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Abstract

A large amount of research effort focuses on th&thsgsis and properties of donor—acceptor
systems for energy conversion schemes. In thisegtnfullerenes are novel energy/electron
acceptors. AzafullerenesflN, which formally arises from the replacement o& aarbon of &

by a nitrogen atom, is derivatized mainly by elegtilic aromatic substitution and Mannich
type reactions, thus offering immediate accessiverse dyads. Herein, the aforementioned
functionalization methods will be highlighted, esjadly with regards to the preparation ofoN-
based donor-acceptor dyads. Particular attentidinbeigiven to the energy and charge transfer
properties of the §N-based dyads incorporating ferrocene, polycyctlaeatic hydrocarbons,
porphyrins, phthalocyanine, corrole and gold nanages.

Keywords:  Azafullerene; functionalization;  donor-acceptor dya photophysics;
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1. Introduction

The first heterofullerene synthesized via the regaent of a carbon atom of an all-carbon
fullerene by different species was azafullertriehe latter replacement effectively led to
n-doping of the material, and importantly affectlbd bonding of the carbon sphere @f Giving
rise to the dimer (§N), with a ¢ bond connecting the two carbons adjacent to retmog
n-Doping alters the electronic and optical progstti particularly the charge distribution,
electronic structure and energy HOMO-LUMO gap offallierenes, as demonstrated by
theoretical calculations. Therefore, azafullerenes are considered suitabdéenmls to be
incorporated in advanced technological applicati@specially in energy conversion manifolds.
In this regard, their development relies on thegaration of diverse hybrids, particularly those in
donor-acceptor dyads, and on the evaluation of feiperties. In addition, azafullerene-based
materials were recently used as acceptors in batkrbjunction solar cells (BHJSCs) with
promising results: a pentaaryl functionalizegi\G possessing a raised LUMO as compared to
the “benchmark” P&BM, matched better to the P3HT donor moiétyhile a bis-functionalized
CsoN, carrying a thiophene and a fused phenylcyclohexyiety was also incorporated as an
acceptor in BHJSCs, though the performance of ¢fis have yet to be optimizéd.

The preparation of bisazafullerenes{d), from the parent fullereneggis based on a well
described methot,and methods for the chemical modification ofs\C have already been
comprehensively reviewed. As such, in the current review only some esseasgpkcts will be
briefly outlined. The review is organized in threain sections: the first deals with the chemistry
of azafullerenes; next, the synthesis gfNcbased donor-acceptor dyads and their photopHysica
evaluation towards charge-transfer processes; arallyf a summary and some concluding
remarks are given in the last section of the review

2. Chemistry of azafullerene

Azafullerene in its dimer form #N), was first synthesized from tH¢-MEM-ketolactam1
(prepared in two steps fromef® in refluxing o-dichlorobenzene (ODCB) under inert
atmosphere, in the presence mfoluenesulfonic acidpcTsOH) (Scheme 1).Owing to the
presence of the trivalent nitrogen atom, azafulleres isolated in its dimeric form §EN), 2.
Later, an optimization of the reaction conditioed to improved purities and reproducibly higher
yield ? allowing easier access tosgM),, thus boosting the investigation of its chemistwards
the production of diversesgN derivatives.

All-carbon fullerenes, whose reaction centers (@snthe [6,6] bonds) are in general
uniformly dispersed around the sphere, afford ingyple, apart from the desirable mono-adduct,
also multi-adducts upon derivatizatihin these cases, cycloaddition strategies are shally
employed towards derivatization. On the other hdndazafullerenes the presence of sp
carbon next to the nitrogen atom is a reactiveagatifferent from the aforementioned described
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[6,6] bonds. Therefore, exploitation of tag’ carbon atom in N results in different chemistry
from that of all-carbon fullerenes, while at themgatime, affords exclusively mono-adducts;
multi-adducts, if desired, can subsequently be &afmwith cycloaddition reactions on the mono-
adducts?

Chemical derivatization of N is based on the fact that upon heating, the-uhtreer bond
of (CsoN), dissociates homolytically towards the azafulleresmtical3. The latter radical can be
either trapped by other radicals to form azafulierderivatives®**such as, or in the presence
of an oxidant, afford the azafullerenyl catidnwhich can then react with nucleophiles. The
latter method is by far the most widely used fae fhnctionalization of &N and has been
employed in the two main reactions for the prepamabf GgN derivatives, namely, the
electrophilic aromatic substitution £&r)'® and the Mannich type reactidh;photoinduced
electron transfer reactions 4fhave also been report&t-® In the first, azafullerene reacts with
activated aryl compounds, resulting in derivatiesvhere the 6N sphere is directly attached
to an aromatic ring. In this reaction, tNeMEM-ketolactam has also been employed as starting
material instead of (§N),, yielding the same arylated azafullerene, allrelower yield. In the
Mannich reaction, enolizable carbonyl compound$sag ketones, malonates, or aldehydes are
the functionalization agents, affording the cormegfing Mannich based. In both cases,
moderate to high yields ofsgN derivatives are generally obtained, while thectiea conditions
involve in general heating an ODCB solution ot4\), at 150°C in the presence of excgss
TsOH and the appropriate reactant (aryl or carbdeyivative), with a constant stream of air for
upto several hours.

3. Donor-acceptor dyads

The photophysical properties of azafullerene déikrea such aé and7, present both similarities
and differences compared to fullerene monoaddifs- The electronic absorption spectra of
azafullerene derivatives are usually similar ta tfa(CsgN), and mainly consist of a set of four
characteristic bands. A strong# 6 x 10* M'cm™) one in the UV region at 320 nm, one of
medium intensity at 445 nm, and two weak band28tahd 805 nm. The latter is related to the
L-s! transition, and its mirror image is reflected fie fluorescence spectra ofs8 derivatives,
showing a weakd®: ~ 2.8 x 10" in toluene) emission band at 815-825 nm. Thissigaificant
difference with Go mono-adducts, which show &-S' absorption band at around 690 nm and
emission ¢ ~ 5 x 10" in toluene) at ~ 710 nm. Thus, the azafullerenglst excited state (~
1.52 eV) lies about 0.27 eV lower in energy thaat thf functionalized €, rendering energy
transfer to GyN easier. In fact, the &N fluorescence lifetime of ~ 0.8 ns is almost tudlthose

of Cgo derivatives, in accordance to the steady statsséam behavior. Regarding the 8™
deactivation, intersystem crossing (ISC) to theléti manifold occurs, as in the case af C
derivatives, albeit in lower yield# =~ 0.3 as compared to ~ 1 fogdC The latter reflects the
ability of azafullerene to act as photosensitizer the formation of singlet oxygen upon
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irradiation???* Finally, the higher electronegativity of the nigem atom is reflected in the

electrochemistry of azafullerene derivatives, whigbually exhibit three quasi-reversible
reduction waves. The first reduction is usuallyrfdwat more positive potentials than that gf C

derivatives, that is, easier to reduce, thus rengetsgN a potential better electron acceptor in
donor acceptor systems.

Scheme 1Main routes for the functionalization of azafullee, either directly from @N), 2 or
via the precursoN-MEM-ketolactami.

Since GoN is by default compared toggas acceptor, it would be useful to begin with the

properties of an interestings§M-Cgo dyad. By employing the Mannich reaction o), with
an equimolar amount of the acetyl functionalizeg) @erivative8, dyad 9 (Scheme 2) was
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isolated in 27% yield® Concerning its photophysical properties, the gitsmm spectrum of
appears as a superimposition of those of a fuleemonoadduct and ¢N),. Semiempirical
calculations showed that the LUMO of the dyad isated at the §&N core, a fact that is
supported by electrochemical measurements, andhbatduction of &N is easier than that of
Ceso by about 0.2 V (in THF). Regarding the excitedestaroperties, the emission spectrun®of
shows both & and GgN emission peaks at 705 and 825 nm, respectiviedyfdrmer quenched
and the latter enhanced relatively to appropriaference materials. In accordance with this
observation, complementary time resolved fluoreseeand transient absorption measurements
revealed that irradiation & at first results in excitation of bothgCand GgN cores to their
singlet excited states. Then, deactivation gf Talmost totally occurs through energy transfer to
CsoN*S, which in turn decays through ISC to the azafelertriplet excited state.

pTsOH, ODCB

150°C, air

Scheme 2Synthesis of the £-CsgN dyad9.

The first GoN based donor-acceptor dyad, where a ferrocenetynigielirectly attached on
the azafullerene sphere, compourti(Figure 1), was also the first fullerene basedddyhere
the donor is directly connected to the fullerena @ single bon& The synthesis was
accomplished using the-&r strategy but in the absence of air flow gnd@isOH, since the role
of oxidant was played by ferrocene. With the aid 2B equivalents of ferrocenium
hexafluorophosphate the product was formed in ‘siatde yield”. Extensive electrochemical
studies of the dyad, together with those of refeee@N and ferrocene materials, revealed a
significant positive shift of the Fc oxidation sanby 183 mV relative to that of the parent
ferrocene), together with a minor negative shifthef three gN-originated reduction potentials.

Page 128 °ARKAT-USA, Inc.



In addition, the absorption spectrum of the dyadoeaped different from a simple
superimposition of the component chromophores’ tspecin combination, the above
observations suggest significant electronic intiéoas in the ground state. Concerning the exited
state, the characteristic emission ggNC at around 820 nm was significantly quenched i th
dyad, revealing a fast deactivation of the azafelie singlet excited state. Furthermore, transient
absorption spectroscopy showed no evidence of #meodene triplet excited state (thus
precluding a singlet-triplet energy transfer). bntrast, the existence of an absorption attributed
to one electron oxidation of ferrocene suggestedritramolecular charge transfer as the source
of the observed azafullerene singlet excited sthactivation. Charge-separated (CS) state
lifetimes of 0.4 ns (in benzonitrile) and 0.27 mstpluene) were calculated.

Figure 1. CsgN-based dyads prepared with thé\Bstrategy.

In another work, dyad$1-13were synthesized, employing the SAr strategy (Figure 1).
Here, the polycyclic aromatic hydrocarbons (PAHgjepe, coronene and corannulene were
connected through a single bond with the azafulkerdriefly, 1 equivalent of the PAH was
used in the reaction, affording the produtis13in yields 18, 17 and 9%, respectively. The
electronic interactions of the dyads were monitongth steady state emission spectroscopy,
revealing an almost complete quenching of the PAtission in the visible region. On the other
hand, the emission of the azafullerene remaingtintespite the nearly exclusive excitation of
the PAH moiety. In addition, the excitation spectranitoring the emission of thes@I moiety,
showed the characteristic absorption patterns efRAHs. In time-resolved fluorescence, the
lifetime of the GgN moiety appears the same as that of the refer€ge material (~ 1 ns). In
complementary transient absorption measurememspéctra recorded immediately after the 18
ps lase pulse showed only a broad absorption an@#(attributed to &N and not to that of
the PAH® expected in the visible region. Thus, all the enick pointed to the PAHs ultra-fast
singlet excited state deactivation via energy fiemn® GgN.

In the aforementionedsgN-based dyads, theelectron cloud of the donor lies perpendicular
to the azafullerene sphere owing to the rigid $tmec of the molecule, possibly hampering
intramolecular electronic communication. Thus, inoaplementary study, a series of aromatic
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systems were used as donors, this time employmdvidinnich synthetic approach with acetyl-
substituted donors as reactants. In this way, atively more flexible linker connects the two
chromophores, possibly allowing for a better comfation for electronic communication to
occur. Thus, dyadsl4-18 were synthesized (Figure 2) in 14-55% vyields, aisih5-30
equivalents of the appropriate acetyl-substituteshmound®® A study of the'H and**C NMR
spectra of the dyads, showed evidence that sufotit an anti-periplanar (extended, na
interaction) and a folded (efficientr interaction) conformation, leading to the conabusihat a
back-folding tendency, attributed ter stacking, is fighting the sterically favored exded
conformation, ultimately resulting in rather freetation. Considering the photophysical
properties, absorption spectra of the dyads appsasuperimpositions of the component
chromophores, thus precluding ground state intienast Monitoring the excited state features,
the near-visible region centered donor emissior0{380 nm) of the dyad$4-18 was found
guenched by a factor of 3—7 relative to that ofabetyl-functionalized aromatics (and a factor of
as large as 1100 relative to the parent aromatiRksyarding the azafullerene emission (~ 825
nm), the same observations as in the case of dyrd8 mentioned above, irrespectively of the
solvent polarity, led to the conclusion of an e#fic intramolecular energy transfer. This
observation was verified with transient absorpnosasurements. The singlet excited state of the
fluorophore appears at low time scales with shiéetitnes (~ 100 ps), while later, the;d8I™®
appears (~ 940 nm) as a meta-stable condition wdechys via ISC to the triplet excited state.

& & fAr;‘ &
TR

14

Figure 2. (Poly)aromatic hydrocarbon s@N-based derivatives prepared via the Mannich
strategy.

Porphyrins are widely known as excellent electdamors and in this context, numerous
porphyrin-fullerene donor-acceptor systems haven lssmthesized and their properties towards
efficient charge separation have been investigaldee first work on covalently linked
porphyrin-azafullerene systems involved the synshasd photophysical study of dyatld and
20 (Figure 3)*° The syntheses were accomplished with the Mannicitegy, employing an
equimolar amount of a malonate or an acetyl funetiaed tetraphenyl porphyrin (TPP) in
moderate yields. Concerning their photophysicalpprbes, the strong porphyrin emission
appears guenched by a factor of around 50 in bg#uds Interestingly, while the observed
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guenching rate o020 increases with the polarity of the solvent emptbyattributed to through
bond electron transfer), that @B remains intact (attributed to solvent-assistedugh space
electron transfer, owing to greater configuratioimeédom). Transient absorption measurements
showed TPP lifetimes of ~ 0.35 ns fol9 (independent of the solvent) while fap, TPP*
lifetimes of 0.19 and 0.08 ns were observed in T@fAB more polar benzonitrile, respectively.
The kinetics of the charge separated states, agoreh from the decays of TPR600-700 nm)
and GogN'™ (1010 nm), revealed shortening of radical ion piéétimes on increasing solvent
polarity (445 and 362 ns fot9, and 260 and 155 ns fd0, in THF and benzonitrile,
respectively). This observation is rationalizedemms of the Marcus theory of electron transfer,
where the charge-separation rate decreases orasmugethe driving force for systems that lie in
the inverted region.

Figure 3. Covalently attached porphyrins to azafullerengNSporphyrin dyad49 and20.

A different synthetic route towardssdBl-based donor-acceptor dyads involved at first the
synthesis of an azafullerene derivative bearingiractfonal group, which subsequently reacts
with an appropriately functionalized donor. Thusg ttarboxylic acid functionalizedsgN 21
(Scheme 3), prepared in 55% vyield by the Manniattien of (GgN), with 50 equivalents of
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t-butyl malonate} enabled the use of hydroxyl or amino-functionalizenor derivatives for the
preparation of dyads, while at the same time, #latively harsh conditions of thesdBl
functionalization (150°C, p-TsOH, air) were replaced by the smooth ones of rdeasation
reaction. In this context, an equimolar amount 2Zf and a hydroxyl functionalized
phthalocyanine (EPc) were condensed with the aid of EDCI/HOBt towadyad?22 (34%
yield). While weak ground state interactions betw#e two chromophores were observed, the
128-fold quenching of the JRc emission revealed strong excited state intertiMonitoring
the azafullerene emission, in non-polar toluene fwasd enhanced (suggesting energy transfer
from H,Pc) relative to the referencedd, while in polar benzonitrile was found quenchius
suggesting electron transfer. Interestingly, etettiemical measurements revealed a somewhat
lower charge separated state energy than thatseM'&H,Pc, suggesting a possible charge
transfer from azafullerene singlet excited statpafh from HPcC®) in polar solvents.
Complementary transient absorption measurementgale¥ quite different deactivation
behavior of the dyad after excitation in toluend anbenzonitrile. In toluene, absence of charge
separated state formation was verified and a seguainenergy transfer reactions and transitions
were found to occur towards theft triplet excited state {@N-H.Pc® — CsgN'*~H,Pc —
CsoNT-H,Pc — CsgN-H,Pc"). A completely different deactivation pathway wasserved in
benzonitrile, where the formation of the chargeasafed state dominates in deactivation, but the
main pathway is again a multi-step one, includingrgy transfer to §&N prior to the electron
transfer (GeN—H,oPc™> — CsgN'>-H,Pc— CsgN'™—H,Pc™). Also, the photophysical properties of
CseN-H,Pc 22 were compared to those of a previously reportegtiPc dyad®’ The lower
energy of GoN'® compared to that of 5> explained the ease of energy transfeR2reven in
benzonitrile, since EN'*~H.Pc lies energetically lower thansdSl-H.Pc*>, while the opposite
was observed in theg-H.Pc dyad. Thus, although the charge separated 'ditgémes of 22

and Go—H2Pc in benzonitrile were comparable (190 and 320rgspectively), the electron
transfer process is much slower (15 pspithan in Go—H,Pc (2 ps), a fact attributed to the
extra step of energy transfer.

Carboxylic acid functionalized4gN 21 was also used for the synthesis of thkgNScorrole
dyad 23* (Scheme 3), through a condensation reaction aécarimolar amount o021 and an
amino-functionalized corrole in 8% yield. The stgoamission of the corrole at around 660 nm
was quenched in the dyad by a factor of 20-116 riipg of the solvent employed, while a
similar trend was observed in emission lifetime exkpents. Interestingly, transient absorption
measurements of dyad3 showed the electron transfer to be the route far observed
deactivation of corrole singlet excited state, ahap and non-polar solvents alike. Monitoring the
process ino-xylene, toluene, anisole, 2-methyl-THF and benzid®j a predictable gradual
decrease of the corrole singlet excited stateriketwvas observed on increasing solvent polarity
(from 166 ps to 16 ps, as monitored by the cotrol?240 nm transient absorption) and in
parallel, a gradual decrease of the radical ion @aiN""—corrole” lifetime (from 1 ns to 65 ps,
monitoring the N absorption at 1040 nm). The latter trend of dishimg CS lifetime upon
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increasing solvent polarity was rationalized, ashim cases 019 and20 (see above), using the

Marcus theory of electron transfer.
tBu

Scheme 3Use of carboxylic acid §N-based derivativ@1l in the preparation of donor-acceptor
systems.

In a rather different approach to those descridlealve, the properties of a supramolecular
assemply of an azafullerene derivative with a zpmphyrin (ZnTPP) where studiéd.A
pyridine functionalized €N (prepared in 78% vyield by the Mannich approacmg200
equivalents of 4-acetylpyridine) together with @uienolar amount of ZnTPP were dissolved in
deuterated ODCB to study by NMR spectroscopy the#&bion of the compleR4 (Figure 4).
The spectrum showed no evidence of free ZnTPP,ellsas a remarkable upfield shift of the
a-pyridine protons’ signal by 5 ppm, verifying anmalst complete complexation of the two
chromophores. Furthermore, ZnTPP absorption spacshowed a red shift (2-4 nm) of bath
and Soret bands on addinglR-pyridine. Steady state emission of ZnTPP alsavelaba gradual
guenching (up to 25 fold), while time resolved megaments turned emission lifetime from a
monoexponential of 2 ns for free ZnTPP, to a biegmtial of 1.9 and 0.12-0.15 ns, with
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increasing contribution of the short-lived compane&m increasing §N-pyridine concentration
in non-coordinating solvents (toluene, ODCB). Thigioal emission properties of ZnTPP were
restored on addition of THF or pyridine, suggestihg dissolution of the comple24 in the
presence of coordinating compounds. Correlatingthession quenching with the;&l-pyridine
concentration, association constants for the faomaaf 24 of 9500 and 11700 Mfor toluene
and ODCB, respectively were derived. Concerningdiactivation mechanism of ZnTEPan
increase of the &N emission together with the ZnTPP emission quergtim toluene indicated
energy transfer (ZnTPP-CsgN — ZnTPP-GgN'®), a fact that was reinforced by transient
absorption measurements, where ZnTPENE was found to further decay to ZnTPRgC"".
This observation was set in contrast to the meshamf a similar @—ZnTPP supramolecular
dyad?* where electron transfer dominates even in tolu@rethe other hand, charge transfer
was the deactivation path in the more polar ODC8elHthe formation of the charge-separated
state is energetically more favorable and its faiomawas verified by the presence of thgNC™
and ZnTPP transient absorption peaks, yielding a radicaldain lifetime of 145 ns.

Figure 4. CsgN—porphyrin supramolecular dyad.

Finally, an organic—inorganic nanohybrid, where Hrafullerene was decorated with gold
nanoparticles, has been recently synthesized anghittophysical properties investigat@dht
first, the dithiolane functionalized azafullere@® was synthesized in 85% vyield from a
condensation reaction between a phenoljgNGlerivative and lipoic acid. Nanohybrizb was
then prepared by a ligand exchange reaction bet@edacanothiol stabilized Au nanoparticles
(AuNPs) and?25 (Figure 6). High-resolution transmission electromnicroscopy (HR-TEM)
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images 0f26 revealed a broad particle size distribution witlo tpopulations of 2.2 and 4.5 nm
average particle size, in contrast to AUNPs whemareow distribution centered at 2 nm was the
case. Furthermore, a non-uniform electron dendith® large nanopatrticles B6, together with
the presence of some aggregates, suggested afleaeatrinduced aggregation of nanoparticles
towards large agglomeratésl NMR measurements @6 showed a 1.6% w/w loading @6. In

the absorption spectrum, the surface plasmon b&RB) of AuNPs was red-shifted 26,
suggesting closer inter-particle proximity, whileetsmall loading of25 did not allow the
characteristic azafullerene peaks to appear. Stetadg fluorescence measurements showed a
weak broad emission band at 805 nm, after excitagibher at 330 nm (where azafullerene
absorbs) or at 500 nm (negligiblgdl absorption) in toluene, blue-shifted and enhaneéative

to that of an equimolar &N solution of25, suggesting energy transfer from AuNPs tgNC
Transient absorption measurements showed that efteitation, together with the AuNPs
excitation relaxation (2.5 ps), a non-intense ghtsmm appears, which is attributed t@glg,
indicative of energy transfer.

Scheme 4Preparation of §N decorated with gold nanoparticles.

4. Conclusions

The preparation of azafullerene-based donor-acceggtems via the two main functionalization
strategies, electrophilic aromatic substitution atannich type reactions, has been reviewed.
The variety of common functional groups that theatocan bear (acetyl, aryl, hydroxyl, amino,
carboxy) to react with the bisazafullerene (orrapde azafullerene derivative), facilitates access
to the desirable dyads. Although relatively fewafalerene-based donor-acceptor systems show
interesting properties on intra-molecular energyelectron transfer. In particular, owing to the
low energy of azafullerene singlet excited statégsa (ultra-fast in many cases) energy transfer
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from the donor excited state is commonly obserwedon-polar media, although charge transfer
has also been detected. On the other hand, in pwdra, stabilization of the charge-separated
state leads to the formation of radical ion-pdimsany case, energy or charge transfer gNGs

the preferred option for the deactivation of theaoexcited state. Without doubt, this particular
research area can be further expanded when coimgiddre possibility of incorporating
multichromophoric arrays of diverse electron dortorazafullerene.
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