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The supramolecular polymerization of a bis-pillar[5]arene dicarboxylic acid monomer (H) in the presence
of a mixture of complementary bis-guests 1,12-dodecanediyl-bis-1,1'-1H-imidazole (G1) and bis-N,N’-(6-
(1H-imidazole)decyl)-perylene bisimide (G2), produces an AA/BB-type supramolecular copolymer H/G1/G2
that retains the properties of the parent bi-component systems, that is, H/G1 solubility and H/G2 photore-
sponsiveness. The supramolecular copolymer showed stimuli-responsiveness, reacting to the presence of
the cancer marker, spermine (S), by disassemblying and releasing G2. Once released, the perylene bisi-
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mide monomer (quenched in the copolymer by host-to-guest electron transfer), showed a remarkable
increase of emission intensity. ESI-MS data are fully consistent with the formation of the H/G1/G2 copoly-
mer, and AFM investigations on films cast from H/G1/G2 and H/G1/G2 + S solutions demonstrated that
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Introduction

Supramolecular polymers'™ are ordered superstructures (or,

as defined by J.-M. Lehn, ‘novel expressions of complex
matter’®) composed of monomeric units held together by non-
covalent interactions rather than covalent bonds, as it happens
in classical polymeric materials. They are generally prepared
by the supramolecular polymerization®’ of small molecules
that spontaneously self-assemble to produce large aggregates,
that ultimately display polymeric properties.

The main advantage of these novel materials over covalent
polymers is that they can be produced from a wide variety of
molecular monomers, which can be chosen depending on the
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the supramolecular copolymer sensing abilities are retained also in the solid state.

properties the final product must possess. In this light, both
the monomer and the type of interaction that will hold the
supermolecules together can in principle be customized, pro-
viding at the same time function, as brought by the molecular
features of the monomer(s) of choice, as well as robustness
and conditional stability, deriving from the dynamic and
reversible nature of the intermolecular - i.e., intermonomer -
forces involved. In addition, the combination of the molecular
and supramolecular properties of these materials often pro-
vides stimuli-responsiveness, the most desirable of their
unique features.

Supramolecular polymers are long past the stage of scienti-
fic curiosity and have become a technological reality, with
applications that span from materials science® to the bio-
medical field.'*™* Research currently focus on the ability of
these materials to perform specific functions in a targeted
fashion. In particular, considerable effort has been devoted to
the use of supramolecular polymers in the area of sensing and
biosensing. Again, owing to their adaptive nature, they rep-
resent a significant advancement over conventional sensing
systems based either on covalent (single-use) polymers or
single-molecule reporters. In fact, supramolecular polymer
sensors, in addition to the required sensitivity, selectivity and
ease of read out, provide a reversibility that makes them reusa-
ble and capable of real-time monitoring of physical parameters
or chemical agents. Among many, an elegant example is the
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one reported by Schenning and co-workers," an inkjet-printa-
ble sensing system based on a hydrogen-bonded supramolecu-
lar cholesteric liquid crystal network, able to return a fast
response to changes in temperature and humidity by changing
its reflection colour. Colour changes were determined by a
change in the helix pitch as a result of water adsorption.

Supramolecular polymers can be used also for the detection
of small organic molecules, as it was shown in the case of thin
films formed from n-electron rich anthracene- or pyrene-con-
taining tetracarboxylic acids.'* Exposure to vapours of elec-
tron-deficient nitroaromatic compounds resulted in a macro-
scopic quenching of fluorescence, thus allowing for the detec-
tion of explosives at the level of parts per trillion (ppt).*

Supramolecular polymers have been also used to detect
intrinsic molecular properties such as chirality. Haino and co-
workers'® reported that a porphyrin-based, hydrogen-bonded
supramolecular polymer could reveal the enantiomeric excess
of (+)- and (-)-a-pinene mixtures. The polymer was composed
of achiral monomers that assembled in racemic (+)- and
(-)-helical aggregates which reacted to the addition of nonrace-
mic molecule with an intense response in their electronic cir-
cular dichroism spectra.

These highly representative examples show that, with the
choice of suitable monomers, it is possible to program the pro-
perties of a material that has to execute a given function.
When this is not directly achievable, though, it is possible to
resort to blending or formulation of composite material that
conjugate different properties arising from different com-
ponents. It may be done by mixing supramolecular and classi-
cal covalent components (as it has been recently shown, for
instance, in mechanochromic materials that display self-diag-
nostic properties'”'), or by the careful balancing of different
monomers to obtain supramolecular copolymers.'®' These
are multicomponent, non-covalently bound systems - with
varying degree of internal organization®> - comprising supra-
molecular domains with different molecular properties, that
may even act in a synergistic manner.

Nanoarchitectures with 1D (linear) topology can be pre-
pared by the supramolecular polymerization of heteroditopic
AB-type, or pairs of complementary homoditopic AA/BB-type
monomers. Among the wide range of monomeric units that
have been employed,>® those relying on host (A) and guest (B)
mutual recognition are the most fascinating,* as a careful
selection of the two counterparts may bring to the final
material specific properties such as robustness, luminescence,
pH responsiveness, molecular recognition etc.>>*® Owing to
their ease of chemical modification, crown ethers,>’*® cyclo-
dextrins,?® calix[n]arenes,***" pillar[n]arenes®*>* and other
macrocyclic receptors have been employed in the construction
of supramolecular polymers.

In the course of our studies in this field, we have actively
investigated stimuli-responsive supramolecular polymers that
self-assemble as a result of host-guest interactions between
calix[5Jarene-**** or pillar[5]arene-containing®® monomers
and complementary diaminoalkanes or alkyl(di)ammonium

ions. Herein, taking advantage of the affinity between
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Scheme 1 Chemical structures and cartoon representation of com-
pounds H, G1, G2 and S.

pillar[5]arenes and alkylimidazole moieties,*>*' we describe a

supramolecular copolymer composed of a novel bis-pillar[5Jarene
dicarboxylic acid H and, as complementary partners, 1,12-dodeca-
nediyl-bis-1,1-1H-imidazole G1 and bis-N,N-(6-(1H-imidazole)
decyl)-perylene bisimide G2 (Scheme 1). We will show how the
H/G1/G2 copolymer, in retaining polymers H/G1 adaptivity and
solubility and H/G2 photophysical properties, can act as an
efficient OFF/ON luminescent sensing agent for the cancer
marker, spermine (S),"> both in solution and in solid films.

Results and discussion
Synthesis of the molecular components H, G1 and G2

Bis-pillararene H was synthesized in two steps starting from
nonamethyl-pillar[5]arene®’ 1 by following a procedure recently
optimized by us for the syntheses of similar calix|{5]arene*® and
pillar[5]arene®® monomers (Scheme S1, see the ESIf).
Pillararene 1 was reacted with dimethyl meso-2,8-dibromono-
nandioate®* 2 and K,CO; in refluxing acetonitrile to give bis-
pillararene diester 3 in 46% yield. Diester 3 was then hydrolysed
to H using LiOH in THF/H,0 (30%). While G1 is a known com-
pound,*® G2 (Scheme S2, ESI{) was prepared from 10-(1H-imid-
azole)-1-N-phthalimidodecane 4,'® which was first converted
into 10-(1H-imidazole)-1-decanamine 5 by treatment with hydra-
zine (66%), and then reacted with perylene-3,4,9,10-tetracar-
boxylic dianhydride 6 in refluxing DMF (80%).

H/G1 Supramolecular polymer

The ability of homoditopic H to act as a monomer for the self-
assembly of supramolecular polymers was tested in the pres-
ence of G1 as the complementary homoditopic partner.

This journal is © the Partner Organisations 2024
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Fig. 1 'H NMR spectra (500 MHz, CDCls, 25 °C) of: (a) [H] = 10 mM; (b)
[H] = [G1] = 10 mM; (c) [G1] = 10 mM. *Asterisks indicate residual solvent
peaks.

Upon addition of 1 equiv. of monomer G1 to H, the 'H
NMR resonances of the two species (Fig. 1, spectra a and c)
undergo dramatic changes, confirming that the pillararene/
alkylimidazole recognition is taking place. Notably, the aro-
matic resonances of the imidazole moieties and the aryl units
present in the individual spectra of G1 and H disappear,
leaving room to a broad resonance (spectrum b); at the same
time, two new resonances appear at high fields (6 = —0.28 and
0.62 ppm, respectively). A 2D TOCSY spectrum (Fig. S2, ESI{)
allowed for the assignment of the resonances of the alkyl
chains of both G1 and H, showing that the high-field peaks
belong to the imidazole guest placed within the cavity of a pil-
lararene moiety experiencing — along with the adjacent methyl-
ene groups - the shielding effect of the aromatic rings of the
host.

Diffusion ordered spectroscopy (DOSY) NMR experiments
shed light on the self-assembly of the H/G1 supramolecular
polymer (Fig. S7-S10, ESIf). In keeping with previous
studies,**° the self-diffusion coefficients (D) of the species
present in 1:1 samples of H and G1 were found to be con-
centration dependent. The D values were seen to decrease
consistently upon increasing the concentration of H and G1
from 1.0 to 16.6 mM (D = 3.04 = 0.08 to 1.45 + 0.08 x 10 *°
m? s7'), respectively. Remarkably, over the entire concen-
tration range investigated, both H and G1 diffuse with the
same coefficient, indicating the formation of H/G1 aggre-
gates (Table 1).

The average molecular mass of the aggregates can be esti-
mated from eqn (1)*” that, assuming the formation of

random-coil, spherical-shaped supramolecular polymers,

This journal is © the Partner Organisations 2024
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Table 1 Self-diffusion coefficients (D) and average molecular mass (M)

of H, diester 3 and H/G1 aggregates measured at 25 °C in CDCls in the
1.0-16.6 mM concentration range

[H] mM [G1] mM [3] mM D(x107m?*s™) M (amu)
1 1 — 3.04 +0.08 5350
5 5 — 2.43 +0.09 8250
10 10 — 1.84 + 0.09 24100
16.6 16.6 — 1.45 + 0.08 49300
16.6 — — 3.87 +0.08 2600
— — 16.6 4.50 +0.09 1684

inversely correlates the self-diffusion coefficient D with the
molecular mass M:

Daggregate /Dmonomer = (Mmonomer /Maggregate ) /s (1)

Given the natural tendency of carboxylic acids to form
hydrogen-bonded dimers (especially in aprotic solvents such
as CDCl,), the self-diffusion coefficients of H and the diester
precursor 3 were measured and compared (Fig. S11, ESIf).
The latter was found to diffuse with a D = 4.50 + 0.09 x 107*°
m? s77, indicating that H (D = 3.87 = 0.08 x 107** m? s7") is in
equilibrium with its dimeric form. Simple calculations (using
the D value of 3 as the reference value for a monomeric bis-
pillar[5]arene) show that at 1 mM the H/G1 aggregates have an
average M = 5350 amu whereas at 16.6 mM the average M
increases to 49 300 amu, roughly corresponding to an increase
from ca. 3 to 25 H/G1 monomeric units.

H/G2 Supramolecular system

Perylene bisimide-containing monomer G2 was found to be
sparingly soluble in CHCl;, preventing further studies on the
H/G2 polymer in the millimolar range to allow for NMR
characterization. However, the interaction between H and G2
could conveniently be investigated by UV-vis and fluorescence
spectroscopy (Fig. 2). To this end, a G2 solution (7.83 x 107°* M
in CHCI;/CF;CH,OH (TFE) 97:3 v/v, vide infra) was titrated
with a solution of bis-pillar[5]arene H. Progressive additions of
H caused a corresponding hyperchromic effect on the band at

>——e
01 l\’
A %0 %0 50 600

Wavelengths/nm

. T T T 1
500 550 600 650 700 750
Wavelengths/nm

Fig. 2 Emission and absorption (inset) titrations in CHCl3/TFE 97:3 v/v
of [G2] = 7.83 x 107% M with [H] = 2.46 x 10~* M solution (titrant con-
centration from 7.78 x 1077 to 1.54 x 107> M). The excitation wavelength
was set at o, = 456 nm.
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A =292 nm belonging to the pillar[5]arene macrocycle, without
affecting the absorption spectrum of G2 (characterized by the
typical perylene bisimide absorptions in the 420-540 nm spec-
tral range), thus indicating that the ground-state of the pery-
lene bisimide moiety is not affected.

The emission spectrum of G2 (Ax = 456 nm) features the
three typical bands of perylene bisimide moieties at 4 = 537,
578 and 627 nm, respectively. Upon addition of H, the fluo-
rescence intensity of G2 was progressively quenched as the
titration proceeded, probably as result of a host-to-guest photo-
induced electron transfer (PET), favoured by the tendency of
the perylene bisimide moiety to behave as a good electron
acceptor (owing to its relatively low reducing potential).*$™>°

To evaluate in detail the effect of complexation on the
photophysical properties of perylene bisimide, pump-probe
transient absorption experiments were carried out by exciting
at 400 nm (100 fs) a solution of H/G2. The transient absorption
spectra (TAS) are shown in Fig. 3.
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Fig. 3 TAS matrix (bottom) and selected TASs (top) with kinetic fitting
@ 530 nm in the inset (top) of [H/G2] = 3.83 x 10~ M in C,H,Cls/TFE
97:3 v/v solution. Chloroform was replaced with tetrachloroethane to
avoid the formation of HCl under high-energy laser light excitation. The
excitation wavelength was set at 1e, = 400 nm (pulse 100 fs, 100 mJ).
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The initial spectrum showed the characteristic bands of a
perylene bisimide. Bleaching could be observed in the region
between 420 and 540 nm and a stimulated emission contri-
bution at lower energy, while above 600 nm an intense absorp-
tion typical of perylene bisimides could be distinguished.****

The spectrum of the optically populated species evolved in
about 9 ps, albeit with little spectral variation, to a new species
characterized by a weak absorption around 620 nm. The evol-
ution of TAS remained almost constant in the first 90 ps, to
leave the field to a spectrum, weak in intensity, attributable to
a small fraction of the sample, that evolved with a lifetime on
the order of 900 ps.

To rationalize these results, it should be kept in mind that
pillararenes may undergo an oxidation process at about 0.75 V
vs. Fe (ferrocenium/ferrocene) while perylene bisimides undergo
a reduction process at potentials less negative than —1 V vs.
FC.49’51

The excited state energy for G2, evaluated from the inter-
section of the normalized absorption and emission spectra,
resides at approximately 2.4 eV. Using the simplified Rehm-
Weller equation®” it is possible to estimate the driving force
for the photoinduced electron transfer process from the pillar-
arene to the fluorophore which, despite all the used approxi-
mations, turns out to be strongly negative of about 0.7 eV.

In order to gain additional evidence, TAS experiments were
carried out by recording the spectral changes in the near infra-
red and, as shown in Fig. S17, ESI, within a few ps the for-
mation of a peak at about 950 nm assignable (by comparison
with literature data®') to the formation of the reduced G2 by
the pillararene is observed and this species recombines to the
fundamental state within about 100 ps, while an absorption
tail is recovered on a longer time scale (about 1 ns).

Taken together, these results suggest that the excited state
of G2 in the complexed form is quenched by electron transfer
from the pillararene with a time constant of 8.6 ps and the
charge-separated state so formed recombines with a time con-
stant of about 85 ps.

The signal that evolves in a longer time scale can be attribu-
ted to the non-complexed portion of G2 or to a remote electron
transfer effect from a pillararene cavity that is not directly com-
plexed, but still in close proximity to the fluorophore. This
species evolves with a time constant comparable to that of the
residual luminescent excited state, which is found to be about
1 ns.

With the aim of testing the H/G2 system for a potential use
as the sensing component in a biomedical device, a 3:1 H/G2
solution in CHCI;/TFE 97 : 3 v/v (excess H was added to make
sure that G2 was conveniently quenched) was treated with
increasing amounts of spermine (S). While the UV-vis absorp-
tion spectra showed no change whatsoever (Fig. 4), emission
spectra showed a progressive increase of emission intensity
(Fig. 4), indicating that G2 was being released from the pillar-
arene cavities and it was regaining its emission properties,
confirming that S may efficiently act as competitor for the bis-
pillar[5]arene H, and therefore the H/G2 system may success-
fully act as a sensing agent for spermine detection.

This journal is © the Partner Organisations 2024
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Fig. 4 Absorption and emission (inset) titrations in CHCIz/TFE 97 : 3 v/v
of a solution containing [G2] = 7.34 x 107* M and [H] = 2.19 x 10> M
with a [S] = 2.3 x 10~* M solution (titrant concentration from 7.73 x 10~/
to 1.57 x 107> M). The excitation wavelength was set at Ao, = 456 nm.

H/G1/G2 Supramolecular copolymer

The construction of a functioning device requires the incorpor-
ation of the sparingly soluble H/G2 sensing system into an
adaptive and easy-to-handle backbone. It was therefore envi-
saged that formulation of a three component H/G1/G2 copoly-
mer could provide a material retaining both the H/G1 stability
and H/G2 sensing properties. The copolymer was prepared by
solid-liquid extraction of G2 with a solution of preformed H/
G1 oligomers, containing a slight excess of H over G1
(1:0.9 host-to-guest ratio). Therefore, a [H] = 10 mM, [G1] =
9 mM in a CDCI,/TFE (97 : 3 v/v) solution was stirred for 2 h at
room temperature in the presence of an excess of solid G2,
and then filtered through a 0.45 pm PTFE membrane.

"H NMR spectra in Fig. 5 show that, after the extraction
(spectrum c), the resonances of free G2 (spectrum d) under-
went significant changes. The multiplet belonging to the pery-
lene aromatic core (6 = 8.58-8.71 ppm) broadened, whereas the
imidazole ring hydrogen atoms shifted up-field, merging with

G2 d)
fh
H/G1/G2 T ) i‘ wu ‘ )
| 1
i WA WU W MW ea A
i il
T - W\ N Y. ’
¥ VAL g AN — NNV NN A
"
) | )4 )
x
1AL S s P
8 if 6 5 4 3 2 1 0

Fig. 5 'H NMR spectra (500 MHz, 25 °C, CDCl3/TFE, 97:3, v/v) of: (a)
[H] = 10 mM; (b) [H] = [G1] = 10 mM; (c) [H] = 10 mM, [G1] = 9 mM, [G2]
=1mM; (d) [G2] = 0.6 mM. *Asterisks refer to residual solvent peaks.
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the broad resonance assigned to the pillararene aromatic
hydrogen atoms. In addition, comparison between spectra (b)
and (c) shows the appearance of a second set of resonances in
the high field region consistent with the methylene groups of
G2 included inside the aromatic cavities of the pillararene
macrocycles (as demonstrated by a 2D TOCSY spectrum where
the methylene chains of the three monomers are clearly identi-
fied, see Fig. S3 and S4, ESI}). Integration of the relevant
peaks at § = 4.43 ppm (for H), § = -0.11 ppm (for G1) and 6 =
-0.28 ppm (for G2) in spectrum 5c confirms the 1:0.9:0.1
composition of the copolymer.

A series of DOSY NMR spectra provided conclusive evidence
on the H/G1/G2 copolymer formation, rather than the coexis-
tence of a mixture of H/G1 and H/G2 aggregates (Fig. 6).
Careful inspection of Fig. 6¢ reveals that all the components of
the copolymer diffuse with the same coefficient, indicating
that they belong to the same aggregate and that they are not
diffusing independently. Moreover, the diffusion coefficient of
the H/G1/G2 copolymer (D = 1.47 + 0.06 x 10" m”* s, at [H] =
10 mM, [G1] = 9 mM and [G2] = 1 mM in CDCL/TFE, 97:: 3, v/v,
Table 2, see also Fig. S12-14, ESIT) was found to be smaller than
the one measured at the same concentration for the H/G1
polymer (1.83 + 0.05 x 107*® m* s™"), showing that the addition of
TFE (that improves G2 solubility) led to an increase of the average
molecular mass from M = 24 500 to 47 300 amu. In fact, in line
with previous studies,**”® protic solvents promote host-to-guest
proton transfer, with the result that electrostatic attraction
between the charged moieties (COO™---HN") increase the affinity
of the pillararene cavity for the guest monomers.} Diacid H in
this solvent mixture was found to diffuse with a D very close to
that of the diester 3, which in turn was found to diffuse with
same coefficient as in neat CDCl;.

The effect of spermine on the supramolecular copolymer H/
G1/G2 was initially investigated by "H NMR (Fig. 7). Addition
of up to 2 eq. of S led to dramatic changes (spectrum b): the
resonances for both included G1 and G2 methylene groups
disappeared, and the peaks for the free imidazole ring(s) reap-
peared in the aromatic region of the spectrum. Likewise, no
free spermine resonances were seen in spectrum b, indicating
that it was recognized and complexed by the pillar[5]arene cav-
ities of H.§

1 Previous studies®® on the self-assembly of supramolecular polymers from ana-
logous bis-pillar[5]arene dicarboxylic acids and a,e-diaminoalkanes showed
that, upon recognition, proton transfer from the host to the guest®® takes place if
a protic solvent (e.g:, trifluoroethanol (TFE), 3-10% v/v) is added to the chloro-
form solution containing both monomers, whereas no proton transfer can be
observed in neat chloroform. In the present case, addition of trifluoroethanol to
a H/G1 solution in CDCI; result in the COOH group of the host protonating the
basic imidazole nitrogen atom of the guest, as confirmed by the tell-tale upfield
shift (from & = 4.47 to 4.40 ppm) of the resonance belonging to the CH group
adjacent to the carboxyl moiety (Fig S1, ESI, shows the optimized geometry of
the repeating unit of the H/G1 aggregate). This topic has been extensively
reviewed recently.>®

§Linear (poly)amines are efficiently recognized by carboxyl-bearing receptors.
Host-to-guest proton transfer has been demonstrated as a powerful tool for the

formation of internally ion-paired complexes.>*®5%7
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Table 2 Diffusion coefficients (D) and average molecular mass (M) of
H, diester 3, H/G1 and H/G1/G2 aggregates measured at 25 °C in CDCls/
TFE, 97:3, v/v

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(H] [G1] [G2] (3] D M
mM mM mM mM (x107"m?>s™) (amu)
10 10 — — 1.83 + 0.05 24500
5 4.5 0.5 — 1.91 + 0.09 21 600
10 9 1 — 1.47 =+ 0.06 47 300
10 — — — 4.41 + 0.05 1780
— — — 10 4.50 + 0.09 1684
s <)
= il
=] ‘ [ * |
|
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Fig. 7 'H NMR spectra (500 MHz, 25 °C, CDCIs/TFE, 97:3, v/v) of (a)
[Hl = 5 mM, [G1] = 45 mM, [G2] = 0.5 mM; (b) [H] = 5 mM, [G1] =
4.5 mM, [G2] = 0.5 mM, [S] = 10 mM; (c) [S] = 10 mM. *Asterisks refer to
residual solvent peaks.

DOSY experiments confirmed the conclusions drawn from
"H NMR data (Fig. 8): addition of spermine results in the dis-
assembly of the supramolecular copolymer. In fact, all the
single species present in solution diffuse with a different self-
diffusion coefficient, as expected for a mixture of compounds

6298 | Org. Chem. Front,, 2024, 11, 6293-6303

View Article Online

Organic Chemistry Frontiers

a) X . b) *‘1 ’\‘ t
(|-
J_JJ ;\JJ} M, A l " d WM
a m 3
E - ' | |2 P -
@ :
‘/\/ -
. : * " | \
16'. 16 \ /
20 20 | ‘
T | R T T ! 'r"‘”'ﬁ"—'—'—r*ﬁ‘ "*"—v—‘:

Fig. 8 DOSY plots (500 MHz, 25 °C, CDCI3/TFE, 97: 3, v/v) of (a) [H] =
5 mM, [G1] = 4.5 mM, [G2] = 0.5 mM; (b) [H] = 5 mM, [G1] = 4.5 mM,
[G2] = 0.5 mM, [S] = 10 mM. *Asterisks refer to residual solvent peaks.

not interacting with each other and definitively not belonging
to the same supramolecular species. In addition, the appear-
ance in the TOCSY spectrum of the same mixture of spectra 7b
and 8b (Fig. S5, ESIT) of seven cross-peaks (belonging to the
central alkyl chain of a non-symmetrically complexed bis-pil-
lararene) demonstrated that a 1:1 H/S is formed upon copoly-
mer disaggregation.

The conclusive evidence on the ability of the H/G1/G2 copo-
lymer to respond to and to reveal spermine S was provided by
UV-vis and fluorescence data (Fig. 9). Again, while absorption

a)

I(@u.)

30 40

500 550 600 650 700 750
Wavelength [nm]

Fig. 9 (a) Emission titration in CHClz/TFE 97:3 v/v of a solution con-
taining [G1] = 1.01 x 107> M, [G2] = 1.13 x 107® M and [H] = 1.13 x 10>
M with a [S] = 1.54 x 10~ M solution (titrant concentration from 6.0 x
107® to 1.0 x 107* M). The excitation wavelength was set at Ao =
456 nm. Inset: emission intensity as a function of [S]/[G2] ratio. Pictures
(b) and (c) show the cuvette at the beginning and at the end of the
titration.
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spectra do not change significantly upon addition of S, emis-
sion spectra sharply increase in intensity when a 9:1 S/G2
molar ratio (e.g. 1:1 S/G1) is reached, suggesting that the dis-
placement of G2 begins only after G1 is fully released. This
observation also showed that upon release from the copolymer
backbone, G2 fluorescence is switched on, confirming that the
optical properties of the H/G2 sensing system are fully retained
even when incorporated in the copolymer.

Such a progressive displacement was explained by a series
of "H NMR titrations that, combined with the emission titra-
tions, allowed us to quantify the strength, in terms of for-
mation constants, of the different diads (AB) and triads (ABA,
BAB) contained in the copolymer backbone (i.e., H/G1, H/G2,
G1/H/G1, G2/H/G2, H/G1/H and H/G2/H). Data treatment pro-
vided the formation constants reported in Table 3 (for full
details see Tables S1 and S2, ESIT).

K for the H/G1 and H/G2 complexes are very close, indicat-
ing that the 1:1 interaction between the pillararene cavity and
the alkylimidazole guest moiety - after host-to-guest proton
transfer - is not significantly influenced by the remaining
parts of the G1 and G2 guest monomers.q Little difference is
also seen for the H-centered G1/H/G1 and G2/H/G2 triads
(1.17 + 0.08 x 10° and 2.51 + 0.17 x 10*, respectively), showing
that the complexation of two alkylimidazole by a single ditopic
H monomer is marginally influenced by the recognition events
taking place in the two pillararene cavities. On the other hand,
a remarkable difference is seen for the ABA (guest-centered)
triads. H/G1/H is formed from H/G1 with a K = 3.02 £ 0.56 x
10> M, whereas H/G2/H is formed from H/G2 with a K = 1.74
+ 0.12 x 10° M, revealing that the ‘weak’ link where the
attack of the spermine analyte takes place is the H/G1/H unit,
probably because G1 is too short to avoid steric repulsion
between the pillararene moieties of two different H units encir-
cling the two ends of a G1 monomer (H/G1/H has a much
lower percentage of formation than H/G2/H, see also the distri-
bution diagrams in Fig. S19 and S20, ESIt). This evidence also
explains the reason why G2 is released only after all G1 mole-
cules have been replaced by S. Furthermore, even though S
binds to H with a K = 2.45 + 0.06 x 10°, comparable to the one
of the H/G1 and H/G2 complexes, smoothly displaces both
G1 and G2, being primary amines by far more basic than
imidazole.”*®” Remarkably, the chemical shifts observed
during the titrations and the calculated ones are in excellent
agreement, (Fig. S18, ESIf).

Mass spectrometry experiments allowed to further elucidate
the interactions between spermine and the supramolecular
copolymer. Analysis of the ESI-MS spectra corroborated data
previously acquired by DOSY NMR (Fig. 10). In particular, the
observation of peaks at m/z 1961.1 and 984.9, corresponding
to the [H + G1 + H]" ion and the [2H + 2G1 + H,0 + 4H]*" mul-

{The association constant of decamethyl-pillar[5]arene and 1-decylimidazole
was reported to be 2.3 + 0.2 x 10> M™', whereas between decamethyl-pillar[5]
arene and 1-decylimidazolium trifluoroacetate was 1.0 + 0.3 x 10* M™" in chloro-
form.”* Proton-transfer mediated recognition explain the higher stability (>10°
M) of the H/G1 and H/G2 complexes.
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Table 3 Formation constants (K) for the diads and triads present in the
H/G1/G2 copolymer and for the H/S complex calculated from emission
titrations in CHCIs/TFE 97 : 3 v/v or *H NMR titrations in CDCls/TFE 97:3
v/v (see Tables S1, S2, Fig. S15, S16 and S18-S20, ESI, for full detailst)

Complex log log K KM

H/G1? 6.03 + 0.01 6.03 + 0.01 1.07 + 0.05 x 10°
H/G2” 6.42 + 0.01 6.42 + 0.01 2.69 + 0.06 x 10°
H/G1/H* 8.51 £ 0.07 2.48 £ 0.08 3.02 £ 0.56 x 10%
G1/H/G1“ 11.10 £ 0.02 5.07 £ 0.03 1.17 +0.08 x 10°°
H/G2/H? 12.66 £ 0.02 6.24 + 0.03 1.74 + 0.12 x 10%
G2/H/G2" 10.80 = 0.02 4.40 £ 0.03 2.51 +0.17 x 10*
H/S* 6.39 £ 0.01 6.39 + 0.01 2.45 +0.06 x 10°
S/H/S® 10.08 £ 0.01 3.69 £ 0.02 4.90 +0.20 x 10%

“ Determined by "H NMR. ? Determined by emission data. “ These con-
stants refer to HX + H —» H,X or HX + X — HX, equilibria (X = G1, G2
orS).

I A AR NG B S
s

935.13

1041.
1862.34

1026.00| 1234.28 204378 sone|

= 952.94
L L . A UL b

Fig. 10 ESI-MS(+) spectra of left: H/GL/G2 ([H] = 10 pM, [G1] = 9 pM,
[G2] = 1 uM), and right: H/G1/G2 treated with S ([S] = 10 uM).

ticharged ion, as well as m/z 2461.3 and 1234.9, corresponding
to the [H + G2 + H]" and [2H + 2G2 + H,O + 4H]*" ions, respect-
ively, confirmed the formation of 1:1 and 2:2 complexes
within the two distinct polymer systems (see Fig. S21-S24 for
detailst). The same species were observed in the spectrum of
the H/G1/G2 copolymer.||

Furthermore, the interaction between H and spermine (S)
was investigated by ESI-MS,*®*® and the formation of 1:1 H/S
and larger complexes was confirmed by the observation of
peaks at m/z 1862.4 and 935.4, corresponding to the [H + S +
HJ** and [2H + 2S + H,0 + 4H]"" ions, respectively.|| The dis-
placement of G2 was demonstrated by treating the H/G1/G2
supramolecular copolymer with S. Subsequent analysis, under
identical experimental conditions, clearly showed H/S complex
formation.

Atomic Force Microscopy (AFM) and Raman spectroscopy
shed further light on the ability of the H/G1/G2 copolymer to
reveal spermine even in the solid state.”®' As a preliminary
screening, Raman spectra were collected for the three com-
ponents and the copolymer (Fig. 11), revealing that both G2
and H/G1/G2 copolymer display between 1300 and 1600 cm ™"

|| Given the tendency of these polymeric systems to aggregate, the formation of
larger multicharged ions (e.g., 2H + 2G1 + 2H]**) cannot be ruled out.

Org. Chem. Front, 2024, 1, 6293-6303 | 6299
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Fig. 11 Raman spectra collected from solids deposited on silica surface
from solutions (CHCI3/TFE, 97 : 3, v/v): (a) [H] = 3 mM; (b) [G1] = 2.7 mM;
(c) [G2] = 0.3 mM; (d) [H] = 3 mM, [G1] = 2.7 mM, [G2] = 0.3 mM.

the typical Raman bands of perylene bisimide moieties
(corresponding to C-H bending and C=C stretching,
respectively),’>®® thus confirming that, also in the film, G2 is
still part of the copolymer. Emission spectra recorded on G2
(which forms small clusters upon evaporation, Fig. 12a), and
H/G1/G2 films (Fig. 12b) showed that the perylene bisimide
fluorophore is quenched in the copolymer film but it provides
an intense emission when cast as the free species.

Finally, deposition of a solution containing the copolymer
H/G1/G2 containing 2 eq. of spermine S produced a grid-like
film in which G2 fluorescence has been restored (Fig. 13),
demonstrating the viability of the supramolecular copolymer
for the incorporation into sensing devices.

Counts

4 6 8 10 1 14

Optical image Photoluminescence

nm
1
nm

Fig. 12 (a) Photoluminescence observed upon irradiation at lex =
472 nm of a cluster of G2. (b) AFM topography image of the grid
obtained upon spin-coating of a [H] = 3 mM, [G1] = 2.7 mM, [G2] =
0.3 mM solution (CHCI3/TFE, 97 : 3, v/v) onto a silica surface.
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Fig. 13 Emission spectra recorded on solid films obtained from [H] =
3 mM, [G1] = 2.7 mM, [G2] = 0.3 mM (black line), and [H] = 3 mM, [G1] =
2.7 mM, [G2] = 0.3 mM, [S] = 6 mM (red line) solutions.

Conclusions

Data presented in this paper show that the supramolecular copoly-
mer herein self-assembled from three monomers - a bis-pillar[5]
arene dicarboxylic acid (H), a dodecanediyl-bis-imidazole (G1) and
a bis-N,N-imidazoledecyl-perylene bisimide (G2) retained both the
solubility and adaptability of the H/G1 polymer and the OFF/ON
fluorescence detection ability of the H/G2 system. This material
was shown, by a variety of techniques, to be able to efficiently
detect the cancer marker, spermine (S) in solution, as a result of a
progressive displacement/disassembly process that restores the
fluorescence of the perylene bis-imide signalling unit.

The results presented demonstrate a key concept: formu-
lation of supramolecular copolymers opens up avenues for the
facile development of complex materials that may conjugate
properties from different components, avoiding tiresome
syntheses in favour of an easy approach of readily-made mono-
mers ‘pick-and-mix.’

Further investigations will be aimed at the development of
a portable sensing device for the direct detection of spermine
in biological fluids, and to the assessment of the supramolecu-
lar copolymer potential as a carrier in drug-delivery.
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