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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 (Ceo/70), 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 and mass spectrometry. 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. Both species in the ensuing charge separated radical ion paired complex are
spectroscopically characterised, with thermodynamic reversibility and significant kinetic stability also
demonstrated. Importantly, the Green Box represents a seminal type of Ceo0 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™*™*
and mechanical bonds,”* however, a non-covalent approach’*™ is particularly desirable because it follows
biomimetic principles of design whilst also preserving the singular electronic properties of fully conjugated
cages such as pristine Ce, and C,, fullerenes.**(add Fullerenes Book Chapter 6 to this ref) 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 discrete®(add JACS 2017 11008 to this ref) 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.”>* When these criteria are
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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*3*** 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.®®** Their rich photo- and electro-chemistry provides a wide range of visible light absorptions,
characteristic long lived excited states and the ability to undergo efficient energy and electron transfer
reactions, making them ideal components in synthetic donor-acceptor assemblies.” > However, the
covalent®® or non-covalent®*® linking of PDI derivatives with C, fullerene has generated dyads in which
negligible electron communication has been observed spectroscopically in the ground state®” 73767785
whilst energy transfer was the predominant relaxation pathway for the excited state.” **7"77%%% Thjs 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 the oxidation
potential to produce an electron-rich PDL** 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.” Whilst two previously reported dyads comprised of a bis-pyrrolidine PDI and a covalently
appended Ce, fullerene exhibit photoinduced electron transfer from donor to acceptor,”® spectroscopic
evidence for strong electronic communication between these motifs in the ground state remains elusive,
whilst host-guest non-covalent systems do not exist. 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 fullerenes guests; (ii) the bis-bay substituted PDI aromatic framework
is twisted and flexible® to allow optimization of alignment/intimate contact with the convex 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). The novel ground and excited state electronic interactions between the macrocycle’s PDI
components and potential pristine Ceo/,0 fullerene guest species were therefore pursued and demonstrated via
a non-covalent approach.*® We have employed a range of techniques to comprehensively characterise the
fullerene recognition properties of Green Box, 4, and its subsequent 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]c[Ceo]*) or full electron transfer ([4]*c[Ceo]”) 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
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precursors via a double copper(I)-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 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 (E”’,x = +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,”** as well as the single PDI
panel reference compound 5 (Table Ss.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 (CDCl;, 298 K, 500 MHz), (b) photograph of
a toluene solution (10™ M), (c) electronic absorption (solid line) and fluorescence emission (dotted line)
spectra (toluene, 10~ M, A= 680 nm) and (d) cyclic voltammogram (nitrobenzene with 0.1 M [n-Bu,N][BF,],
0.1V/s).

Importantly, an absence of broadening of the 'H NMR spectrum in CDCl, 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 S,=>§, and
S2S, PDI bands” at A > 600 nm (Figure 2c¢ and Supporting Information section 4).”7°*(Add
10.1016/j.chemphys.2006.07.023 to this ref) Interestingly, the UV-Vis-NIR spectrum of 4 also exhibited
solvatochromism (Figure S4.1); with an increase in polarity producing a bathochromic shift in Aspsmax due to
the PDI HOMO being localized mainly on the pyrrolidine nitrogen atoms thus giving rise to charge transfer
character of the 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, Cs, and C,,, 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 pM) 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 S,->S, PDI band
(Aabs,max = 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.

4



formation of complex [4][Ceo/,0] 3+**>*7®7 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) 354977759
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Figure 3. Characterisation of the [4]**c[Cs,]>” 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,
Aex = 680 nm, corrected for Ce, absorptions, red line = start point, blue line = end point), (b) 'H NMR
spectroscopic titration of up to three equivalents of Cg, into Green Box (ds - 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 (Asbs = 730, 615, 454 nm in toluene)
indicated the establishment of a thermodynamic equilibrium between host, guest and complex [4]<[Ceo/70]
(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).%° (Add
Chem Comm 2016 12792, Chem Soc Rev 2011 1305 in this ref) The fullerene association constants are large
and comparable to analogous macrocyclic systems containing multiple porphyrin units.***° In all cases K., is
negligible in comparison to K., 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 Ce, in toluene and produced negligible changes to
its electronic absorption spectrum (Figure S4.5).° Finally, the formation of a strong 11 host-guest
stoichiometric complex was confirmed by mass spectrometry in which only peaks corresponding to the m/z
of the Green Box and a single Cs, fullerene species, i.e. [4]<[Cs,), were observed (Figures 3¢ and S3.2).

In both solvents Green Box exhibits a preference for C,, over Cs, which may result from a closer size and
shape match with the larger ellipsoidal fullerene as well as enhanced electronic complementarity owing to C,,
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being more electron deficient***” In agreement with previously reported solution phase fullerene
recognition studies, Cg, binding is stronger in toluene than o-DCB due to the fact that the latter is a more
competitive solvent.>****(Add J. Phys. Chem., 1993, 97, 3379 to this ref) However, on moving to the more
polar solvent with C,, an enhanced stabilisation of the stronger charge transfer aromatic stacking
interactions appears to compensate for this effect.”>"** (Add CEJ 2014 14403 to this ref)

Table 1. Fullerene association constants (M) for Green Box 4. Determined by Vis-NIR spectroscopy, errors <
5% (298 K, Aubs = 690—720 nm, [4] =107 M).

Coo Co
Ka Ko | Ka Ks
Toluene 42,000 <1 69,000 8o
o-DCB 21,000 <1 72,000 100

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
Ceo into a ds-toluene host solution (0.4 mM) produced downfield shifts (up to A8 = 0.05 ppm) of a number of
resonances including aromatic PDI based protons, Hp,c.r (Figures 3b and S2.4). Analogous perturbations of
signals were also observed in the more competitive solvent d,-o-DCB'® (Figure S2.5) and upon titration with
C,o (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-m*"**® 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 Ce, (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]<[Cso] were recorded
in 0-DCB (Table Ss.1). The encapsulation of Cs, by the Green Box induced an anodic shift of 20 mV in the first
oxidation potential of the bis-pyrrolidine PDI (Figure Ss.1), consistent with partial charge transfer between
the electron donating macrocycle and electron accepting fullerene and formation of the polarized complex
[4]5+ C[CGO]S_.34'78'79'96

Importantly all of the above techniques revealed that full ground state electron transfer to form [4]"c[Ceo] ™
does not occur in either toluene or o-DCB. However, Green Box PDI fluorescence emission quenching by C,
(Figure 3a) and a HOMO (PDI)-LUMO (Cs,) gap of 1.25 eV (Table Ss.1) indicated that excited state electron
transfer processes were energetically favourable over formation of >Ce.* (1.50 €V);'* with an estimated free
energy change for photoinduced electron transfer from 4 to Ce, of AGes = —0.49 €V (Supporting Information
section ga). This motivated further investigation into the excited state behaviour of the Green Box-Ce,
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). At A« = 600 nm selected for PDI, the charge
separated state [4]"c[Cq,) ™ is produced exclusively (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 Ce, 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 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 the photogenerated charge separated state complex
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[4]"c[Cso] ™ at 85K does not exhibit the typical alternating EAEA shoulders from parallel dipolar coupling,
indicating rotational of the dipolar interaction on the timescale of the measurement. While there is
difference in polarization at W-band consistent with the case of short lived precursors,” the individual
radicals are not resolved at the higher frequency and the data may be simulated by rapid spin-spin relaxation
of the C¢, component (see Figure S6.4).
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Figure 4. TR-EPR spectra of complex [4]<[Cs,], forming [4]*c[Cso] ™ upon excitation (Aex = 600 nm) at (a) X-
band and (b) the host bis-PDI Green Box 4 (100 mM, 85 K, in frozen toluene), black, and triplet state
simulation in grey dots, with microwave absorption (A, up arrows) and emission (E, down arrows) indicated
in each panel. The microwave frequencies were 9.7313 GHz in (a) and 9.6898 GHz in (b). A schematic
summarising the excited state behaviour of Green Box-fullerene complex [4]c[Cs,] in toluene is shown in (c).

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 (g = 35.7 vs. € = 2.4 and
9.9 respectively) whilst still able to solubilise Ceo/70.” The titration of up to ten equivalents of Cs, into a 10 pM
solution of Green Box in nitrobenzene was monitored by Vis-NIR absorption and fluorescence emission
spectroscopies (Figures 5¢,d and S4.7). In this solvent perturbations to the electronic absorption spectrum
were far more drastic than those observed in toluene or o-DCB and occurred at guest concentrations two
orders of magnitude lower (10 pM vs 1000 pM) such that the addition of only one equivalent of Cs, fullerene
(purple solution) caused a colour change from green to brown that was visible to the naked eye (Figure 5a).
Upon increasing concentration of Ce, the fullerene-corrected Vis-NIR spectrum undergoes a large decrease in
intensity of the main PDI absorption band (S,=>S, transition, Aspsmax = 712 nm) with new bands appearing at
Aabs > 800 nm and Aqps < 575 nm and two isosbestic points formed at Aups = 582 and 765 nm (Figure 5¢). Within
the NIR region (Figure 5d) the main new absorption peaks at A.ps= 890, 945 and 1035 nm as well as that at Aps
= 542 nm are ascribed to a bis-pyrrolidine PDI radical cation species, [PDI]*,""(See more refs to be added)

whilst the broad band at Aups ~ 1100 nm is characteristic of Ce, radical anion, [Cgo] ™"+
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Figure 5. Characterisation of the [4]"c[Ce,]” complex in nitrobenzene; (a) Photograph showing naked eye
colour change upon mixing of equimolar solutions of Green Box and Cs, in nitrobenzene (10* M), (b)
structure of the charge separated radical ion paired complex, (c) Vis-NIR electronic absorption spectra of
Green Box upon titration with Ce, (10 eq., nitrobenzene, 10> M), (d) NIR absorption spectrum after 1 eq. Ce,
(10" M) and (e) EPR spectra of Green Box upon titration with Ce, (4 eq., nitrobenzene, 10* M). All Vis-NIR
spectra corrected for Cg, absorptions, red line = start point, blue line = end point.

The formation of Cs, radical anion was further characterised by electron paramagnetic resonance (EPR)
spectroscopy; the titration of up to four equivalents of Cs, into a nitrobenzene solution of Green Box 4
generated a single resonance (g-factor = 2.002), with signal intensity increasing after each addition (Figure
5e). An Easyspin fit of the data revealed a peak-to-peak line width (LWpp) of 17.4G. These observations are
consistent with literature values calculated for chemically and electrochemically generated Ce, radical
anions."”™ The line shape is substantially Gaussian in character, with a small (10%) Lorentzian component.
Importantly, identical Vis-NIR absorption and EPR spectral changes occurred when mixing of macrocycle 4
and Cg, was performed 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 S4.9 and S6.1).

Remarkably, these results all evidence the occurrence of a thermally promoted, ground state single electron
transfer (SET) from the electron rich bis-pyrrolidine PDI donor (D) to an electron deficient Ce, fullerene cage
acceptor (A) upon its tight encapsulation (as a radical anion) within the Green Box (Figure 5b).”*" Whilst
only partial charge transfer was observed in toluene and o-DCB solvents (vide supra, Figure 3), the
significantly higher polarity of nitrobenzene now facilitates full ground state electron transfer and formation
of a novel charge separated [4]“c[Ce,]~ complex. Ground state SET to Cs, is extremely rare, with examples
limited to simple secondary and tertiary amine donors"®*** such as 1,3-diaminepropane™ or with
endohedral metallofullerene (EMF) acceptors with more favourable reduction potentials than their empty
cage analogues.”" Indeed, to the best of our knowledge, 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 evidence of partial charge transfer in the ground
state.33>34:47v49:52v54:126*128

Most importantly, 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 in titrations with C,o ([Cro]”, Aabs ~
nso nm, Figure S4.8) and with Cg under more dilute conditions (1 uM host solution, Figure S4.6). As
expected, the formation of new radical ion species in solution results in an almost complete quenching of
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Green Box PDI excited state fluorescence emission (9o % ) upon addition of fullerene (Figure S4.7).”
Further evidence for the formation of [4]"c[Ce,]~ radicals was provided by significant broadening of
resonances, predominantly PDI protons (Hp,e), in the 'H NMR spectrum (Figure S2.8).

The formation of isosbestic points in the Vis-NIR spectra (Figure s5c) indicate the formation of a
thermodynamic equilibrium between the ‘neutral’ and charge separated radical ion paired complexes,
[4]°c[Coo]> and [4] *c[Ceo] ~ respectively. To investigate whether SET between Green Box and Cs, fullerene is
a truly reversible process, the Vis-NIR electronic absorption spectrum of the host-guest complex was
measured in increasingly polar nitrobenzene:toluene solvent mixtures at equimolar concentrations (Figure
6). Increasing or decreasing the proportion of the more polar solvent caused a gradual increase or decrease in
intensity of NIR peaks associated with the radical ion pairs (Aws = 890, 945, 1035 and ~1100 nm) thereby
confirming the existence of thermodynamic equilibrium and a clear solvatochromism to the charge separated
state/dependence on solvent permittivity.”* Further evidence for the reversible nature of electron transfer,
and therefore the stability of the resulting radical species in [4]"c[Ce,] ", was gained from kinetic studies in
solution (vide infra).

Nitrobenzene

Toluene

[41**<[Ce0r70]™ (41" <[Ceorrol™
054 —— Toluene
Toluene:Nitrobenzene
—— Nitrobenzene

Abs.

Wavelength / nm

Figure 6. Vis-NIR electronic absorption spectra of [4]"c[Cs,]  measured in toluene:nitrobenzene mixtures
demonstrates thermodynamic equilibrium controlled by solvent polarity (107 M).

The respective oxidation and reduction potentials of the Green Box host donor and Cg, fullerene guest
acceptor (Table S5.1) can be used to estimate a free energy change for SET of AGe = 24 kcal mol™ via the
Rehm-Weller equation (Supporting Information section gb).” The positive value signifies that full electron
transfer (i.e. formation of [4]7c[Cs]7) is thermodynamically unfavourable, however, as shown
experimentally it still occurs at room temperature which therefore suggests that it is the extremely strong
association between macrocyclic host and fullerene guest (i.e. formation of [4]c[Cs,], see Supporting
Information section gb), alongside the permittivity of the solvent, that promotes a spontaneous redox
process.'>3%3" (Add JACS 2017 11008 as a ref here) Furthermore, previous studies have observed ground
state electron transfer from electron rich azacrown™ or thiacrown ether®® donors to fullerenes despite
energetic penalties similar to that calculated for the Green Box.?* Whilst electron transfer to C,, will be
thermodynamically more favourable owing to its less negative reduction potential, switching the solvent to o-
DCB increases the free energy barrier (AGe: ~ 28 kcal mol™ with Cs,) because the solvent’s lower polarity leads
to less favourable redox potentials (Table S5.1) and weaker stabilisation of the charge separated state complex

[4]"c[Ceol ™.

EPR spectroscopy revealed that Ce,~ was persistent in a solution of complex [4] “c[Cs,]” in nitrobenzene on
the benchtop under ambient conditions for longer than two weeks (Figure S6.2), albeit with a lower signal
intensity than at the start. This remarkable durability of the radical ions in solution prompted a more
detailed kinetic study by Vis-NIR absorption, EPR and NMR spectroscopies. A time course measurement of
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the electronic absorption band associated with [PDI]™ at Ass = 890 nm of a 1:5 host:guest stoichiometric
mixture revealed fast SET followed by a slow decrease in concentration of this species over seven hours, ">
giving a PDI radical cation half-life of t;; > 600 minutes with radical ions still apparent in the NIR spectrum
after two days (Figure S7.1).”> Under the same conditions the time dependence of the EPR spectrum revealed
similar kinetic behaviour for Ce,~ (Figures S6.3, S7.2). Importantly, the high stability of the radical ion pairs in
[4]"c[Cso] ™ is highlighted upon comparison with previous studies into the interaction of Ce, and simple
organic amine donors that reported significant air and moisture sensitivity"® of the Cs,~ generated with ty =
10 — 30 mins. 3+

After three days the complex solution returned to its original green colour (Figure sa) and the Vis-NIR
absorption spectrum predominantly resembled that of the ‘neutral’ Green Box and C, fullerene species, i.e.
reforming [4]%c[Ceol® (Figure S4.10-4.11).”” Over the same time course, 'H NMR spectroscopy revealed a
gradual sharpening of Green Box proton resonances (Figure S2.9) with *C NMR (Figure S2.10) and MALDI-
TOF mass spectra (Figure S3.3) also confirming the presence of pristine Ce, fullerene whilst no new signals
appeared in the EPR spectrum. Furthermore, TLC analysis of the mixture indicated only the regeneration of
starting materials (via back electron transfer) so that, unlike with simple organic amine donors,"**>3* follow
up chemical reactions do not occur. The superior SET behaviour of Green Box with Ce, can be related to
contrasting chemical structures; 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"®?>* for which new covalent bond forming reaction pathways can
compete.®

Importantly, 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]°'c[Ceo]> (Figure S7.3). 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.

Conclusions

This work describes the rational design, synthesis and in-depth Ceo/;, 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 C, to form a supramolecular complex, [4]C[Ceo/0]. Importantly, strong
solution phase fullerene recognition (millimolar affinity) was shown to occur exclusively 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.

The electronic complementarity between Green Box PDI receptor and fullerene guest was manifested in
ground state partial charge transfer in toluene and o-DCB solution ([4]5+C[C6o/70]6_), with such chromogenic
interactions in part responsible for an enhancement in binding of the more electron deficient C,, over Ceo. To
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,**® cycloparaphenylene®”® and tetrathiafulvalene,**'* twisted electron rich PDIs are
introduced as new motifs for fullerene recognition.

Whilst time resolved EPR spectroscopy revealed that complete single electron transfer between Green Box
donor and fullerene acceptor only occurred via the excited state in toluene (a rare application of the
technique for this purpose), switching the solvent to nitrobenzene stimulated intermolecular ground state
SET without the need for photoirradiation under ambient conditions."®* 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. From the ensuing radical
ion pair, both [PDI]” (chemically generated for the first time in solution) and [Ce]~ species were
characterised by Vis-NIR electronic absorption and EPR spectroscopies, and were shown to be remarkably
bench-stable with [Ce,] " still present in solution after two weeks. Importantly, a dependence on solvent
permittivity revealed the charge-separated state complex [4] "c[Cs,] ™ to exist in thermal equilibrium with its
polarised partial charge transfer analogue [4]>'[Cso]*". Such reversible electron transfer processes play a key
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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 between two extremes of the energy
continuum,” to promote either charge separation or recombination, in similar fashion to cofactors found in
natural systems."*™

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 any
synthetic fullerene-based dyad system (Figure 7). 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> [Ceorol” [41"* [Ceorral™
Ground state charge transfer (CT) Ground state electron transfer

Excited state electron transfer (ET)

Figure 7. Schematic showing the solvent tuneable ground and excited state electronic interactions of the
non-covalent Green Box donor-fullerene acceptor complex.

Associated Content

Further details of synthetic procedures, characterization, electrochemical and spectroscopic data and
additional discussion including Schemes, Figures and Tables are included in the Supporting Information
(Sections 1-9).
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