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By means of different spectroscopic techniques, we investigate a novel series of free base porphyrin derivatives (H,TPP),
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connected to dibenzo-24-crown-8 (DB24C8) moieties, which undergo self-assembly with different methano[60]fullerene

units bearing dibenzylammonium (DBA) cations. The formation of both [2] and [3]pseudorotaxanes was proved by means

of NMR, UV-Vis-NIR, absorption and emission spectroscopies. With the support of molecular modelling studies,

spectroscopic investigations showed the presence of a secondary interaction between the porphyrin and the Ce

chromophores leading to the formation of different types of “face-to-face” assemblies. Remarkably, investigations of the

Non-Linear Optical (NLO) response of these supramolecular systems showed that individual porphyrin and fullerene

derivatives exhibit significantly lower second hyperpolarizability values when compared to their pseudorotaxanes

functionalised counterparts. This proves that this class of supramolecular materials possesses relevant NLO response,

which strongly depends on the structural arrangement of the chromophores in solution.

Introduction

In the last decades, extensive research efforts have been
made to develop organic materials that exhibit large and fast
third-order optical nonlinearities™® being potential candidates
for optical data storage technologies.7"9 Among the different
families of m-conjugated scaffolds showing fast non-linear
optical (NLO) output,s’m"14 fullerenes®™ " and porphyrinsls'20 -
along with their hybrid conjugates — are excellent candidates
due to their large excited-state absorption cross sections.
Furthermore, both fullerene and porphyrin derivatives can be
easily functionalised with other electron-donating and -
withdrawing groups, offering the ability to finely tune the NLO
response of the final donor-acceptor system.u"23 Although a
of elegant studies on the photophysical
fullerene-porphyrin  systems has been
physical studies about third-order optical
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nonlinearity to elucidate NLO characteristics have been made
only to a limited extent.

In that respect, we have reported the preparation and
investigation of the NLO properties of a library of donor-
acceptor systems featuring a [60]fullerene (Cgo) core covalently
linked, through a flexible triethylene glycol chain, to a
porphyrin or a ferrocenyl donor moiety.zz'23 All dyads were
found to display an increased third-order NLO response when
compared to individual reference methano[60]fullerene or
porphyrin  derivatives. In  particular, the porphyrin-
[60]fullerene dyad showed a 20-fold enhancement of its
hyperpolarizability as compared to pristine C60.22'23 Similar
results have been also reported with other covalent fullerene-
containing dyads,35'40 however, to the best of our knowledge,
the effect of non-covalent™*® linkages on the third-order NLO
responses is yet unknown for such fullerene-based systems.
Diverse crown ethers have been employed in Cgy recognition
processes‘w'61 and the construction of [n]pseudorotaxane
motifs is certainly one of the most versatile approaches to
assemble molecular chromophores. Therefore, the formation
of dibenzyl ammonium (DBA) cation and a dibenzo-24-crown-8
(DB24C8) ether macrocycle is one of the leading methods
which could be exploited to prepare a porphyrin-[60]fullerene
[2]pseudorotaxanes.62'67
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Figure 1. Library of the porphyrin- (1 and 2) and fullerene-based (3H,:PFs and 4H,-2PFs) components for preparing [2]pseudorotaxanes [1:3H,]-PFg and [2-4H,]-2PF¢ and
[3]pseudorotaxanes [(1),-4H,4]-2PFgs and [2:(3H,),]-2PFs. The latter are sketched as cartoons; reference compounds 3-BOC and 4-BOC are highlighted in grey.

Herein we report the preparation of a library of non-covalent
fullerene-porphyrin ensembles obtained by the combination of
tetraphenylporphyrin (H,TPP) and [60]fullerene derivatives,
which bear one or two DBA or DB24C8 moieties, respectively
(see the [2] and [3]pseudorotaxanes depicted in Figure 1). The
self-assembly of the [n]pseudorotaxanes was studied by NMR
(1H-NMR and Diffusion Ordered Spectroscopy) and mass (HR-
MALDI) spectroscopies. The absorption and Vis-NIR
luminescence properties of the adducts were studied and the
NLO responses of the [n]pseudorotaxane complexes
solution were investigated by means of the Z-scan technique.

in

It is shown that the spectroscopic properties are strongly
affected by intramolecular strong
enhancement of the third-order response, when compared to

interactions with a

the non-threaded and reference individual components.

Results and Discussion

Synthesis and Characterization

For the preparation of porphyrin crown ether conjugates 1 and
porphyrin methyl

2 (Scheme 1), esters 7 and 8 were

synthesized by acid-catalysed condensation reaction between
pyrrole and a 1:1 mixture of benzaldehyde and methyl 4-
formylbenzoate in the presence of BF;-Et,0, followed by
oxidation with DDQ.*® Subsequent reduction of esters 7 and 8
with LiAlIH, yielded benzyl alcohols 9 and 10 in 81 and 70%
yield, respectively. Esterification reaction of porphyrin alcohols
9 and 10 with DBC24C8-derived carboxylic acid 6 (synthesised
from DB24C8-derived alcohol 5% upon reaction with succinic
anhydride in toluene at 110 °C) in the presence of EDC as
coupling agent, afforded the final porphyrin crown ether
conjugates 1 and 2 in 67 and 54% vyield, respectively.
Fullerene-derived ammonium salts 3H,-PFs and 4H,-2PFg were
synthesized according to previously reported synthetic
protocols.“g’m’71

At first, we evaluated the self-assembling abilities of porphyrin
crown ether conjugates 1 and 2 to form a [2]pseudorotaxane
and [3]pseudorotaxane-like complexes in a chloroform-
d/acetonitrile-d; mixture (CDCl;/CD5CN, 9:1 v/v, c = 1.5 x 107

M). As previously observed for [60]fullerene-containing
[2]pseudorotaxanes,49'70 the 'H-NMR spectrum of the
appropriate stoichiometric mixture of porphyrin and

[60]fullerene ammonium salt in CDCl;/CD5sCN (9:1 v/v, 298 K)

9 oy
0} 0.
@O O@” OH
Nq o’/ 5
d
@o” ‘ O”o@,o?v\go”
Ly o8

6
85%

Scheme 1. Synthetic route towards porphyrin crown ether conjugates 1 and 2; (a) BFs:Et,0, then DDQ, Et3N, CH,Cl,, rt; (b) LiAlHs, THF, 0°C to rt; (c) 6, EDC-HCI, DMAP, CH,Cl,, 0
°C to rt; (d) succinic anhydride, DMAP, toluene, reflux. Abbreviations: DDQ, 2,3-dichloro-5,6-dicyano-p-benzoquinone; DMAP, 4-dimethylaminopyridine; EDC-HCI, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride.
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Figure 2. NMR characterisation (500 MHz, 298 K, ¢ = 1.5 x 10~ M) of [2]pseudorotaxane and [3]pseudorotaxane-like complexes after 60 minutes: (a) "H-NMR of 1 (top), [1-3H,]-PFs
and (middle) 3H,-PFg (bottom) in CDCl3/CDsCN (9:1 v/v, ¢ = 3.0 x 107> M) (left) and in CD,Cl,/CD;CN (9:1 v/v, ¢ = 3.0 x 107> M) (right); (b) *H-NMR of [2-(3H,),]-2PF¢;(c) *H-NMR of
[(1),-8H,]-2PFs and (d) *H-NMR of [2-4H,]-2PFs.Figures (e-h) are 2D-DOSY contour mode plots for the [2]pseudorotaxane and [3]pseudorotaxane-like complexes (500 MHz, 298 K, ¢ =

6.0 x 10~ M) with the corresponding diffusion values.

showed the appearance of a new pattern of proton
resonances compared to those of the free molecular synthons,
confirming the formation of the threaded complex (Figure 2a).
In particular, the presence of the diagnostic multiple
resonances around 4.5 ppm, typical of the -CH,N- protons,
were indicative of the threaded DBA moiety. The significant
changes of chemical shifts of the 8-proton and -NH- porphyrin
resonances in the pseudorotaxane complexes suggested that
the carbon cage is nested over the tetrapyrrolic macrocycle,
indicating that the ‘tight’ or ‘face-to-face’ conformer is
dominant, as also observed for other porphyrin-fullerene
ensembles.?>*****3617273 The same spectra have been also
recorded in a CD,Cl,/CD3CN mixture to avoid the presence of
the acidic CHCl; and stabilizers (such as EtOH) that could
disrupt the formation of the complex and affect both the NLO
and photophysical investigations. Moreover, it is expected that
the formation of the pseudorotaxane is stronger in CD,Cl, than
in CDCI3.61 The association constants (K,) were obtained from
measurements of the concentrations of the complexed and
uncomplexed species and using the expression K,

This journal is © The Royal Society of Chemistry 20xx

[1-3H2-PF6]/[1][EBHZ-PFG]GZ'63 (Figure 2a enlarged) and were

3950 M™ and 8385 M™ for CDCl3/CDsCN and CD,Cl,/CDsCN,
respectively. Next, the formation of [3]pseudorotaxanes
[(1),-4H,4])-2PFg and [2:(3H,),]:2PFs and [2]pseudorotaxane
[2-4H,]-2PFs was investigated. The 'H-NMR spectra
(CDCl3/CDsCN 9:1, ¢ = 3.0 x 107 M, at 298 K) showed similar
results to those observed for [1-3H,]-PFg (Figures 2b-d). In all
cases, upon addition of [60]fullerene ammonium salts 4H,-2PF¢
or 3H,-PFs, the tetrapyrrolic-centered resonances for
porphyrins 1 and 2 undergo dramatic spectral changes,
yielding multiplets which suggest the formation of the [2]- and
[3]pseudorotaxane complexes, respectively.

Additionally, diffusion ordered spectroscopy (DOSY-NMR) was
used to study the diffusion behaviour, and thus the molecular
hydrodynamic radii in solution, of free molecules 1-4 and of
[n]pseudorotaxanes (Figures 2e-h).  This  technique
unequivocally confirmed the formation of a stable complex for
all pseudorotaxanes mixtures if compared to the free
molecular components (for example, diffusion values D are

3.87x10°cm?s?, 4.14 x 10° cm? s™ and 4.93 x 10° cm? s™ for

J. Name., 2013, 00, 1-3 | 3
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Figure 3. High-resolution (HR) MALDI-TOF mass spectrum of (a) [1:3H,]-PFs, (b)
[2:(3H,),]-2PFs, (c) [(1),-4Hs)-2PFsand (d) [2-4H,]-2PFe.

[1-3H,]-PFs, 1 and 3H,-PFgs respectively). Notably, DOSY
confirmed the formation of a [2]pseudorotaxane over a
supramolecular polymer assembly for [2-4H,]-2PFs. The
diffusion study showed that the complex-centered proton
resonances have, within the experimental error, similar
diffusion coefficients to porphyrin 2 alone, a value consistent
with a folded conformation (3.11 x 10° cm? st see also the
Supporting Info, Diffusion Measurements, Figures S5-S12).
Unambiguous proofs for the formation of the different
complexes were also obtained by HR-MALDI-TOF mass
spectrometric analysis of the threaded complexes. In
particular, the main peaks corresponding to the
supramolecular ions of the pseudorotaxane complexes were
observed for all the non-covalent ensembles (Figure 3a-d and
Supporting Info, Figures S13-S16). Peaks corresponding to the
molecular ions of the constituting fullerene ammonium salts
and the porphyrin crown ether conjugates are also apparent in
the spectra (with and without PFg ). Notably, for the sample
containing a 1:1 mixture of crown ether 2 and [60]fullerene
bisammonium salt 4H,;-2PF;, the MALDI-TOF spectrum
displayed only the dimeric species, thus supporting the
hypothesis for which a cyclic structure for the
[3]pseudorotaxane [2:4H,]-2PF¢ is likely formed through an
intramolecular threading process.74

Photophysical properties

The absorption and emission spectra, along with luminescence
data and excited-state lifetimes of the individual compounds 1,
2, 3H,-PFg and 4H,-2PFs; in CH3;CN at 298 K have been
measured and are reported in Figure 1 and Table 4.

4| J. Name., 2012, 00, 1-3
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Figure 4. (a) Absorption and (b) luminescence spectra in acetonitrile at 298 K of 1 (red),
2 (blue), 3H,-PFg (green) and 4H4-2PFg (black). Aexc = 414 nm for 1 and 2 and A = 330
nm for 3H,-PFg and 4H,-2PFg).

Tablel. Luminescence data and excited state lifetimes in acetonitrile at 298 K.
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Amar” / M o /% 9 ns
1 650 7.1 9.3
2 650 7.4 9.5
3H,PFs 700 0.08 1.3
4H,-2PFg 704 0.09 1.5

(a) Highest energy feature of the luminescence bands, at A, =414 for 1and 2 nm
and A, = 330 nm for 3H,PFs and 4H,-2PF; (b) Calculated using [Ru(bpy)s]** as
standard; (c) From time correlated single photon counting (TCSPC) apparatus
using A _=331nm.

‘exc

The UV/Vis absorption spectra of 1 and 2 show the narrow and
intense Soret band centred at 414 nm and the weaker Q-bands
from about 500 nm up to 675 nm. As expected for porphyrin
derivatives,75 1 and 2 are relatively good fluorophores with
emission quantum yields around 7%. Methanofullerenes
3H,-PFg and 4H,-2PF¢ absorb throughout the UV/Vis spectral
region and exhibit weak fluorescence with emission quantum
yields below 0.1%. Overall, no remarkable differences are
found between reference compounds 1 and 2 and between
3H,-PFs and 4H,-2PFg both in absorption and luminescence
properties.

The self-assembly of porphyrin crown ethers 1 and 2 with the
[60]fullerene ammonium compounds 3H,-PFg; and 4H,-2PFg
leading to pseudorotaxane-like complexes were investigated
with UV-Vis-NIR absorption and luminescence spectroscopy in

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Absorption spectra of 1 and 2 in Et,0/CHsCN (98:2 v/v, 298 K, ¢ = 5.5 x 10°° M) upon addition of increasing amounts of fullerene derivatives; 1 (top, red line) + up to 4
eq. of fullerenes 3H,:PFe (a) and 4H,* 2PF¢ (b); 2 (bottom, red line) + up to 3 eq. of fullerenes 3H,-PF¢ (c) and 4H,* 2PFg (d).

a Et,0/CH5CN solution (98:2 v/v). The choice of the solvent is
crucial in order to obtain strong porphyrin-fullerene
interactions, particularly when working at low concentrations
(10'5—10'6 M), as necessary for photophysical investigations. In
particular, a series of titration experiments were made to
explore all the combinations between the individual moieties.
The porphyrin crown ether 1 was mixed with both
[60]fullerene ammonium salts 3H,-PFs and 4H,;-2PF¢ to form a
[2]pseudorotaxane-like [1-3H,]-PFs and a [3]pseudorotaxane
[(1),-4H,]-2PFscomplexes. Similarly, [60]fullerene ammonium
salts were added to compound 2 to form [3]pseudorotaxane
[2:(3H,),]:2PFg and [2]pseudorotaxane [2:4H,]-2PF.

The absorption spectra of porphyrin crown ethers 1 and 2
(Et,0/CHsCN, 98:2 v/v 5.5, x 10° M) were monitored upon
addition of increasing amounts of [60]fullerene ammonium
compounds (Figure 5). The number of fullerene equivalents
added to the porphyrin solutions depends on the nature of the
individual moieties. The formation of pseudorotaxanes
[1-3H,]-PFg and [(1),-4H,]-2PF¢ is virtually complete after the
addition of about four equivalents of 3H,-PFs and 4H,*2PFg,
respectively, to a solution of 1. Similarly, for the porphyrin 2,
the titration experiments are completed upon addition of
three equivalents of fullerenes 3H,-PFs or 4H,;-2PFs. The
absorption profiles of all pseudorotaxanes exhibit a decreased
Soret band and the appearance of a weaker, broader and
bathochromically-shifted band. Notably, a neat isosbestic
point is found at 420 nm, as the concentration of fullerene
increases. In agreement with previous findings, these
observations suggest the occurrence of strong porphyrin-

This journal is © The Royal Society of Chemistry 20xx

fullerene interactions, most likely related to face-to-face
arrangements.”

The self-assembly of porphyrin crown ethers 1 or 2 and
[60]fullerene ammonium molecules 3H,-PFg and 4H,-2PF¢ has
been also traced by luminescence spectroscopy in Et,0/CH;CN
(98:2 v/v, c = 5.5 x 10° M). Emission spectra were recorded by
adding increasing aliquots of fullerene derivatives and exciting
at the isosbestic point (420 nm), operating at the same
concentrations employed in the absorption studies; both UV-
Vis (Supporting Info, Figure S17) and IR (Figure 6) detectors
were used. A progressive quenching of the porphyrin-centred
fluorescence, together with the formation of a broad band
around 950 nm, is found. The latter band can be attributed to
a porphyrin — fullerene charge-transfer state (CT) between
the units in a “tight” non-covalent ensemble, in line with
studies on tightly-folded fullerene-porphyrin
conjugates.72’76'8° The lifetime associated to this state is found
to be about 3.5 ns (Table 2).

earlier

Table 2. Luminescence data and excited state lifetimes of the CT band in Et,0/CH;CN
(98/2 v/v) at 298 K.

Amax / NM t/ ns

[1-3H,]-PF¢ 924 3.5
[(1),:4H4]-2PF6 922 33
[2:(3H,),]-2PFs 921 3.5
[2-4H,4]-2PFs 922 34

J. Name., 2013, 00, 1-3 | 5
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Figure 7. Luminescence spectra recorded with A, = 420 nm and using an IR-sensitive detector in Et,0/CHsCN (98:2 v/v, 298 K, ¢ = 5.5 x 107 M) (Aexc = 420 nm): 1 (top, red line) + up
to 4 eq. of fullerene 3H,-PFg (a) and 4H,* 2PF¢ (b); 2 (bottom, red line) + up to 3 eq. of fullerene 3H,-PF; (c) and 4H,-2PF¢ (d). The insets show the charge transfer emission bands in

the infrared region.

The photophysical characterization of all the pseudorotaxanes
was also performed in the same conditions used to study the
third order optical nonlinearity (vide infra). Namely, in a
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Figure 6. (a) A-bwsErption and (b) emission spectra in CH,Cl,/CH3CN (9:1) of 1 (0.25 mM)
upon addition of 0.5 (blue), 1 (red), 2 (green) equivalents of 3H,:PFs. Aexc 600 Nm, IR
detector.
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mixture of CH,Cl,/CH;CN (9:1 v/v, ¢ = 2.5 x 10 M) and using
different ratios between the components (Figure 7 and
Supporting Info, Figure S18). However, under these conditions,
the CT emission bands in the NIR region were not observed.
This is attributed to the greater polarity of this solvent mixture
(CH,CI,/CH5CN, 9:1 v/v) compared to that used in the first set
of experiments (Et,0/CH;CN, 98:2 v/v). In fact, it has been
already demonstrated that, by increasing polarity, the CT
emission band moves progressively to lower energy,
decreasing its intensity until disappearance.77 In particular,
faint emission is detected in THF and no emission in
benzonitrile, with CH,Cl, (present case) showing intermediate
dielectric constant.”” However, clue of non-covalent porphyrin-
fullerene interactions can be inferred by the dramatic
quenching of the porphyrin fluorescence (Supporting Info,
Figure S18).

Molecular Modelling

The characterization of the supramolecular species in solution,
which evidenced strong fullerene-porphyrin interaction, was
further complemented by the molecular models built for the
[n]pseudorotaxane complexes (Figure 8 and Supporting Info,
Molecular Modelling part). By performing geometry
optimization on each derivative alone and in complex (PM6
semi-empirical level of theory, vacuum) it was possible to
compute their molecular volumes, together with the
hydrodynamic radius of an ideal sphere that included the
molecules. Subsequently, the calculated (r.,.) hydrodynamic
radius was compared with the experimental one (r.,) as
calculated from the DOSY-NMR experiments (values reported
in Figure 8, under the molecular models). The geometry
optimizations, in all cases, showed the presence of ‘face-to-

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Optimised geometries obtained for the pseudorotaxanes (a) [1-3H,]-PFg, (b) [2:(3H,),]-2PFs, (c) [(1),:4H4]-2PFs and (d) [2:4H,]-2PFg in the vacuum at the PM6 level of

theory.

face’ conformations. The porphyrin and the fullerene are in a
close contact with a distance of about 3.2 A, as a result of the
n-t intramolecular interaction (Figure 8a). The optimised
geometry of the [2:(3H,),]-:2PFs complex showed a
“sandwiched” complex, in which the two fullerene moieties
are both ‘stacking’ in a ‘face-to-face” fashion at a distance of
3.4 A from the two opposite m-faces of the porphyrin
macrocycle (Figure 8b). On the contrary, in the case of
[(1),-4H,]-2PF5, whose ratio among the chromophores is
inverted, the situation is substantially different, with only one
of the porphyrin units being in close contact with the fullerene
sphere. Finally, the hydrodynamic radius as calculated from
the optimised geometry of [2:4H,]-2PF¢ (1.2 nm) proved to be
in good agreement with the experimental hydrodynamic value
of 1.3 nm (calculated from the diffusion coefficient in DOSY-
NMR experiment through the Stokes-Einstein equation). This
further corroborates the formation of the complexes.

Third-Order non-linear optical (NLO) properties

The third-order NLO properties of all the pseudorotaxanes and
the molecular references (i.e., Cgo, fullerenes 3-BOC, 4-BOC,
3H, and 4H,, porphyrins 1 and 2, 1:1 mixtures of 1/3-Boc, 2/3-
Boc, 1/4-Boc and 2/4-Boc) have been investigated in
CH,Cl,/CHZCN (9:1 v/v, ¢ = 2.5 x 10™ M) solutions by means of
the Z-scan techniquegl’82 under 35 ps, 532 nm laser excitation.
By performing measurements on different concentrations
under various incident laser excitation energies, the nonlinear
absorption coefficient, 8, and the nonlinear refractive index

This journal is © The Royal Society of Chemistry 20xx

parameter, y’, have been determined. Some characteristic
“open” and “divided” Z-scans of pseudorotaxanes solutions
are present in Figure 9. Then, the third-order susceptibility )((3)
and the second hyperpolarizability y have been deduced (the
details are given in the Supporting Info, NLO part). Among
these NLO parameters, the value of the second
hyperpolarizability y, being concentration independent, can be
regarded as a molecular property, allowing the direct
comparison of the NLO response of different molecules. The
determined values of the second hyperpolarizability y of the
studied molecules are listed in Table 3 (which also contains the
data obtained after the Et;N addition, see also Table S1-S2). As
shown, the values of the hyperpolarizability of the
pseudorotaxanes were found to be larger than the sum of the
hyperpolarizabilities of the reference porphyrin and the
respective [60]fullerene derivative, suggesting a underlying
operational mechanism leading to some synergistic action.
Specifically, the enhancement of the NLO response of the
pseudorotaxanes compared to the sum of the individual NLO
responses of the constituents’ molecular entities becomes
comprehensible considering the presence of an efficiently
formed CT state. In fact, such CT states are characteristic
features of the [60]fullerene-porphyrin assemblies, whose
contribution is known to be favoured by the present excitation
conditions (i.e., under 532 nm laser excitation).ss"86 Similar
enhancement of the NLO response of other fullerene-based
systems has been observed and reported in the literature
previously.22’23’87'89 Another interesting observation is the
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Figure 9. (3, c, e, g) “Divided” and (b, d, f, h) “open-aperture” Z-scans of solutions of the pseudorotaxanes assemblies [1:3H,]-PF, [(1),:4H4]-2PFs, [2:(3H,),]-2PFs and [2:4H,]-2PF;
(from top to bottom) in CH,Cl,/CH3CN (9:1 v/v) without (black lines, c = 7.0, 7.0, 8.3 and 9.8 x 10" M, respectively) and with Et;N (red lines, ¢ = 6.0, 6.5, 7.2 and 9.0 x 10 M,
respectively). The solid lines correspond to the best numerical fits of the experimental data points and were used for the determination of the NLO parameters.

strong dependence of the hyperpolarizability on the number of
electron-accepting fullerene appends, as pseudorotaxanes
[1-3H,]-PFs and [(1),-4H,]-2PFg (Figure 9 and Table 3) were
found to exhibit a modest increase of y, whereas stronger
enhancements was observed for pseudorotaxane
[2-(3H,),]-2PF¢ with two [60]fullerene units. Notably, larger y
values were also found for cyclic pseudorotaxane [2-4H,]-2PF.
Presumably, the presence of different conformations
reflected on the CT mechanism, namely when going from the

is

“tight” conformation to the “loose” one, the electron transfer
process could change, with substantial
hyperpolarizability values of the molecular
Therefore, molecular systems in which the fullerene and the
porphyrin are mostly in a folded conformation, as in the case
of the pseudorotaxane assemblies [2:4H,]-2PF; and
[2:(3H,),]-2PF¢, display more efficient charge transfer than for
the assemblies [1:-3H,]-PFs and [(1),-4H,]-2PF¢, and thus higher
NLO responses.

Additionaly, 1.8 equivalents of a base (Et;N) were added and
the sum of the second hyperpolarizability y values of the non-
threaded components was observed to recover (Figure 9 and
Table 3, entries 6, 8, 10 and 12), thus further supporting our
hypothesis according to which the ground-state fullerene-
porphyrin  interchromophoric interaction is the key
requirement for enhancing the hyperpolarizability. As
expected, this behaviour is more pronounced for the tightly-
bonded pseudorotaxane assemblies [(1),-4H,]-2PFg,
[2:(3H,),]-2PFg and [2:4H,]-2PF¢, while it is weaker for complex

changes of the
assembly.

8 | J. Name., 2012, 00, 1-3

[1-3H,]-PFs. The values of NLO parameters of several donor-
acceptor systems from the literature are included in Table S3
(see Supporting Information) for comparison purposes. As one
can notice, the pseudorotaxanes reported in the present study
exhibit remarkably enhanced NLO response if compared to
similar dyads. As anticipated in the introductory section, these

studies include porphyrin-  and ferrocene-fullerene

derivatives. 11722348798 Among others, previous works by our

groups clearly showed a dramatic effect of the
22,38,97

functionalization on the NLO response, further proving
the existence of the charge-transfer event.>*® For instance,
when studying the NLO properties of two fullerene derivatives
in various chemical environments under 35 ps, 532 nm using Z-
scan technique, the presence of an electron donor moiety
causes an enhancement of the NLO response by almost a
factor of two,38 with the porphyrin moieties displaying the
highest response (see Table S3 in the SI).22 It should be
mentioned that two types of charge-transfer interactions are
generally present between an electron donor (e.g. a porphyrin
unit) and an electron acceptor (e.g. a fullerene unit). The first
is covalent contribution, also known as “through-bond”
interactions where the electrons charge transfer is realized
through an intermediate chain linking the donor with the
acceptor. The second is a non-covalent or “through-space”
interactions where the electron charge transfer is succeeded
by the contiguity of the donor and acceptor units in
space.lm'102 Most of the aforementioned hybrids belong in the
first category (i.e., covalent linkages), in contrast to the

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 11



Page 9 of 11

Physicat Chemistry. Chemical Physics

fullerene-porphyrin  pseudorotaxanes (i.e. non-covalent
linkages). This work therefore demonstrated the superiority of
the charge transfer through space systems, highlighting their
capability of reversing the charge transfer effect (as has been
shown by the addition of Etz;N) and subsequently their

potentials in term of on-off NLO performance.

Conclusions

Exploiting the versatile crown-ether ammonium recognition
motif, we have reported the preparation of a series of
[60]fullerene-porphyrin  [n]pseudorotaxanes, allowing the
[60]fullerene acceptor and the porphyrin donor to adopt a
folded conformation, in which the two moieties get in tight
contact. The non- covalent donor-acceptor systems reveal a
strong enhancement of the third-order NLO response as
measured by the Z-scan technique, which is significantly
different from the corresponding response of the individual
species. This is ascribed to the threading process that brings in
close proximity the fullerene and the porphyrin moieties,
allowing the formation of a polar charge-transfer state.
Notably, addition of a base capable of deprotonating the
ammonium allows a reversible suppression of the NLO
responses as a consequence of the dethreading process. By
describing the construction of supramolecular fullerene
materials whose NLO properties can be tuned by external
stimuli, this work provides yet another example for the
technological potential of organic materials displaying high
versatility and ease of construction.
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