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olecular recognition of an
azafullerene-quinoline dyad by a face-to-face
porphyrin-dimer tweezer†

Anastasios Stergiou, *a Aikaterini K. Andreopoulou, b Joannis K. Kallitsisb

and Nikos Tagmatarchis *a

A face-to-face porphyrin dimer, (H2P)2 “porphyrin tweezer”, was explored as a photo- and redox-

responsive host for the molecular recognition of an azafullerene (C59N) derivative bearing an amphoteric

pentafluoroquinoline (FQ) domain. The intramolecular electronic coupling between the FQ substituent

and the C59N cage, within the newly synthesized C59N-FQ dyad was evaluated, while the neutral and

protonated form of the covalently attached FQ moiety were utilized as recognition motifs for the (H2P)2
tweezer. Complementary photophysical and electrochemical techniques were applied to investigate the

electronic communication between the porphyrin-dimer (H2P)2 tweezer and the azafullerene cage as

mediated by the FQ unit.
Introduction

Azafullerene C59N1,2 is the most explored heterofullerene3

participating in light harvesting nanoarchitectures.4 Starting
from the parent azafullerene dimer (C59N)2, a series of mono-
adducts can be prepared via the C59N

+ intermediate species.5 In
this respect, several C59N-based dyads have been realized by the
covalent incorporation of arenes,6 ferrocene,7 phthalocyanine,8

corole,9 perylene10 and oligophenylenevinylene11 derivatives
onto the C59N cage. Apart from the mono-adducts, C59N has
also a rich chemistry towards multi-addition patterns.12–17

Notably, we recently reported the tether-directed regioselective
synthesis of an equatorial-face bis-adduct of C59N, as single
isomer, based on a two-step mono-addition reaction sequence
employing cyclo-[2]-octylmalonate.18 In contrast, the supramo-
lecular chemistry of C59N is less explored. Recent advances on
the chemistry of carbon nanobelts19–22 empowered the realiza-
tion of supramolecular assemblies in solution driven by the
molecular recognition of the C59N cage by [10]-
cycloparaphenylene ([10]CPP) nanohoops through p–p inter-
actions at the concave–convex interface.23,24 Furthermore, the
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shielding of the labile C59Nc radical was enabled by supramo-
lecular complexation with [10]CPP rings.25 In addition, the
supramolecular chemistry of functionalized C59N cages is
currently limited to derivatives owing monodentate nitrogen
ligands suitable for coordination to the metal center of light
harvesting molecules such as zinc-phthalocyanines26 and zinc-
porphyrins.27,28

Quinolines are amongst heteroatom semiconducting
organic species that have gained increased scientic attention
due to their easy and versatile synthesis,29 excellent thermal and
mechanical properties, but more importantly due to their
interesting photonic, electronic, and conductive characteris-
tics.30 The reverse protonation on the imino group31 allows their
use as pH tunable sensors,32,33 while their ability to complex
a variety of metal ions or organic conjugates reveals their
applicability also as selective uorescent chemosensors.34

Moreover, the incorporation of electron withdrawing units onto
quinolines allows further modulation of their optical and elec-
tronic properties. To this end, the incorporation of a per-
uorophenyl group has proven to be a valuable addition onto
the quinoline core, since it signicantly lowers their LUMO
levels. Moreover, the presence of the halogen atoms enabled
their straightforward transformation to azides, allowing the
direct incorporation on the sp2 skeleton of carbon nano-
structures via cycloaddition reactions.35–37 More specic,
(tetrauoro)azidophenyl-quinolines have been employed for the
functionalization of carbon nanotubes,35,36 C60 (ref. 36 and 37)
and phenyl-C61-butyric acid methyl ester (PCBM).37 Up to date,
C60 and PCBM are the only fullerene cages functionalized by
pentauorophenyl-quinolines. In this work, we demonstrate
the chemical incorporation of a pentauorophenyl-quinoline
(FQ) derivative on the azafullerene C59N cage, towards
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 (a) Synthetic procedure for the preparation of C59N-FQ. (b)
Structure of the co-facial dimer porphyrin tweezer (H2P)2. (c) Illus-
tration of the supramolecular complex (H2P)2/C59N-FQ.
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a molecular recognition motif for the development of host–
guest supramolecular assemblies featuring a hairpin-like face-
to-face dimer porphyrin (H2P)2.

The quest for light harvesting antennas owing face-to-face
porphyrins macrocycles was fueled by exploration of nature-
mimicking molecular photosynthetic approaches.38 P700, the
electron donor unit of photosystem I, is considered to consist of
two chlorophyll species (a and a0) axially coordinated by
a histidine residual, resembling a face-to-face supramolecular
porphyrin dimer.39 Progress in articial photosynthetic systems
has met the expansion of fullerene chemistry, generating an
interface where natural-inspired electron donors have been
coupled to synthetic fullerene electron acceptors.40,41 Porphyrin
“tweezers” or “jaws” have attracted signicant interest due to
their versatile function as electron donor host-molecules and
the simple, in general, chemistry required for their prepara-
tion.42,43 Up to date, porphyrin tweezers have been efficiently
employed as hosts for the molecular recognition of small elec-
tron withdrawing compounds44 and fullerenes.45–50

The molecular recognition of acridine, with molecular
structure resembling that of quinoline, due to strong electro-
static interactions by a metal-free porphyrin tweezer has been
accomplished.51,52 However, the recognition of pristine C60

fullerene by this type of metal-free (H2P)2 tweezers is weak,46

requiring high excess of C60 in order to track detectable changes
in the absorption features of the tweezer, especially of the Soret
band arising from the S0/ S2 optical transition of (H2P)2. Steric
hindrance most likely restricts those species from efficiently
approaching each other. Therefore, the quinoline heterocycle
present within the C59N-FQ dyad is, herein, exploited as exible
nanodomain capable of being sandwiched by the face-to-face
porphyrin rings of the (H2P)2 tweezer. This, allows the devel-
opment of effective electronic communication between C59N
and (H2P)2 and mediated by FQ within the so-formed (H2P)2/
C59N-FQ assemblies. Moreover, we prepare the protonated form
of C59N-FQ, namely C59N-FQH

+, beneted by the weak basic
nature of the porphyrin heterocycles for empowering the
development of electrostatic interactions between the indi-
vidual species. Synergistic weak p–p interactions, electrostatic
forces and weak hydrogen bonding between pentauorophenyl-
quinoline and the (H2P)2 macrocycle collectively stabilize the
host–guest architecture. We perform complementary spectro-
scopic and electrochemical techniques to unveil and evaluate
host–guest interactions in those nano-architectures. Speci-
cally, electronic absorption, steady-state and time-resolved
photoluminescence spectroscopy aided the assessment of the
optical properties of (H2P)2/C59N-FQ assemblies at the ground
and excited states, while the redox properties were screened by
electrochemistry.

Results and discussion

The pentauorophenyl-quinoline derivative, 6-(4-hydrox-
ylphenyl)-(2-peruorophenyl)-4-phenyl-quinoline (FQ),53 is
chemically introduced on a pre-modied C59N cage bearing a –

COOH unit.5,8 For the covalent functionalization of the C59N
cage with the quinoline derivative, the synthetic route shown in
This journal is © The Royal Society of Chemistry 2020
Scheme 1a is followed. Briey, (C59N)2 is initially treated with di-
(tert)butyl malonate diester at elevated temperature in the
presence of oxygen, in order to proceed the nucleophilic attack
of the malonate to the in situ generated C59N

+ intermediate,5

followed by thermally-induced decarboxylation to afford C59N-
COOH.8 The latter compound is used for the incorporation of
the 6-(4-hydroxylphenyl)-(2-peruorophenyl)-4-phenyl-quino-
line53 via carbodiimide-mediated condensation yielding the
C59N-FQ dyad. 1H, 13C and 19F NMR, and IR spectroscopy,
together with ESI mass spectrometry, ascertained the structure
of C59N-FQ. In the 1H NMR spectrum of C59N-FQ (ESI, Fig. S1†)
the characteristic signal at 5.07 ppm owed to the methylene
protons next to the azafullerene cage, accompanied by the
thirteen aromatic protons due to the FQ core in the region 7.3–
8.3 ppm, is evident. In the 13C NMR spectrum of C59N-FQ, the
typical signal at 168.2 ppm for the carbonyl ester is identied
(ESI, Fig. S2†). Complementary, 19F NMR assays reveal three
distinct signals at �124, �153 and �161 ppm, due to the pen-
tauorophenyl ring within FQ (ESI, Fig. S3†). The formation of
the ester bond in C59N-FQ is further validated by ATR-IR spec-
troscopy, where the characteristic vibration of the ester carbonyl
at 1758 cm�1, accompanied by the absence of the band centred
at 1711 cm�1 owed to the precursor carboxylic acid unit (ESI,
Fig. S4†), is evolved. Ultimately, solid proof for the formation of
C59N-FQ is delivered by registering the corresponding [M+1]+

ion at 1227.17 amu by ESI mass spectrometry (ESI, Fig. S5†). The
high solubility of C59N-FQ in common organic solvents, i.e.
toluene, dichloromethane, chloroform and benzonitrile,
enables not only performing a proper spectroscopic and elec-
trochemical examination in liquid media, but also proceeding
with the supramolecular integration of the porphyrin tweezer
(Scheme 1b) yielding the (H2P)2/C59N-FQ nanoarchitecture
(Scheme 1c).

In the UV-Vis electronic absorption spectrum of C59N-FQ the
main absorption features of (C59N)2 at 320, 440 and 600 nm,
together with a new broad shoulder at 368 nm attributed to the
attached FQ unit (Fig. 1a), are evident. Further, photoexcitation
of C59N-FQ at 320 and 340 nm, where FQ shows maximum
absorbance, reveals quantitative quenching of the FQ emission
RSC Adv., 2020, 10, 31720–31729 | 31721
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Fig. 1 (a) Electronic absorption UV-Vis spectra, (b) emission spectra at
upon excitation at 340 nm, and (d) emission decay profiles (lexc 376
nm), for free FQ (gray), (C59N)2 (black) and C59N-FQ (orange). All
measurements were performed in toluene solutions. Inset: zoom of
the 310–420 nm region, where a new absorption feature (marked with
an asterisk) at 360 nm was observed for C59N-FQ.

Table 1 Redox potentials and energy gaps (Eg) for FQ, (C59N)2 and
C59N-FQ

Material

Redox potentials (vs. Fc+/Fc)

Eg (eV)E1ox E1red E2red E3red

FQ +0.86 — — — 2.68a

(C59N)2 — �1.20 �1.63 �2.20 1.40b

C59N-FQ +1.27 �1.36 �1.91 — 2.63c

(H2P2) +0.38 �1.85 �2.14 — 2.23d

a Optical gap calculated from the Tauc plot, ESI, Fig. S6. b Optical gap
value adopted from ref. 55. c Electrochemical gap based on Fig. 2a.
d Electrochemical gap based on ESI, Fig. S10.

Fig. 2 (a) Cyclic voltammetry (CV) graphs for FQ (gray), (C59N)2 (black)
and C59N-FQ (orange) vs. Fc+/Fc. CV curves recorded in N2 saturated
toluene : acetonitrile (vol/vol 1 : 4) with 0.1 M TBAPF6 as electrolyte
and 50mV s�1 scan rate. (b) Energy level diagram constructed from the
data presented in Table 1.
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band centred at 401 nm (Fig. 1b), indicating strong electronic
communication between the two species, C59N and FQ, at the
excited state. This is further supported by the examination of
the emission decay prole of C59N-FQ by the time-correlated-
single-photon-counting (TCSPC) method, since a signicantly
shorter lifetime is recorded for the single excited state of the
covalently attached FQ (�76 ps) in the C59N-FQ dyad, as
compared to the corresponding emission lifetime recorded for
free FQ (1.9 ns), as shown in Fig. 1c. The fast deactivation of
1FQ* suggests energy and/or electron transfer phenomena to
occur in the presence of the azafullerene cage.

Insight into the redox properties of C59N-FQ is given by
complementary cyclic voltammetry (CV) assays. As presented in
the summarized data of Table 1, the covalent attachment of FQ
on C59N anodically shis the rst oxidation potential E1ox by
0.41 V compared to that registered for free FQ (Fig. 2a), while
cathodically shis the rst reduction potential E1red of
31722 | RSC Adv., 2020, 10, 31720–31729
functionalized C59N by 0.16 V compared to the value for (C59N)2.
Based on the following equations (eqn (1) and (2)):54

HOMO ¼ �(Eox vs. Fc
+/Fc + 5.1) (eV) (1)

LUMO ¼ �(Ered vs. Fc
+/Fc + 5.1) (eV) (2)

and the energy gap of FQ (ESI, Fig. S6†) and (C59N)2,55 an energy
level diagram is constructed (Fig. 2b). The energy alignment of
the individual FQ and (C59N)2 suggests that the C59N-FQ is an
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a and e) UV-Vis electronic absorption spectra of (H2P)2
tweezer (purple) upon incremental additions of up to 2 equivalents
(olive) of C59N-FQ and C59N-FQH+, respectively. (b and f) Zoom of the
corresponding Soret band regions. In all spectra the absorbance of
C59N-FQ and C59N-FQH+ is subtracted. (c and g) Steady-state fluo-
rescence emission spectra of (H2P)2 tweezer (purple) upon excitation
of the Soret band (lexc 420 nm) upon incremental additions of up to 2
equivalents (olive) of C59N-FQ and C59N-FQH+, respectively. (d and h)
Emission decay profiles (lexc 440 nm, probed at 650 nm) of (H2P)2
tweezer (purple) upon incremental additions of up to 2 equivalents
(olive) of C59N-FQ and C59N-FQH+, respectively. Dotted lines repre-
sent the decay trace, while solid lines represent the mathematical
fitting of the decay spectra. All spectra were recorded in benzonitrile at
1 � 10�6 M concentration of the (H2P)2 tweezer.
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electron donor–acceptor dyad, where FQ is the donor and C59N
the acceptor. Accordingly, we may calculate the HOMO–LUMO
energy levels of the C59N-FQ dyad by the observed E1ox and
E1red values, as �6.37 and �3.81 eV, respectively. Taking into
consideration the HOMO–LUMO energy levels of the (H2P)2
tweezer, the energy alignment of the supramolecular (H2P)2/
C59N-FQ host–guest assemblies was favorable towards a p–n
junction, where the (H2P)2 tweezer is the electron donor and the
C59N-FQ is the electron acceptor. In previous studies, analogous
covalent dyads consisting of FQ and the C60 fullerene have been
successfully integrated in organic solar cells as electron accep-
tors utilizing poly-(3-hexyl thiophene) (P3HT), a widely adopted
electron donor polymer with similar to (H2P)2 tweezer HOMO–
LUMO energy levels, as electron donor.36

We rstly explore the complexation dynamics between C59N-
FQ and (H2P)2 tweezer by UV-Vis electronic absorption, steady-
state and time-resolved uorescence emission spectroscopy. As
depicted in Fig. 3a–d, upon incremental addition of C59N-FQ (0–
2 equivalents) in a benzonitrile solution of (H2P)2, negligible
changes are recorded in the UV-Vis spectra of (H2P)2, namely
a 2% decrement of the absorption intensity of the Soret band at
420 nm and a 4% quenching of the emission intensity of (H2P)2
under excitation of the Soret band. Evidently, a weak interaction
between the individual species occurs, which is also veried by
the analysis of the time-resolved uorescence spectra of (H2P)2
in the presence of 2 equivalents of C59N-FQ, where the decay
trace is best tted by a mono-exponential model giving a uo-
rescence lifetime of 10 ns, corresponding to that of non-
complexed (H2P)2.

Taking advantage of the low basicity of the quinoline
domain, we next treat C59N-FQ with an excess of triuoroacetic
acid leading to the corresponding protonated C59N-FQH

+

species. The protonation of C59N-FQ is monitored by FT-IR
spectroscopy (ESI, Fig. S7†) and discrete spectra proles are
obtained, while the process is fully reversible upon addition of
excess triethylamine. More specic, it is known that proton-
ation of the quinoline nitrogen atom results to a shielding effect
to the neighboring phenyl groups where the oxygen atom
resides, as it was previously demonstrated by 1H NMR assays.53

The latter effect strongly affects the C]O stretching vibration of
the ester group connecting the C59N cage and the quinoline
derivative. As a result, the C]O stretching mode registered at
1758 cm�1 for C59N-FQ is shied by 24 cm�1 for protonated
C59N-FQH

+ at 1734 cm�1.
Focusing on the impact of the protonated quinoline in the

supramolecular complexation of C59N-FQH
+ with the (H2P)2

tweezer, a series of titration assays are performed. Please note
that NMR titration assays are hampered due to overlap of the
signals of interest, namely the host molecules C59N-FQ and
C59N-FQH

+, contribute 1H-signals arising due to the FQ domain
which overlap with the pyrrolic 1H of the porphyrin dimer
(H2P)2 tweezer. In addition, 19F NMR and especially FAXS
(uorine chemical shi anisotropy and exchange for screening)
and n-FABS (n-uorine atoms for biochemical screening),
methods developed for competitive binding assays in bio-
systems, require uorinated fragments with strong sharp
singlet signals, in contrast to the C–F groups of the
This journal is © The Royal Society of Chemistry 2020
pentauorophenyl moiety which are strongly coupled resulting
to complex splitting patterns as shown in Fig. S3.†Nevertheless,
the electronic absorption spectrum of (H2P)2 upon incremental
additions of C59N-FQH

+ (up to 2 equivalents) reveal enhanced
interactions as expressed by the suppression of the Soret band
absorption by 15%, accompanied by 18% quenching to the
uorescence emission intensity of the (H2P)2 tweezer (Fig. 3e–
g). Further, time-resolved uorescence emission spectroscopy
reveals the evolution of a new short-lived component (10%
population, s ¼ 1 ns), which is attributed to the deactivation
pathway of the photoexcited electron from the singlet excited
state of (H2P)2 to C59N-FQH

+ (Fig. 3h). These ndings under-
score the impact of the positively charged guests, in the form of
RSC Adv., 2020, 10, 31720–31729 | 31723
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Fig. 4 (a) UV-Vis and (b) fluorescence emission spectra (lexc 340 nm)
of C59N-FQ (orange) and C59N-FQH+ (red), acquired in benzonitrile.
(c) Schematic illustration of the Förster cycle.
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protonated FQH+ domains, to the hosting ability of the co-facial
metal-free porphyrin dimer and are fully in line with previously
reported assemblies centered on acridinium cations.51,52

For the (H2P)2/C59N-FQ system, both the UV-Vis and PL
emission changes during the titration assays were negligible
suggesting the absence of notable interactions. In contrast, the
changes observed in the UV-Vis and PL spectra for the (H2P)2/
C59N-FQH

+ system allowed us to obtain a rough estimation for
the stoichiometry and the binding constant. In order to further
validate the presence of complexation events between the C59N-
FQH+ and the tweezer, we constructed the corresponding Job
plot (ESI, Fig. S8a†) for unravelling the stoichiometry as well as
the Hill plot (ESI, Fig. S8b†) to evaluate the binding constants.
Specically, the Job's plot for the (H2P)2/C59N-FQH

+ system
suggests the co-existence 1 : 1 and 1 : 2 stoichiometries,56 while
from the Hill plot the binding constant was calculated to be 3.17
� 102 M. Moreover, from the Stern–Volmer plot derived from
the uorescence titration we nd a KSV value of 2.6 � 104 M�1

(ESI, Fig. S8c†) and by taking into account the new short-lived
component revealed form time-resolved uorescence emission
spectroscopy, a dynamic quenching mechanism is proposed.
An estimation of the charge separation dynamics can be
deduced by eqn (3) and (4):

kCS ¼ (1/s)(H2P)2/C2N-FQH+ � (1/s)(H2P)2
(3)

FCS ¼ kCS/(1/s)(H2P)2/C2N-FQH+ (4)

where s is the uorescence lifetime of the free (H2P)2 in solution
or the (H2P)2 host within the supramolecular (H2P)2/C59N-FQH

+

host–guest assembly, allowing us to calculate the charge sepa-
ration rate constant (kCS) and the charge separation quantum
yield (FCS) for the (H2P)2/C59N-FQH

+ host–guest assembly,
based on the uorescence decay values recorded by TCSPC
spectroscopy. The kCS and FCS values are found as high as 0.9 �
109 s�1 and 0.9, respectively, suggesting a slow charge separa-
tion with high quantum yield.

A comprehensive examination of the UV-Vis spectrum of
C59N-FQH

+ reveals a slight broadening of the absorption spectra
in the range of 300–380 nm, where both the azafullerene cage
and the chemically attached protonated quinoline derivative
absorb light. This feature is further accompanied by a weak
band centred at 420 nm, as compared to the absorption prole
of neutral C59N-FQ (Fig. 4a). In addition, the protonation of
quinoline induces a more intense variation to the uorescence
emission prole of C59N-FQH

+. It is known that quinoline
derivatives are sensitive to charge delocalization and specically
to protonation of the nitrogen atom.57 Hence, the protonated
quinoline domain impacts the emission spectrum of C59N-
FQH+, since upon photoexcitation of the quinoline core (lexc
340 nm), a red-shied and quenched emission band centered at
440 nm is observed (Fig. 4b). Moreover, an excitation-dependent
emission spectrum is registered for C59N-FQH

+ (ESI, Fig. S9†),
in contrast to that derived from neutral C59N-FQ. As long as the
emission spectra of C59N-FQH

+ are found independent of the
concentration, the presence of excimers is excluded.58 In
general, protonation of quinolines lowers the energy of their
31724 | RSC Adv., 2020, 10, 31720–31729
singlet excited state and the absorption band dris to lower
energy.57 Therefore we assume that the properties of C59N-FQH

+

are related to the photo-basicity of quinolines as described by
the Förster cycle (Fig. 4c). Neutral quinolines show increased
pKa values during photoexcitation ðpK*

a .pKaÞ inducing proton
capture at the singlet excited states.59 Considering that the
complexation assays of C59N-FQH

+ for hosting the (H2P)2
tweezer are performed in aprotic benzonitrile (cf. Fig. 3),
dissociation to the neutral state by proton release to the solvent
medium is blocked and therefore C59N-FQH

+ remains charged
under photoexcitation. Evidently, the tetrapyrrole core of the
(H2P)2 tweezer, which is a weak base, favors the interactions
with positively charged species, thus allowing electronic
communication within the supramolecular assembly (H2P)2/
C59N-FQH

+ both at the ground and the excited state. It should
be mentioned that protonation of metal-free (H2P)2 is not
observed, since the corresponding absorption spectrum
remains unaltered.

Finally, we explore the electronic communication between
the (H2P)2 tweezer and the C59N-FQ derivatives into an elec-
trochemical environment via differential pulse voltammetry
This journal is © The Royal Society of Chemistry 2020
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(DPV) studies. DPV is selected as a sensitive electrochemical
technique capable to the feasibility of the redox processes arose
from the supramolecular assembly. Therefore, we monitor the
redox features of (H2P)2 upon incremental additions of up to 2
equivalents of C59N-FQ and C59N-FQH

+, respectively, as
compared to the corresponding features of the individual
(H2P)2, C59N-FQ and C59N-FQH

+ species in nitrogen saturated
solutions of 0.1 M TBAPF6 in benzonitrile. Firstly, we perform
anodic and cathodic scans to address the redox potential of the
individuals and evaluate the reversibility of the redox processes,
while also to monitor the potent impact of the azafullerene
derivatives to the oxidation and reduction properties of the
(H2P)2 tweezer (ESI, Fig. S10†). The recorded DPV curves display
strong interactions at working electrode interface between the
host–guest species. Then, we focus at the HOMO level of the
tweezer and the LUMO level of the quinoline-modied C59N
cage at the neutral and charged state of the quinoline domain,
namely we monitor the anodic wave of (H2P)2 tweezer oxidation
and the cathodic wave of the rst reduction of the azafullerene
cage within C59N-FQ and C59N-FQH

+. Prior each titration step,
the system is allowed to reach equilibrium in nitrogen saturated
benzonitrile solutions with 0.1 M TBAPF6 as the supporting
electrolyte. These redox studies are presented in Fig. 5a and b.
Analysis of the registered oxidation potentials for the (H2P)2
tweezer and the reduction potential of the
Fig. 5 (a and b) DPV curves recorded upon incremental additions of
up to 2.1 equivalents (gray lines) of C59N-FQ and C59N-FQH+,
respectively. Purple line represents the DPV oxidation wave of free
(H2P)2, red line refers to the reduction wave of the azafullerene cage
within C59N-FQ and C59N-FQH+, while orange line displays the Fc+/Fc
redox pair employed as internal reference. All graphs recorded in N2-
saturated solutions of 0.3 mM (H2P)2 in benzonitrile with 0.1 M TBAPF6
as the supporting electrolyte at room temperature with scan rate
0.01 V s�1. (c) Plots for the (H2P)2 oxidation potential (purple) and the
first reduction potential for the azafullerene cage of C59N-FQH+ (red)
versus the different host : guest ratios. The gray lines represent the
corresponding plots in the presence of the C59N-FQ derivative. (d)
Plots for the Gibbs energy of charge separation (DGCS) versus the
host–guest ratio for the (H2P)2/C59N-FQ (gray) and (H2P)2/C59N-
FQH+ (black) assemblies. The dotted line represents the level of the
DGCS calculated via the redox potentials of the non-interacting
individuals.

This journal is © The Royal Society of Chemistry 2020
pentauoroquinoline-functionalized azafullerene cages show
a slightly different redox response of (H2P)2/C59N-FQ and
(H2P)2/C59N-FQH

+ (Fig. 5c). Evidently, for the (H2P)2/C59N-FQ
host–guest assemblies the oxidation potential of (H2P)2 tweezer
and the rst reduction potential of the azafullerene cage within
C59N-FQ, remain almost unaltered during the different host–
guest ratios. In contrast, the (H2P)2/C59N-FQH

+ host–guest
assemblies display more intense changes. More specic, in the
presence of �1.5 eq. of C59N-FQH

+ guest, the oxidation poten-
tial of (H2P)2 host display a cathodic shi by 132 mV, suggesting
easier oxidation, accompanied by the anodic shi of the rst
reduction potential of the guest by 83 mV, indicating easier
reduction. These observations are further probed by means of
charge separation efficiency. The Gibbs energy of photoinduced
electron transfer (DETG

0) between the (H2P)2 host (electron
donor) and the C59N-FQ or C59N-FQH

+ guest (electron acceptor)
can be approximated by eqn (5):60

DETG
o ¼ NA

h
e
h
Eo

ðDþ�
=DÞ � Eo

ðA=A�� Þ

i
þ wðDþ�

A�� Þ � wðDAÞ
i
� DE0;0

(5)

where e is the elementary charge, NA is the Avogadro constant,
Eo
ðDþ�

=DÞ is the electrode potential of the donor radical cation
resulting from the electron transfer, Eo

ðA=A��Þ the electrode
potential of the acceptor radical anion, while the DE0,0 is the
energy level of the singlet excited state of the electron donor
(ESI, Fig. S11†). The w(D+cA�c) and w(DA) are electrostatic work
terms accounting for the effect of Coulombic interactions. Eqn
(5) is usually referred as the “Rehm–Weller relation”. The Gibbs
energy for the ion pair separation (DGCS) in benzonitrile is
represented by eqn (6), based on the Gibbs energy of charge
recombination (DGCR, eqn (7)) and the static energy (DGs, eqn
(8)):61,62

�DGCS ¼ DE0,0 � (�DGCR) (6)

�DGCR ¼ e
h
Eo

ðDþ�
=DÞ � Eo

ðA=A�� Þ

i
þ DGS (7)

DGs ¼ e2/4p30[(1/Rhost + 1/Rguest � 1/Rhost–guest)(1/3S)� (1/Rhost +

1/Rguest)(1/3S)] (8)

where 30 is the vacuum permittivity, 3S is the dielectric constant
of the solvent used for the photophysical studies, 3R is the
dielectric constant of the solvent used for the determination of
redox potential, Rguest is the radius of the guest molecule, Rhost

is the radius of the host molecule and Rhost–guest is center-to-
center distance between the host and guest components in
the supramolecular assembly.39

Based on eqn (6)–(8) we can estimate the variation of the
DGCS value in respect to the host : guest ratio. As presented in
Fig. 5d, for both (H2P)2/C59N-FQ and (H2P)2/C59N-FQH

+

assemblies, the Gibbs energy of charge separation is negative,
manifesting an exothermic process and thus a thermodynami-
cally favored mechanism. Moreover, for the (H2P)2/C59N-FQH

+

assembly we observe a sharp contrast in the region of 1.0–1.5 eq.
of C59N-FQH

+. These values correspond to a molar fraction of
(H2P)2 : C59N-FQH

+ ranging between 1 : 1 to 1 : 1.5 (Xguest¼ 0.5–
RSC Adv., 2020, 10, 31720–31729 | 31725
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0.6) for the used solutions of 0.3 mM in benzonitrile, matching
the stoichiometry calculated from the Job's plot for 1 � 10�6 M
solutions in benzonitrile (ESI, Fig. S8a†). A maximum �DGCS of
��0.4 eV is registered in the presence of 1.5 eq. of C59N-FQH

+

indicating that the formation of the host–guest complexes
requires a slight excess of the guest molecules in order to be
activated. Concluding, the redox behavior of the (H2P)2/C59N-FQ
and (H2P)2/C59N-FQH

+ mixtures complement the correspond-
ing photophysical proles, suggesting that the protonation of
the quinoline domain induces enhanced interactions between
the individuals and enables the formation of relatively stable
host–guest complexes enabling the electronic communication
of the porphyrin tweezer and the azafullerene cage.
Experimental
General

All reagents were used as received. The solvents were dried
using standard techniques. Reactions were monitored by thin
layer chromatography on silica gel 60 F254 aluminum plates.
Products were isolated by column chromatography (silica gel
60, particle size 0.004–0.063 mm). FQ,53 porphyrin-dimer (H2P)2
tweezer45 and C59N-COOH5,8 were synthesized according to
published procedures.
Instrumentation
1H, 13C and 19F Nuclear Magnetic Resonance (NMR) spectra
were recorded on a Bruker Avance (Bruker BioSpin GmbH,
Magnet Division, Karlsruhe, Germany) DPX 600 13, 150 92 and
564 63 MHz spectrometer, respectively, in deuterated solvents
containing TMS as internal standard. The chemical shis are
given in ppm relative to the appropriate solvent peak at stan-
dard reference. The resonance multiplicity is indicated as s
(singlet), d (doublet), t (triplet), dd (doublet of doublets), td
(triplet of doublets) and m (multiplet). Electrospray Ionization
Mass Spectroscopy (ESI-MS) measurements were performed
using an amaZon SL ion trap of Bruker Daltonics GmbH, Bre-
men Germany. UV-Vis spectra were recorded on a Perkin Elmer
Lambda 19 spectrometer. Fluorescence spectra were recorded
in toluene solutions on a Fluorolog-3 Jobin Yvon-Spex spectro-
uorometer (model GL3-21) equipped with a UV-Vis detector
(200–800 nm) operated at room temperature. TCSPC spectra
recorded via the Horiba Fluorohub single photon counting
controller. IR spectra were recorded on Bruker Equinox 55 FTIR
spectrometer equipped with a Pike Miracle Ge ATR accessory.
Electrochemistry studies were performed by using a standard
three-electrode cell. Glassy carbon was used as a working elec-
trode and platinum wire and platinum mesh were used as
pseudo-reference and counter electrodes, respectively. A
mixture of toluene/acetonitrile (4 : 1) was used as the solvent
and ferrocene was employed as an internal reference for the CV
studies. DPV studies were performed in benzonitrile. TBAPF6
(98%) was recrystallized three times from acetone and dried
under vacuum at 100 �C before used as an electrolyte with 0.1 M
concentration for the CV and DPV studies. Before each experi-
ment, the cell was purged with high purity N2 for 15min and the
31726 | RSC Adv., 2020, 10, 31720–31729
inert gas was turned to “blanket mode”. The working electrode
was cleaned before each experiment (also in between the titra-
tion steps in DPV studies) through polishing with a cloth and 6,
3 and 1 mm diamond pastes. CV measurements were recorded
by using an EG&G Princeton Applied Research potentiostat/
galvanostat model VersaSTAT 4 instrument connected to
a personal computer running the VersaStudio soware. DPV
measurements were recorded by AUTOLAB PGSTAT128N
potentiostat/galvanostat instrument connected to a personal
computer running the Nova 2.1 soware.
Synthetic procedures

Synthesis of C59N-FQ. C59N-COOH (59 mg, 0.075 mmol) was
mixed with FQ (104 mg, 0.225 mmol) in 100 mL dry CHCl3.
Then, HOBt (33 mg, 0.247 mmol) and EDC$HCl (47 mg, 0.247
mmol) were also added and the mixture was stirred for 8 h. The
reaction was monitored by TLC (SiO2) with CHCl3 as eluent and
two greenish fullerene spots were evident. The solvent was
removed by rotary evaporation and the residue was dissolved in
CS2 and puried by column chromatography (SiO2) with toluene
as eluent. Only one greenish fraction was eluted, evaporated to
2–3mL and the product precipitated by addition of cold hexane.
The solid collected by centrifugation (300 rpm for 5 min) and
dried under vacuum. 1H NMR (CDCl3): 8.32 (1H, d, J ¼ 4.35 Hz),
8.19 (1H, d, J¼ 0.2 Hz), 8.07 (1H, dd, J1 ¼ 0.84 Hz, J2 ¼ 0.87 Hz),
7.74 (2H, d, J ¼ 4.29 Hz), 7.61–7.51 (8H, m) and 5.1 (2H, s) ppm.
13C NMR (CDCl3): 168.21 (C]O), 155.23, 150.48, 149.76, 147.92,
147.67, 147.53, 147.42, 147.07, 146.77, 146.71, 146.43, 146.04,
146.27, 144.59, 144.53, 144.15, 143.30, 142.98, 142.29, 141.95,
141.60, 141.27, 141.24, 141.14, 139.89, 137.74, 137.31, 134.48,
130.85, 129.72, 129.58, 128.94, 128.91, 126.37, 124.50, 123.75,
123.47, 122.30 and 76.98 ppm. 19F NMR (CDCl3): �161 (2H, td,
J1 ¼ 4.17 Hz, J2 ¼ 3.66 Hz, J3 ¼ 4.35 Hz), �153 (1H, t, J ¼ 11.04
Hz) and �142 (2H, dd, J1 ¼ 4.17 Hz, J2 ¼ 4.26 Hz) ppm. ESI-MS:
calculated m/z for C88H15F5N2O2 [M + 1]: 1227.11; found:
1227.17.

Synthesis of C59N-FQH
+. 10 mg of C59N-FQ were dissolved in

10 mL chloroform at room temperature and the was immersed
into an ice-bath, followed by the dropwise addition of excess
glacial acetic acid (�1 mL) under stirring. The mixture was
allowed to reach room temperature under stirring and then
evaporated to dryness under vacuum. The solid residue was
dissolved in a minimum amount of chloroform, cooled in the
fridge and precipitated by addition of cold hexane. C59N-FQH

+

was recovered by centrifugation, dried under vacuum and
collected as brown powder (8 mg).
Conclusions

A new azafullerene (C59N) derivative covalently carrying a pen-
tauoroquinoline (FQ) was synthesized and fully characterized.
The evidenced strong intramolecular electronic communication
between the pentauoroquinoline and azafullerene cage
allowed us to exploit the quinoline domain as guest for hosting
the (H2P)2 porphyrin tweezer. Interestingly, protonation of the
quinoline heterocycle enables even stronger interactions, due to
This journal is © The Royal Society of Chemistry 2020
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enhanced electrostatic attraction forces occurring between the
(H2P)2 host and the protonated C59N-FQH

+ guest species within
the (H2P)2/C59N-FQH

+ supramolecular nanoassembly. Photo-
physical studies revealed detectable host–guest interactions in
(H2P)2/C59N-FQH

+ represented by the slight decrement of the
Soret band intensity of (H2P)2, complemented by partial
quenching of the uorescence emission of (H2P)2, in contrast to
the corresponding (H2P)2/C59N-FQ where almost negligible
differences were observed. Analysis of the time-resolved uo-
rescence spectra uncovered a new decay component of 1 ns for
(H2P)2/C59N-FQH

+, attributed to the deactivation of the singlet
excited state of (H2P)2 to the azafullerene. In addition, differ-
ential pulse voltammetry titration assays displayed intense
changes for the oxidation potential of (H2P)2 and the rst
reduction potential of the azafullerene cage within C59N-FQH

+,
suggesting easier oxidation of the host and easier reduction of
the guest, respectively, in the range of 1.0–1.5 eq. of guest.
Overall, the benecial effect of the protonated quinoline
domain in the formation of the host–guest supramolecular
complexes was further conrmed by the calculated value of
Gibbs free energy for charge separation DGCS. Here, it is the
maximum value of around �0.4 eV registered for the (H2P)2/
C59N-FQH

+ assembly, which guarantees as an energetic favor-
able process the electronic communication between (H2P)2 and
C59N. Collectively, we presented a very rst investigation con-
cerning the electronic interactions of C59N with molecular
porphyrin-dimer (H2P)2 tweezers via a host–guest approach
mediated by a versatile amphoteric heterocycle motif of a pen-
tauoroquinoline derivative conjugated on the azafullerene
cage.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

Partial nancial support of this work by the project “Advanced
Materials and Devices” (MIS 5002409), which is implemented
under the “Action for the Strategic Development on the
Research and Technological Sector”, funded by the Operational
Program “Competitiveness, Entrepreneurship and Innovation”
(NSRF 2014–2020) and co-nanced by Greece and the European
Union (European Regional Development Fund) is
acknowledged.
Notes and references

1 J. C. Hummelen, M. Prato and F. Wudl, There Is a Hole in My
Bucky, J. Am. Chem. Soc., 1995, 117, 7003–7004.

2 J. C. Hummelen, B. Knight, J. Pavlovich, R. González and
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