposite phase of absorption and emission to 4 alone, Figure 4b. This indicates a different
intersystem crossing pathway to the triplet of 4 in presence of Ce. There is a more-rapid thermal equilibration in
polarization at W-band (94 GHz, Figure 4c, Figure S6.4), consistent with the case of short-lived precursors,'*® and the
resolution of individual radicals is incomplete at the higher frequency. It is noteworthy that in carotenoid-porphyrin-
fullerene triad molecules it is also only a single radical ion that is observed for CW-detection of transient X-band EPR.%
Following the method of Maeda, et al., a pulsed ELDOR measurement was used, Figure S6.6, which provides a range
of 12-14 MHz for energy separation of the two radicals. This amounts to about 0.4 mT or Ag of ca. 0.0025-0.0029,
consistent with difference in g-value of the fullerene anion and PDI macrocycle cation shown in Figure 5d. At W-band,
a fit in the limit of two derivative Gaussian lines to the TR-EPR signal provides a separation of 3.5-4.5 mT, matching
the expected increase in Zeeman splitting.
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over low-intensity signals (iii.). In panel (b) CW transient EPR is of the host bis-PDI Green Box 4 (100 pM, 85 K, in
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emission (E, down arrows) indicated in each panel. The microwave frequencies were 9.7281, 9.7262, & 9.7276 GHz
in (a) and 9.6898 GHz in (b). Finally, W-band transient CW-detected EPR of [4]2[Cso] in toluene is shown in (c),
with microwave frequency 93.9562 GHz, the grey line is a three-point Savitsky-Golay smooth and (d) a schematic
summarising the excited state behaviour of Green Box-fullerene complex [4]2[Ceo] in toluene.

Nitrobenzene

The formation of a supramolecular complex between Green Box and fullerene was also investigated in nitrobenzene
because this solvent is significantly more polar than toluene and 0-DCB (¢ = 35.7 vs. £ = 2.4 and 9.9 respectively) whilst
still able to solubilise Ceo70.% The titration of Cs into a solution of Green Box in nitrobenzene was monitored by Vis-
NIR absorption (Figures 5¢c and S4.6) and fluorescence emission spectroscopies (Figure S4.7). In this solvent,
perturbations to the electronic absorption spectrum were far more drastic than those observed in toluene or 0o-DCB and
occurred at guest concentrations two orders of magnitude lower (10 uM vs. 1000 pM), enabling a value of K, = 138,000
M to be determined from a 1:1 host-guest stoichiometric model fit (Supporting Information section 8).12* This
association constant is almost an order of magnitude larger than in previous solvents, so that, in agreement with a greater
ability to solvate Ceo,% their competitive nature increases in the order nitrobenzene << toluene < 0-DCB.

As such, in nitrobenzene, the addition of only a small excess of Ceo fullerene (purple solution) formed the 1:1 host-
guest stoichiometric complex (i.e. mole fraction y ([4]2[Cso]) = 1) and caused a colour change from green to brown
that was visible to the naked eye (Figure 5a). Examination of the resulting fullerene-corrected Vis-NIR spectrum reveals
a near 50% decrease in intensity of the main PDI absorption band (So—=>S: transition, Aapsmax= 712 nm) with new bands
appearing at Aas > 800 nm (Figure 5¢) and Aas = 542 nm, concomitant with isosbestic points at Aas = 582 and 765 nm
(Figures 5¢ and S4.6). These new absorptions are ascribed to a bis-pyrrolidine PDI radical cation species, [PDI] *,122-124
via spectral comparison with an analogous electrochemically generated [PDI]* species (e = 17,300 vs. 17,400 Mt cm?
at Aabs = 890 Nm).% The stoichiometric oxidation of a single PDI panel of Green Box by Ce Was also confirmed through
the addition of one equivalent of the oxidant Cu(ll) triflate to macrocycle 4 or bis-pyrrolidine PDI 5, generating an
identical spectrum for [PDI]™* (g = 17,000 Mt cm* at das = 890 nm, Figure S4.7).*% Importantly, relative to the Cu(ll)
generated spectra, NIR absorptions at Aas > 950 nm were larger for [4]5[Ceo] due to overlapping Ceo radical anion bands
(Figures 5¢ and S4.7).112126-18 Thjs was clearly demonstrated by the chemical generation of [Ceo] ~UsSing cobaltocene as
the reducing agent (Figure S4.8).1291% Therefore, the NIR spectrum of the complex is the sum of its constituent parts:
[4]*2[Ceo] ™ = [PDI]* + [Ceo] ~ (Figure S4.8).
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Figure 5. Characterisation of the 1:1 host—-guest stoichiometric complex [4] *2[Cgo] ~in nitrobenzene; (a) Photograph
showing naked eye colour change upon mixing of equimolar solutions of Green Box and Cg in nitrobenzene (100 pM,
¥ ([4]12[Ceo]) = 1), (b) structure of the charge separated radical ion paired complex, (c) Vis-NIR electronic absorption
spectra of Green Box upon addition of 1.5 equiv. Cg (nitrobenzene, 50 uM, x ([4]12[Cqo]) = 1, Vis-NIR spectra corrected
for Cgo absorptions, red line = host [4], blue line = complex [4]*2[Cso] ~ Where [4]* = [PDI]*, for further discussion
see Supporting Information section 4). (d) X-band CW-EPR spectra at 100 uM of cation of macrocycle [4] ([4] +
BAHA), anion of Cg (Ceo + cobaltocene), and complex of [4] + Cg. Control spectra were [4] alone, BAHA and
cobaltocene at 29 K, vimw = 9.868 GHz, Pmw=2 mW. (EPR in nitrobenzene, except cobaltocene (+Cg)in benzonitrile).

The formation of the radical anion pair was further characterised by electron paramagnetic resonance (EPR)
spectroscopy; addition of a small excess of Ceo into a nitrobenzene solution of Green Box 4 generated a single resonance
(g-factor = 2.0029) in nearly stoichiometric amounts (90%) by quantitative EPR. The observed EPR peak-to-peak line
width of 1.74 mT contains several unresolved hyperfine features that together with the g-value, closely resemble the
chemically-oxidized cation of [4] using oxidant tris(4-bromophenyl)ammoniumyl hexachloroantimonate (BAHA).
Chemical reduction of Cgo with cobaltocene in benzonitrile produced a narrow resonance at g = 1.9998, consistent with
literature values calculated for chemically and electrochemically generated Cego radical anions.***% While no
independent resonance of the Cego anion is visible in the solution of [4] + Cqgo, it is possible that its inclusion in
[4] *>[Ceo] ~ formed in a high dielectric solvent may fundamentally alter the wavefunction and hence g-value of the Cgo
at least in part by sizeable exchange coupling with macrocycle [4]. This is supported by the theoretical calculations that
indicate significant delocalization of the wavefunction over both the fullerene and macrocycle 4 components (vide infra,
Figure 9). Limitations of fullerene solubility and sensitivity preclude determination of any splittings in the EPR from
exchange coupling. In the frozen solution the lack of g-value resolution is also the case and only a small broaden is
observed in Q-band (Figure S6.5). The temperature dependence of the signal amplitudes over 85, 170, & 255 K are
consistent with a thermally-isolated spin manifold. Importantly, identical Vis-NIR absorption and EPR spectral changes
occurred when mixing of macrocycle 4 and Cg was performed under ambient conditions in the absence of light, whilst
control experiments using these spectroscopies revealed no radical ion species were present in nitrobenzene solutions
of host or guest prior to their combination (Figures S4.13 and S6.1).

Remarkably, these results are all evidence of the occurrence of a thermally promoted, ground state single electron
transfer (SET) from the electron rich bis-pyrrolidine PDI donor to an electron deficient Ceo fullerene cage acceptor upon
its tight encapsulation (ultimately as a radical anion) within the Green Box (Figure 5b).135138 Whilst only partial charge
transfer was observed in toluene and 0-DCB solvents (vide supra, Figure 3), the higher polarity of nitrobenzene
facilitates full ground state electron transfer and formation of a novel charge separated [4]*>[Ceo]~ complex.
Importantly, ground state SET to Ceo is extremely rare, with examples limited to simple secondary and tertiary amine
donors!?137.1%8 g ch as 1,3-diaminepropane!?” or with endohedral metallofullerene (EMF) acceptors that exhibit more
favourable reduction potentials than their empty cage analogues.**>'%® Indeed, to the best of our knowledge, the Green
Box is the first rationally designed synthetic receptor capable of recognising and sensing a pristine fullerene via



thermally promoted SET from host to guest, with previous systems reporting only partial charge transfer in the ground
StateI33,34,47,49,54,56,139—141

SET occurs under ambient conditions; i.e. at room temperature, in oxygenated solvent and is unaffected by natural light
(i.e. not a photoinduced process). The robustness of this process was also demonstrated when analogous Vis-NIR
spectral changes were observed with Cyo (Figure S4.13) and with Cgo under more dilute conditions (1 M host solution,
Figure S4.6). As expected, the formation of new radical ion species in solution results in an almost complete quenching
of Green Box PDI excited state fluorescence emission (90 % %) upon addition of fullerene (Figure S4.12).%° Further
evidence for the formation of [4] *2[Cqo] ~radicals was provided by significant broadening of resonances, predominantly
PDI protons (Hyces), in the *H NMR spectrum (Figure S2.8).

The formation of isosbestic points in the Vis-NIR spectra (Figures 5¢ and S4.6) indicate the formation of a
thermodynamic equilibrium between the ‘neutral’ and charge separated radical ion paired complexes, [4]**2[Cg]> and
[4] ">[Ceo] ~respectively. To investigate whether SET between Green Box and Cg fullerene is a truly reversible process,
the Vis-NIR electronic absorption spectrum of the 1:1 host—guest stoichiometric complex [4]2[Ceo] Was measured in
nitrobenzene:toluene solvent mixtures (Figure 6). Increasing the proportion of the less polar solvent (toluene) caused a
decrease in intensity of NIR radical ion peaks (Aaps = 890, 945, 1035 nm) concomitant with an increase in the main PDI
absorption band (Aapsmax = 712 nm), confirming thermodynamic equilibrium (isosbestic point A = 762 nm) and a clear
solvatochromism to the charge separated state.'*® Decreasing the temperature of the solution had the same effect
(isosbestic point A = 763 nm, Figure S4.11). As expected from solvent competitivity, guest binding was weaker in the
mixed solvent system than in neat nitrobenzene (Ka = 53,100 M- in 1:1 v/v nitrobenzene:toluene, Supporting
Information section 8).

Nitrobenzene
——

Toluene

[41°* >[Ceorrol™ 41 =[Ceorrol™
Low polarity High polarity

140,000 T

120,000

00,000

w000 | Decreasing solvent polarity

by

50,000
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20000

0

700 520 200 1000
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Figure 6. Vis-NIR electronic absorption spectra of the 1:1 host—guest stoichiometric complex [4]2[Cso] measured in
v/v nitrobenzene:toluene solvent mixtures of decreasing polarity (red line = 9:1 v/v nitrobenzene:toluene, grey line =
intermediate v/v ratios, blue line = 1:9 v/v nitrobenzene:toluene).

In comparison to 0-DCB, the host and guest redox potentials recorded in nitrobenzene indicate electron transfer is more
thermodynamically favourable (Table S5.1) and,**? as shown experimentally, occurs in this solvent. Furthermore, the
extremely strong association (K, = 138,000 M) between macrocyclic host and fullerene guest (i.e. formation of
[4]1>[Ceo], see Supporting Information section 9b) helps promote a spontaneous redox process.'*214 Previous studies
have also reported ground state electron transfer from electron rich azacrown*®® or thiacrown ether** macrocyclic donors
to tightly bound fullerene guests. This is further supported by the observation that titration of the single bis-pyrrolidine
PDI panel 5 with a large excess of Cg resulted in negligible radical formation (Figure S4.17).

EPR spectroscopy revealed that Cgo~ was persistent in a solution of complex [4] *2[Ceo] ~ in nitrobenzene on the
benchtop under ambient conditions for several days (Figure S6.2), albeit with a lower signal intensity than at the start.
The durability of this radical ion in solution prompted a kinetic study by Vis-NIR absorption and EPR spectroscopies.
A time course measurement of the electronic absorption band associated with [PDI] * at Aas = 890 nm gave a PDI radical
cation half-life of t,,> 600 minutes (Figure S7.1).1%144146 The time dependence of the EPR spectrum revealed similar
kinetic behaviour (Figures S6.3, S7.2). It has been shown that sterically hindered tertiary amines,** such as those present
in the bis-pyrrolidine PDI panels of 4, produce a more persistent spin density in solution than secondary or less bulky
amines'?8138.145 for which new covalent bond forming reaction pathways can compete.#
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After three days on the bench, *H and *C NMR spectroscopy, mass spectrometry and TLC analysis indicated partial
regeneration of neutral Green Box and Ce fullerene species due to back electron transfer (Figure S4.15-4.16).144145.148
Molecular oxygen can facilitate charge recombination,*?® however, little change to kinetic behaviour was found when
experiments were repeated under an atmosphere of nitrogen (Figures S7.3). Instead, analysis of solutions of the
[4] *2[Ce0] ~ complex and Cgo alone by dynamic light scattering over this time scale revealed the gradual formation of
fullerene aggregates in nitrobenzene (Figure S7.4), and so a probable cause for slow radical recombination.4%1%0
Relative to toluene and 0-DCB, this solvent is known to provide poorer solubility.®® However, re-dispersion of Cg
fullerene by sonication of the sample acted to regenerate the radical pair, as did the addition of further free guest (Figures
S7.5 and S7.6). There was no time dependence to the spectral changes arising from charge transfer interactions in
toluene solution, signifying the resilience of the polarised complex [4]">[Ce]® (Figure S7.7) in this solvent. Therefore,
the contrasting electronic behaviour of the Green Box receptor serves to highlight the importance of solvent on not only
dictating the thermodynamics (partial charge transfer vs. full electron transfer) but also the kinetics (stability of each
complex type) involved in the non-covalent recognition of fullerenes.

Molecular Modelling studies

Further structural insights into the host-guest complex between macrocycle 4 and Ce Were obtained by molecular
modelling. A stochastic conformational search, carried out by Molecular Dynamics simulations (Supporting
Information section 10), showed that the flexible Green Box can encapsulate the Cgo guest in different conformational
shapes. Two distinct binding scenarios, A and B, were selected and investigated by Density Functional Theory (DFT).
These calculations were carried out with Gaussian09,*** at the ®B97XD/6-31G(d) level, in gas-phase and in implicit
models of toluene or nitrobenzene, through the SMD variation of IEFPCM.%®? Moreover, in agreement with the
experimental findings, these structures were initially optimized in the ground state as singlets.

The A and B alternative scenarios of [4]2[Ceo] are illustrated in Figure 7 with the DFT optimized structures in toluene,
while Figure S10.1 displays the computed structures in nitrobenzene. The overlap between structures optimized in gas-
phase and in solvent models, yielded low RSMD values from 0.07 to 0.42 A (Table S10.1), indicating that the computed
structures are similar regardless of the optimization media. Structural analysis was therefore focused on the structures
optimized in toluene.

Figure 7. DFT structures of [4]2[Ceo] of binding arrangements A and B optimised in toluene for the singlet state. The
Ceo guest is shown in spheres and the macrocyclic host is shown in sticks, with the C—H protons hidden for clarity,
except those in the triazole and pyrrolidine moieties.

In A, the Green Box macrocycle wraps the Cgo guest in an helicoidal fashion, with the PDI moieties twisted by ca. 70°,
as given by the average values of dihedral angle 8 (Scheme S10.1 and Table S10.2). Moreover, both PDI fragments
display concave surfaces, with depths of 0.40 and 0.32 A measured from the centroid of the central six-membered ring
(Cenost) to the plane defined by the carbon atoms of the four carbonyl groups of the top and bottom PDI1 units, as identified
in Scheme S10.1. These values indicate that the PDI units provide adaptable surfaces to accommodate the fullerene
guest. Furthermore, the closest rings of Ceo facing the PDI panels are 3.44 and 3.59 A between their centroids and the
plane of the central six-membered ring (PDlcs plane) in the top and bottom PDI units, respectively (Cgo-:PDlcs
distance). These intermolecular distances are consistent with the existence of 7— aromatic stacking interactions between
the convex Ceo hostand the concave surfaces of the PDI units.*>*2% In agreement with NMR data, the spatial disposition
of the pyrrolidine substituents allow several C-H protons to establish C—H-- & interactions with Ceo, With C—Hpy++-Cgo
distances ranging from 2.56 to 3.36 A (Table S10.2).
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In contrast with A, in the computed binding scenario B, the macrocycle presents a “rhombic” shape with the two PDI
panels adopting an approximately parallel disposition (Figure 7B and Table S10.2). Noteworthy, Cg interacts with half
of the surface of each PDI moiety, a benzo[de]isoquinoline-dione fragment (PDlna plane). Indeed, the two PDI units
facing the fullerene guest are now convex, with depths of -0.7 and -0.4 A in the top and bottom PDI panels, respectively.
The Ceo rings closest to the planar benzo[de]isoquinoline-dione fragments present Cego:--PDlnair distances of 3.43 (top)
and 3.60 A (bottom), also indicating the occurrence of m—r interactions. This binding arrangement is also stabilized by
a few short C—H---n contacts between the pyrrolidine substituents and the Cgo guest, with C—Hp,y,---Ceo distances varying
between 2.67 and 3.03 A.

The interaction energies in arrangements A and B were calculated as AEj,;; = Ej4)51c,,) — (E4 + ECso) + BSSE, where
El415[cqo 18 the total energy of the host-guest complex, E, and E., are the energies of the host and guest partners in the
geometries found in the optimized complex, and BSSE is the basis set superposition error determined from gas-phase
optimized structures of [4]5[Ce0].1%85” These indicate that in arrangement A the macrocycle is more tightly bonded to
the fullerene guest, being preferred by 5.4 and 5.7 kcal mol™ in toluene and in nitrobenzene, in this order. Interestingly,
the total energies of the host-guest complex find binding arrangement B is favoured by 7.2 and 8.6 kcal mol?, for toluene
and nitrobenzene, respectively.'®® This shows that the structural change of 4 from a lower energy conformation in
solution to a helicoidal shape upon Cgo encapsulation (A) has a larger energy penalty to overcome.**

In the distribution of Natural Population Analysis charges of both binding arrangements in both solvents, 4 has a slight
positive net charge (+0.02 e), while Cgo has a symmetric negative charge, consistent with the experimental evidence for
polarization of the host-guest complex ([4]°">[Ce0]>). As expected from electrochemical studies, the HOMO is PDI
macrocycle-based whilst the LUMO is primarily concentrated on the Cgo fullerene guest. Frontier orbitals are depicted
in Figure 8 for A and B in toluene and are equivalent to those in nitrobenzene (Figure S10.2). These calculations also
indicate a subtle difference between binding scenarios; in A the HOMO is mainly located on the aryl substituted PDI
(bottom), with the HOMO-1 assigned to the other PDI panel (top), whilst in binding arrangement B, these orbitals
occupy the opposite PDI panels. The energies of these frontier orbitals are summarized in Table S10.3. In further
agreement with experimental results, the HOMO-LUMO energy gap is smaller in nitrobenzene vs. toluene, with the
LUMO in fact being more accessible in B than A, for facilitating electronic transitions from the ground state to this
orbital.

HOMO

Figure 8. Isodensity surface plots of frontier molecular orbitals HOMO-1, HOMO and LUMO of [4]2[Ceg] in binding
arrangements A and B, for the singlet state optimized structures in toluene (density value of +0.015 eag3).

11



Following experimental evidence for the existence of the Green Box-Cs complex as a ground state di-radical in
nitrobenzene, the A and B binding arrangements were re-optimized in the triplet state. The DFT optimized structures
are illustrated in Figure S10.3 and are identical to their corresponding singlets, with RMSD values of 0.27 (A) and 0.07
A (B). Noteworthy, these alternative binding arrangements have different Mulliken spin density distributions, as
summarized in Table S10.3 and shown in Figure 9. While in A the spin density is concentrated only on the alkyl
substituted PDI panel (top), in B it is divided over this PDI moiety and Ceo, With a total density of 1 for the host and for
the guest, leading to a charge distribution consistent with transference of one electron from 4 to Ceo, i.e., the formation
of the radical ion pair [4]*2[Ceo] ~ (Figure 5). The larger contributions for the PDI panel spin density are from the
pyrrolidine nitrogen atoms (Table S10.3). In B, the unpaired electrons are found in the a-HOMO comprising the Cgo
(LUMO in the singlet state) and in a-HOMO-2 enclosing the top PDI panel (HOMO-1 in the singlet state). Overall,
taking A and B together, significant delocalization of the triplet wavefunction is apparent and consistent with the EPR
analysis (vide supra).

Figure 9. Triplet spin density plots of [4]2[Cso] in binding arrangements A and B, for the structures optimized in
nitrobenzene (density value of 0.001 eag3).

Conclusions

This work describes the rational design, synthesis and in-depth Ceo7o fullerene recognition investigation of a novel
macrocycle which, due to the two bis-bay substituted pyrrolidine—perylene diimide-based panels, is nicknamed the
“Green Box” 4. Aryl and alkyl spacer units that separate the two twisted aromatic PDI surfaces act to create a rigid yet
size-adaptable, electron rich cavity capable of encapsulating electron deficient fullerene guests such as Cg or Cyo to
form a supramolecular complex, [4]=2[Csoro]. Importantly, strong solution phase fullerene recognition (micromolar
affinity) was shown to occur within this macrocyclic receptor framework and not to an acyclic single PDI panel 5.
Characterisation of the complex and the fundamental non-covalent interactions that drive its formation were elucidated
through a variety of techniques including electronic absorption, fluorescence emission, NMR and EPR spectroscopies,
electrochemistry and mass spectrometry and DFT calculations.

The electronic complementarity between Green Box PDI receptor and fullerene guest was manifested in ground state
partial charge transfer in toluene and 0-DCB solution ([4]*">[Csor70]®), With such chromogenic interactions in part
responsible for an enhancement in binding of the more electron deficient C+o over Cgo. T the best of our knowledge,
this is the first report of intermolecular electronic communication in the ground state between perylene diimide and
fullerene. Therefore, alongside more renowned aromatic derivatives such as porphyrin,*#! cycloparaphenyleng®®16°
and tetrathiafulvalene,'%71%! twisted electron rich PDIs are introduced as new motifs for fullerene recognition.

Whilst time resolved EPR spectroscopy revealed that complete single electron transfer (SET) between Green Box donor
and fullerene acceptor only occurred via an excited state in toluene, switching the solvent to nitrobenzene stimulated
intermolecular ground state SET without the need for photoirradiation under ambient conditions.1?1% Facilitated by an
exceptionally strong association between donor and acceptor, thermally-allowed SET within a supramolecular host—
fullerene guest complex is unprecedented behaviour unique to the Green Box host. Noteworthy, formation of the di-
radical ion-pair complex [4] *2[Ceo] ~ Was supported by DFT calculations. The components were characterised by Vis-
NIR electronic absorption and EPR spectroscopies, and shown to be remarkably bench-stable with signals still present
in solution after several days. Importantly, temperature, and a dependence on solvent permittivity revealed the charge-
separated state complex [4]*>[Ceo] ~ to exist in thermal equilibrium with its polarised analogue [4]**>[Cgo]>". Such
reversible electron transfer processes play a key role in biological energy conversion.'® The above provides a rare
example of an artificial supramolecular donor-acceptor ensemble'®® in which a solvent stimulus is used to switch
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between two extremes of the energy continuum,’” to promote either charge separation or recombination, in similar
fashion to cofactors found in natural systems.62-164

In summary, Green Box permits intermolecular, tuneable partial charge or full electron transfer in the ground state to
pristine fullerenes, the former being unprecedented with perylene diimides and the latter unknown in a synthetic
fullerene-based dyad system (Figure 10). This generates a biomimetic supramolecular ensemble that undergoes
reversible electron transfer processes. Further investigation into the applications of this unique PDI donor-fullerene
acceptor behaviour within molecular organic electronics and optical carbon nanomaterials or functional devices,
including new routes to fullerene purification, are currently ongoing.

Nitrobenzene

Toluene

[41%* 5[ Cgo70]* [4]*">[Ceo/70]"

Ground state charge transfer (CT) Ground state electron transfer
Excited state electron transfer (ET)

Figure 10. Schematic showing the solvent tuneable ground and excited state electronic interactions of the Green Box
host [4] donor—fullerene guest acceptor supramolecular complex ensemble. (Py = pyrrolidine).

Associated Content

Further details of synthetic procedures, characterization, electrochemical and spectroscopic data, molecular modeling
methods and additional discussion including Schemes, Figures and Tables are included in the Supporting Information
(Sections 1-10). Tables S10.4 — S10.6 are available separately for download.
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