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There is considerable interest in dynamic materials featuring modular components with nano-scale dimen-
sions and controlled responsiveness to external stimuli. Supramolecular polymers are a class of materials
that fulfil all these conditions well. Here, we present a family of host—guest supramolecular polymers that
combine the outstanding complexing properties of tetraphosphonate cavitands toward N-methylpyridinium
guests with molecular switching. The designed monomer is a cavitand featuring four inward facing P=0O
groups at the upper rim and a single N-methylpyridinium unit at the lower rim, forming instantaneously a
polymeric species in solution, thanks to the high complexation constants measured for these host—guest
interactions. This system has been analyzed by NMR spectroscopy and electrochemical techniques. In order
to interpret the results of diffusion-sensitive experiments, we took advantage of the X-ray crystal structure
obtained for the polymeric species and developed an original treatment for the PGSE data by non-linear
fitting. The analysis of the experimental data identified an isodesmic polymerization model at a monomer
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concentration below 20 mM, driven by intrachain host—guest interactions, and an additional level of tetra-
meric bundle aggregation above 20 mM, due to interchain dipolar and quadrupolar interactions. Two
orthogonal disassembly procedures have been implemented: electrochemical reduction for the linear
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Introduction

Dynamic polymers (DYNAMERS) are drawing the attention of
the material scientists community since they display specific
responsiveness to external stimuli, adaptation to environ-
mental changes and self-healing capability."”* Supramolecular
polymers, held together by non-covalent interactions, are a
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chains and solvent-driven dissolution for the bundles.

class of materials that fulfil all these conditions well.> The
basic idea of supramolecular polymers derives directly from
the observation of the biological fibrous architectures in the
extracellular matrix such as the cell cytoskeleton.® Biological
systems evolved towards non-covalent polymers due to their
flexibility and ability to respond efficiently and in a timely
manner to external stimuli, essential requirements to survive
in changing environments.* Synthetic supramolecular poly-
mers that mimic the properties of biological systems are
exploited in a wide range of technological applications, from
biomedical and biomimetic devices™® to photovoltaic and
semiconducting materials.”

Different approaches have been applied in the design of the
building blocks of supramolecular polymers, starting from the
first examples of systems based on hydrogen bonding® or on
metal coordination,’ followed by self-assembled supramolecu-
lar polymers fully or partially created from an orthogonal com-
bination of multiple non-covalent binding interactions.'® A
general strategy takes advantage of synergistic interactions
with a fast kinetic profile and a behaviour controlled by the
thermodynamic constants. In fact, unlikely the covalent poly-
mers that generally display a kinetically controlled behaviour,
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in supramolecular polymers, thermodynamics plays a pivotal
role in the association of the building blocks and in the behav-
iour of the stimuli-responsive polymer.

Recently, new studies on supramolecular polymers have
started to exploit host-guest interactions designing systems
with  cyclodextrins,"! cucurbiturils,’*  pillararenes,"
calixarenes'*'® and cavitands'®"® as receptors. Among these,
systems based on tetraphosphonate cavitands with their all-
inward configuration and ammonium salts proved to be suit-
able monomers for new supramolecular polymers'®*® and for
polymer blending®** because of their outstanding complexa-
tion properties and high association constants. Previously, we
reported the formation in solution and in the solid state of a
supramolecular polymer with ditopic building blocks, having a
phosphonate cavitand as the host functionality and an
N-methylpyridinium moiety bound to the lower rim of the cavi-
tand as the guest functionality.'® In solution this monomer
forms instantaneously a polymer, thanks to the high com-
plexation constants (K, ~ 10" M~ ') measured for these host-
guest interactions and the responsiveness of these polymers to
external stimuli has been verified by the addition of a competi-
tive guest (N-butylmethylammonium iodide salt, K, ~ 10"
M) for dissociation, followed by base-driven reassembly."®

Electrochemical experiments on model systems have shown
that one-electron reduction of the N-methylpyridinium guests
leads to decomplexation.>® Since the monoelectronic reduction
of the investigated guests is reversible, it may be envisaged
that the formation and dissociation of such complexes can be
electrochemically controlled.

In this work, we demonstrate that the assembly of high
molecular weight host-guest polymers proceeds through the
formation of bundles. The aggregation modes of this class of
supramolecular polymers are revealed by a variety of spectro-
scopic and electrochemical measurements, supported by
theoretical polymerization models. Bundle formation is trig-
gered by a concentration threshold above which the aggrega-
tion of oligomeric chains is favoured over the isodesmic
growth of a single chain. The difference in the nature of the
weak interactions involved in the two assembly modes allows
implementing orthogonal disassembly procedures in the form
of electrochemical reduction for the linear chains and solvent-
driven dissolution for the bundles.

Experimental
NMR spectroscopy

One-dimensional 'H, '*C, 'F and *'P NMR spectra were
measured on Bruker DRX 400 spectrometers equipped with a
GREAT 1/10 gradient unit and a QNP probe with a Z-gradient
coil. Referencing is relative to TMS (*H and '*C), CCI;F (*°F),
and 85% H3PO, (*'P). NMR samples were prepared by dissol-
ving a suitable amount of compound in 0.5 mL of the appro-
priate solvent. All measurements were performed at 296 K,
unless otherwise stated.
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Two-dimensional "H-NOESY and 'H-EXSY** NMR experi-
mental results were acquired by the standard three-pulse
sequence or by the PFG version.”> Two-dimensional '°F,
"H-HOESY NMR experimental results were acquired using the
standard four-pulse sequence or the modified version.”® The
number of transients and the number of data points were
chosen according to the sample concentration and to the
desired final digital resolution. Semi-quantitative "H-NOESY
and "F and "H-HOESY NMR spectra were acquired using a 2 s
relaxation delay and 800 ms mixing times.

Quantitative "H-EXSY NMR experiments were carried out
with a relaxation delay of 5 s and a mixing time (z,,) ranging
from 0.01 s to 0.3 s. For an uncoupled system of spins under-
going chemical exchange between sites A and B, with the sim-
plification of equal spin-lattice relaxation time, the exchange
rate constants (kops) between site A and site B can be estimated
using eqn (1) and (2)

r+1
ln( 1) = KobsTm (1)

r—

_ 4XaXb (Iaa + Ibb)

(o + Toa) = (Xa — Xb) (2)

where I,,, Ivb, Loy and I, represent diagonal- and cross-peak
volumes, respectively, and X, and X, the molar fractions of
species A and B.?” In the present case, A and B denote free tet-
raphosphonate cavitand and tetraphosphonate cavitand with
encapsulated N-methyl-pyridinium. The diagonal- and cross-
peak volumes were measured using “XWinNMR” Bruker soft-
ware after phase and baseline corrections in both dimensions.
The volume uncertainty was estimated by determining the
volume of the noise signal in a ‘blank region’ of the 2D-
spectra. Molar fractions X, and X}, were obtained from the inte-
gration of the corresponding 'H NMR spectrum. Linear
regressions of experimental values using eqn (1) to estimate
kons were performed by means of the software package
Microcal Origin 7.0.

PGSE measurements

PGSE NMR measurements were performed by using the stan-
dard stimulated echo pulse sequence?® without spinning.

The dependence of the resonance intensity (I) on a constant
waiting time and on a varied gradient strength (G) is described

by eqn (3):
I=1Iyexp {—(;/(S)ZDt (A - g) GZ] (3)

where I is the intensity of the observed spin echo, I, is the
intensity of the spin echo without gradients, D, is the transla-
tional diffusion coefficient, A is the delay between the mid-
points of the gradients, § is the length of the gradient pulse,
and y is the magnetogyric ratio. The shape of the gradients
was rectangular, their duration (6) was 5 ms, and their strength
(G) varied during the experiments. Different values of A (120,
300, 600, 1800 ms), “nt” (number of transients) and number of
different gradient strengths (G) were used for different

This journal is © The Royal Society of Chemistry 2020
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samples. In the case of a single species or a monodisperse dis-
tribution of species in fast exchange in the diffusion NMR
timescale (4), D, can be obtained from the linear regression of
the semi-logarithmic plots of In(I/Iy) vs. G* by measuring the
instrumental constant, using a sample of HDO (5%) in D,O
(known diffusion coefficient in the range 274-318 K)*>*°
under the same exact condition as the sample of interest.
Temperature and gradient pulse fluctuations as well as vari-
ation of fluid viscosity () with increasing sample concen-
tration were taken into account using tetrakis-(trimethylsilyl)
silane (TMSS) as the internal standard. D, data were treated as
described in the literature.”® The measurement uncertainty
was estimated to be approximately 3-4% in D.

Fitting

Evaluation of the translational diffusion coefficients, calcu-
lation of the distribution of polymeric species and fitting of
the experimental PGSE data to optimize the polymerization
parameters have been performed using the software Octave®
and, in particular, the package Optim. Scripts developed for
this analysis are deposited in the ESL{

Electrochemical experiments

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) experiments were carried out in argon-purged CH,Cl,
(Romil Hi-Dry) at room temperature with an Autolab 30 multi-
purpose instrument interfaced to a PC. The working electrode
was a glassy carbon electrode (Amel; 0.07 cm?), the counter
electrode was a Pt wire, separated from the solution by a frit,
and an Ag wire was employed as a quasi-reference electrode.
Ferrocene was used as an internal standard (E;, = +0.46 V vs.
SCE).  Tetrabutylammonium  hexafluorophosphate  was
employed as the supporting electrolyte, and the examined
potential window ranged between —2.0 V and +2.0 V vs. SCE.
The IR compensation implemented within the Autolab 30 was
used, and every effort was made throughout the experiments
to minimise the resistance of the solution. In any instance, the
full electrochemical reversibility of the voltammetric wave of
ferrocene was taken as an indicator of the absence of uncom-
pensated resistance effects. For reversible processes, the half-
wave potential values were calculated from an average of CV
and DPV experiments, whereas the redox potential values in
the case of irreversible processes were estimated from the DPV
peaks. Experimental errors: potential values, 10 mV for revers-
ible processes, 20 mV for irreversible processes. Spectro-
electrochemical measurements were performed in situ with a
custom-made optically transparent thin-layer electrochemical
(OTTLE) cell by using an Autolab 30 potentiostat and an
Agilent Technologies 8543 diode array spectrophotometer. The
working and counter electrodes were Pt minigrids, and the
quasi-reference electrode was an Ag wire; all the electrodes
were melt-sealed into a polyethylene spacer. The thickness of
the layer, determined by spectrophotometry, was about
180 pm.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

The family of host-guest supramolecular polymers formed by
ditopic building blocks, having a phosphonate cavitand as the
host functionality and an N-methylpyridinium moiety bound to
the lower rim of the cavitand as the guest functionality, has
been designed, prepared and characterized previously.'® The
crystal structure (Fig. 1) of the homopolymer 1I (Scheme 1)
gives evidence of the two major interactions responsible for the
complexation: multiple ion-dipole interactions between the
inward-facing P=0 groups and the positively charged methyl-
pyridinium moiety, and directional hydrogen bonds involving
the acidic methyl group with the n-basic cavity (cation-r inter-
action) and the ortho H-pyridinium atoms with two opposite
P=0 groups. The crystal packing (Fig. 1) shows that each linear
polymeric chain packs against other four antiparallel chains.
Furthermore, in the crystallographic structure, the counterions
are located in between the lower rim and the alkyl chains, close
to the methylpyridinium fragment. The characterization in solu-
tion performed by ITC (Isothermal Titration Calorimetry) on
2-3PF (a suitable model of a single monomer-monomer con-
nection) indicates a high association constant ranging from 10*
in MeOH to 10’ M~ in dichloromethane. Finally, by static light
scattering in a batch off-line model the weight-averaged mole-
cular weight of the polymer was determined only at medium-
low concentration values (below 20 mM) indicating a degree of
polymerization of about 18 units."’

The aim of this study is to deepen our understanding about
the solution behaviour of this class of ionic supramolecular

X=1

1

X = CF,S0, B 0

1CF,50, 7\ 7\
o -

X=l

3l

X=PFe NI X= CF3$03

3PF 7~ 5 CF,50,

X=CF,50, -

3CF,50, /%

2e3* 4e3*+ 4e5*

Scheme 1 The ionic host—guest cavitands investigated by electro-
chemical and NMR experiments.
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(b)

Fig. 1 Crystal packing of the 1CF3SO3 homopolymer as viewed (a) per-
pendicular to the linear polymeric chains and (b) along the polymeric
chains. Chains with the dipolar moment pointing in opposite direction
are shown in different colours. (Triflate ions are represented in ball and
sticks.)

homopolymers by exploiting an integrated experimental
approach based on PGSE (pulsed field gradient spin-echo),*?
NOE?® and EXSY (exchange spectroscopy)”” NMR experiments
as well as cyclic voltammetry (CV), differential pulse voltamme-
try (DPV) and spectroelectrochemical measurements.

In detail, the supramolecular solution structures of ionic
host-guest cavitands 1I, 1CF;SO; and 3I and dimer 2-3PF¢
(Scheme 1) were investigated.

Supramolecular solution structure investigated by NOE
measurements

The structure of supramolecular polymers in solution was
investigated by using a combination of homo- and heteronuc-
lear Overhauser NMR experiments. In the 'H-NOESY NMR
spectrum of 1CF;SO; in CDCl; (Fig. 2), a strong contact was
observed between Ar-Me and o-PyMe and a weak/medium one
between Py-Me and Ar-H resonances. Both NOE interactions,
not expected if the monomeric 1CF;SO; would be the main
species in solution, indicate close proximity between the pyri-

0-C¢Hg and m-Py-Me

mCeHs
Ar-H
oPy-Me " P-Cefts P 0)
H =0

ppm —
Py-Me o —>ece 10 \r?
CHCH,CH,CH, C /
¢
CHCH,CH,CH, " L 15
CHCH,CH,CH,0 .
Ar-Me ~—~e0 @ - - 20
- 25
CHCH,CH,CHy o
CHCH,CH,CH,0 .
C ol aad . L 30 Pe—
\
/'$> /
T T T 7 Ho
ppm 85 80 75 H

Fig. 2 A section of the *H-NOESY NMR spectrum (400.13 MHz, 296 K,
CDCl;) of 1CF3SO53 (22.3 mM).
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dinium and phosphonate fragments, confirming formation of
supramolecular adducts in solution. In particular, MePy" moi-
eties are located near the P—=0 groups: from this position the
pyridine protons of one unit, being far away from their cavi-
tand skeleton, can interact with the Ar protons of the cavitand
skeleton belonging to another unit.

The anion-cation relative position in solution for the homo-
polymer 1CF;S0; was determined by detecting dipolar interio-
nic interactions in the '°F,"H-HOESY NMR spectrum at room
temperature (Fig. 3). Normalization of the experimental cross
peaks intensities, by taking into account the number of equi-
valent nuclei,*® gives the results reported in Table 1. Strong con-
tacts were observed between F-atoms of the counterion and ali-
phatic chain resonances and Ar-H resonances of the cavitand
fragment. Very weak contacts were detected with Ar-Me and Py-
Me resonances, whereas the anion did not show any interaction
with protons of the phenyl ring bonded to the phosphorus.
This pattern of heteronuclear Overhauser contacts, together
with the trend of intensities reported in Table 1, indicates that
the CF3;SO;” is mainly located on the plane of the cavitand
within the aliphatic chains, as shown in Fig. 3.

From this position, the anion has the possibility to weakly
interact with Me-Py and the Ar-Me protons. This cation-anion

CFyS05

Py-Me
CHCH,CH,CH,
CHCH,CH,CH,
CHCH,CH,CH,0
Ar-Me
CHCH,CH,CH,
CHCH,CH,CH,0

CHCH,CH,CH,
CHCH,CH,CH,0

- 7.0 o strong

m-CgHg and p-CHg CF3S03

0-CgHg and m-Py-Me
AcH

ppm -78.0 -82.0

Fig. 3 '°F'H-HOESY NMR spectrum (376.65 MHz, 296 K, CDCls) of
complex 1CF3SO3 (22.3 mM). On the right, the column projection is
reported.

Table 1 Relative heteronuclear Overhauser intensities determined by
arbitrarily fixing at 1 the intensity of the NOE heteronuclear Overhauser
contact between the anion resonances and Ar-H resonance

1CF;S0;

Ar-H 1

CHCH,CH,CH; and CHCH,CH,CH,0O 0.62
CHCH,CH,CH,0 0.49
CHCH,CH,CHj; 0.95
Ar-Me 0.12
CHCH,CH,CH,0 0.28
CHCH,CH,CHj3; 0.65
CHCH,CH,CHj; 0.99
Py-Me 0.08

This journal is © The Royal Society of Chemistry 2020
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relative position is the same observed in the solid-state struc-
ture of the homopolymer.*®

The kinetic stability of polymers 11, i.e. the rate of formation
and breaking of the supramolecular polymer, is an additional
key aspect to take into account when describing their solution
behaviour. Since solutions of 1I display only one set of NMR reso-
nances, such information cannot be easily derived. It can be,
nevertheless, obtainable using a model solution system consist-
ing of 3PF, and two equivalents of 2 (Scheme 1), exploiting the
much lower tendency of 3PFe to form homopolymers.'® Under
these conditions, two well-separated 'H NMR resonances are
observed for the Ar-Me moiety of 2, one related to 2-3PFs and the
other to free 2. Monitoring the chemical exchange between these
two resonances by "H-EXSY NMR experiments allowed extracting
the rate constant (kops) for the interconversion between free 2
and 2-3PF. k.ps was found to be equal to 1.7 s7*, 45 s~ and 6.3
s in CDCl; at 0.3 mM, in CDCl; at 2.1 mM and in CDCl,/
CD;OD (92/8) at 0.3 mM, respectively. This indicates that for-
mation/rupture of supramolecular polymers is accelerated by
increasing concentrations of monomer whereas a slight increase
of k,ps is observed when a small amount of CD;0D is added.

Supramolecular solution structure obtained by PGSE NMR
experiments

Additional information on the solution behaviour of the homo-
polymer 1I can be obtained by PGSE diffusion NMR measure-
ments which allow obtaining information on the average size of
the supramolecular aggregates and, consequently, on the
chemical origin of self-aggregation.*® Initially, diffusion experi-
ments were targeted for the homopolymer 1I as a function of
concentration in CDCl; (1.5 mM, 5.5 mM, 10.5 mM, 22.3 mM,
41.0 mM, 64.7 mM, 88.0 mM, and 147.0 mM). For such a series
of measurements, we unexpectedly found that the standard
plots of In(I/I,) versus G> showed sizable curvature at all investi-
gated concentrations: average values of the diffusion coefficient
(Dy) cannot be obtained by linear regression of experimental
data and a different approach is necessary in order to obtain
information on the self-aggregation tendency (see below).
Linear trends are expected in the case of a single species or a
monodisperse distribution of species in fast exchange in the
PGSE NMR timescale (4). Nevertheless, "H-EXSY measurements
indicate that exchange occurs on the same time-scale of
diffusion, suggesting that 1I is present in the form of a polydis-
persed distribution in slow exchange in the NMR timescale.
This is reasonably due to the action of more than one type of
self-assembly motif. The simplest hypothesis is to consider that
formation of linear host-guest chains is coupled with further
self-organization of the chains into bundles which are held
together by inter-chain electrostatic interactions as observed in
the solid state structure of 1CF;SOj; (Fig. 1). The PGSE methodo-
logical approach was tested by performing some measurements
on diluted CDCIl; solutions of the dimer 2-3PF, the stopper 31,
and on solutions of 1I in CDCl;/CD;0D (92/8) solvent mixture.
The results are reported in Table 2. In all cases, linear trends
are observed and fitting according to eqn (3) allowed obtaining
D, values that were interpolated with eqn (14) (see the next sec-

This journal is © The Royal Society of Chemistry 2020
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Table 2 Diffusion coefficients (D; 107° m? s™) and number of

monomer units i, for compounds 11, 31 and dimer 2-3PFg as a function of
concentration and solvent (C, mM)

Entry (4, ms) Solvent C (mM) Dy, i

31

1(120) CDCl; 0.2 3.80 1.8
2 (120) CDCly 1.0 3.15 2.6
3(120) CDCl; 11.0 2.41 4.2
4 (120) CDCl, 20.0 2.22 4.9
2-3PF,

5 (120) CDCly 1.0 3.52 2.0
6 (120) CDCl; 3.0 3.40 2.2
1I

7 (120) CDCl,/CD;0D (92/8) 5.5 1.72 7.3
8 (120) CDCl,/CD;0D (92/8) 13.4 1.33 10.8
9 (120) CDCL,/CD,0D (92/8)  22.3 1.01 16.0
10 (120) CDCL,/CD,0D (92/8)  41.4 0.72 25.5

tions), showing the dependence of D; vs. i. The apparent
number of monomers (i) in the supramolecular polymer as a
function of concentration was obtained (Table 2). The values of
i obtained (entries 5 and 6 in Table 2, for 2-3PFs, and entry 1 in
Table 2, for 3I at low concentration) are in good agreement with
the predictions of eqn (13) (see next sections). PGSE measure-
ments for 3I at higher concentrations (entries 2-4 in Table 2)
clearly indicate the formation of supramolecular aggregates of
few units, since values of D, obtained for these concentrations
are lower than 4.66 x 107'° m” s™* (the theoretical value for the
monomer), consistent with its low tendency to aggregate.
Similarly to 3I and differently from the behaviour in pure
CDCl;, plots of In(I/I,) versus G* are also linear for solutions of
1I in CDCl;/CD;O0D (92/8, entries 7-10, Table 2). It is reasonable
to hypothesize that the presence of a minimal amount of
CD;OD in CDCl; tends to disfavour the additional self-organiz-
ation of the chains into bundles, as will be further discussed
below (cyclic voltammetry, differential pulse voltammetry and
spectroelectrochemical measurements).

As stated above, the non-linear trends of In(l/,) versus G plots,
observed for 1I in CDCl; at different concentrations, suggest the
presence of a polydispersed distribution in slow exchange and
require a different treatment of the experimental data. In the case
of polydispersed distribution, the intensity of the PGSE signal
depends on the diffusion coefficient of each species and on the
concentration of the monomer responsible for the resonance
signal and present in oligomers in solution, therefore:

I= 21:10,1- exp {—(yé)zDi (A - g) GZ} . (4)

Considering that the initial intensity of the signal, ie. at
field gradient value equal to zero, is proportional to the molar
fraction of each polymeric species, multiplied by the number of
monomers present in the polymer, eqn (4) can be written as:

I1=1I, Z%atl - exp {—(;«3)2 (A - g)D,»GZ} . (5)

In order to provide a fitting of experimental data using eqn
(5), the values of the concentration of each polymeric species
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(C;) and the hydrodynamic translational diffusion coefficients
(D;) are required.

Distribution of polymeric species

Different models for the polymerization were evaluated, each
of them corresponding to a different distribution of the poly-
meric species.

The first model, called the Sequential Equal K (SEK)
model,*® consists of a stepwise polymerization for which every
subsequent step has the same constant, Kggk, as the previous
ones (isodesmic model).

The second model for the polymerization equilibrium that
was taken into account is the Attenuated K (AK) model.** In
this model, the thermodynamic constants for the formation of
increasingly longer species decrease proportionally to 1/7.

The results obtained with these two simple linear polymeriz-
ation models, the X-ray structures, and the electrochemistry
experiments suggested the possibility of a further aggregation
process with formation of supramolecular bundles held together
by dipolar, and quadrupolar interactions between antiparallel
polymeric chains (see below). The SEK model was implemented
with tetrameric aggregation equilibria having thermodynamic
constants proportional to the number of monomers i of the
linear polymer involved in the formation of antiparallel four-
strain bundles (third model: SEK-TA{) or proportional to the
fourth power of i (fourth model: SEK-TA7*). These hypotheses
are in line with the expected increase of dipolar energy contri-
bution with the increase of the length of the polymer involved in
the formation of supramolecular bundles.

In the linear polymerization process of the SEK model, the
following chemical equations apply:

K,

A +A¢2>A2 Kz = KSEK
K.

A +AS A K3 = Ksgx

K
A1 +AS A K= Kspx

where A is the monomer, while 4; is the oligomeric species
formed by i monomers.

From these equilibrium equations, concentrations for the
single polymeric species can be obtained depending on the
free monomer concentration in solution, C; and SEK constant:

(C1Ksix)'
Ci=—-—""- (6)
Ksex

For simplicity, we considered only the tetrameric aggrega-
tion of oligomeric species with the same number of mono-
mers. Oligomeric species formed by i monomers are involved
in the following equilibrium:

Krpi B
4Al' = (Ai)4 KTAl' = lI(TA

where the tetrameric aggregation constant is assumed proportional
to the length of the polymeric chain in the SEK-TA/ model.

From these equilibrium equations, concentration for the
tetrameric species Ci can be obtained depending on the con-
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centration of the polymeric chain with i monomers, C; and the
tetrameric aggregation constant, Ky

Cis = CjaKrpi = Cﬁi[{TA

From eqn (6) the concentration for the tetrameric species,
Cu, can be expressed in terms of concentration of the free
monomer in solution, C;:

(C1Ksgx) Hikepa

Cn =
KSEK

7)

The total concentration of the monomer C, can be obtained
as a sum of single oligomer concentrations multiplied by their
length, 7, plus the concentration of tetrameric species multi-
plied by the number of monomers in the aggregate, i.e. four
times the length of a single chain:

00
= Z iC; + 4iCp
=1
_ zoo:l(clKSEK)l 44 (ClKSEK)4ZiKTA
~  Ksx Ksex*
1 & 41(TA ) ;
l ClKSEK 1"(C1Ksex
KSEK; sex? ; @ )

both series converge under the condition Kggx-C; < 1 to:

C = Cy 4 4KTA(KSEK01)4[(KSEKcl)A:“’l} (8)

(1 — KsgxCy) Kspx* [1 - (KSEKC1)4}

From eqn (8), the concentration of the free monomer in
solution, C; can be evaluated knowing Ci, Ksgx and Kr, values.
The distribution of all polymeric species in the SEK-TAi model
is calculated using eqn (6) and (7).

For the fourth model, SEK-TA{*, the tetrameric aggregation
constant is assumed proportional to the fourth power of the
number of monomers:

Krpi .
4A; S(A), Krai = i*Kras

The distribution of the tetrameric species, C;: is
Ci“ = Ci4i4KTA4
and considering eqn (6):

C1Ksex) " i* K
Cl‘4 _( 1 SEK) . TA4 (9)
Ksex
For the SEK-TAi* model, the total concentration of the

monomer C; can be obtained as:

(o)
= Z IC; + 4iCjs
i=1
- (ClKSEK) .(ClKSEK)4Zi4KTA4
= Z i —+ 41
=1 Ksex KSEK4
1 O i | 4Kra , '
KSEKZZ ClKSEK l ?Kj S(CIKSEI<)4l

i= =1
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the series converge under the condition Kggx-C; <1 to:

Cy N 4AKppq(a®® + 26a'® + 66a'? + 2648 + a)

C, =
T (1-a) Ksexc* (1 — at)°

a = KsgxCiy (10)

The concentration of the free monomer in solution, C; can
be obtained from eqn (10) knowing C, Ksgx and Kra, values.
The distribution of all polymeric species in the SEK-TAi*
model is calculated from eqn (6) and (9).

Distributions of polymeric species according to the SEK,
AK, SEK-TAi and SEK-TAi* models were obtained using the
software Octave® and ad hoc designed algorithms (see the
ESIT).

Evaluation of the hydrodynamic translational diffusion
coefficients based on the crystallographic structure

In order to obtain the hydrodynamic translational diffusion
coefficients of the species in solution used in eqn (5), some
hypothesis on D; should be made. The X-ray crystallographic
structure reported previously'® (Fig. 1) shows the geometry of
polymer formation and allows calculation of volumes and
dimensions of oligomers. Using coordinates from the crystallo-
graphic 3D model and the software HYDRO,?*® we calculated D;
for the 1CF;SO; monomer and for its oligomers. The structure
of all the oligomers was assumed to be linear, similarly to that
seen in the crystal.’® Confirmation of the retention of this
structure in solution comes from NOE and HOE techniques
(vide infra). The tetraphosphonate cavitand can interpose
between the methyl-pyridinium and the anion leading to the
formation of the supramolecular linear polymer.

With HYDRO, the first 11 hydrodynamic translational
diffusion coefficients, D; were calculated, for oligomers
formed by up to 11 monomers. For a larger assembly, Perrin’s
law was applied to calculate the behaviour of D; with i > 11.%”

Considering the crystallographic structure, a prolate model
can be used to approximate the polymer cylindrical shape and
the axial ratio for the polymer with the polymerization degree
of i, p;, as:

pi=moet ()
where @pono is the dimension of the monomer in the elonga-
tion direction and b is the dimension in the perpendicular
direction. For each polymeric species, the Perrin S; factor can
be evaluated as:

Sizziamtanh‘f" with & = P — 1| (12)
& Di
Considering the monomer as an approximately spherical
object, amono €quals to b, p; equals to 1 and S; has the limit
value of 2.
According to Perrin, Einstein and Stokes’ equations, the
hydrodynamic translational diffusion coefficient is expressed
as:
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]CBT
3 2-4/pi®
om{/ ) ()

The volume of the whole polymer can be considered as the
volume of a cylinder with the height increasing with i. From
eqn (13), the dependency of D; from i can be written as

D; =

(13)

Dy - S;

The value of D; was optimized from the values of D; calcu-
lated using HYDRO, with i from 2 to 11, applying the function
nlinfit of the software Octave,”" i.e. a nonlinear regression (see
the ESIY).

Values calculated from Perrin’s equations for the transla-
tional diffusion coefficients, D;, were in good agreement with
those obtained using the software HYDRO (Fig. S11). With the
same algorithm based on Perrin’s equations, values of D; were
calculated for polymeric species up to i = 10 000.

D= (14)

Non-linear fitting of the PGSE data at different concentrations

Non-linear fittings of the PGSE data were performed using eqn
(5), distributions calculated for different models and hydro-
dynamic translational diffusion coefficients, in order to obtain
the thermodynamic constants for each model. In particular,
the function nlinfit of Octave was used to fit the experimental
data of the resonance intensity I, against the square of the
field gradient G, varying the thermodynamic constants and
the resonance intensity at G = 0 I, for 8 different total concen-
trations of the monomer, C; (mM). Fig. 4 shows the fitting of
two series of data, at concentrations 22.3 mM and 147 mM,
respectively, considering a polymerization that follows the SEK
model.

The fitting shows a good agreement for low monomer con-
centrations (Fig. 4a), but it gradually worsens increasing the
monomer concentrations (Fig. 4b). Fig. S2 and S31 show the
fitting of PGSE data at different concentrations according to
the SEK model and Fig. S41 shows the polymeric distributions
for each concentration, obtained using the Ksgx value opti-
mized for each series of data (Table S17).

This fitting procedure was also performed using the AK
model. However, in this case the fitting is much worse than
that obtained with the SEK model (see ESI, Fig. S5-S77) for the
higher monomer concentrations used in the experiments.

The values of Kgex optimized against the PGSE data series
are slightly different at different concentrations of monomers,
as shown in Fig. 5. Values of Kggx range from a minimum of
6.1 x 10> M™" at low concentration of monomer to a maximum
of 7.1 x 10* M~". This last value is in agreement with the K,
determined via ITC for 4 with methyl pyridinium (MePy")
iodide in methanol (7.1 x 10* M™").?® In particular, Kspx values
are fairly constant up to a monomer concentration of 20 mM
and then begin to grow linearly. The values of the calculated
average degree of polymerization obtained from distributions
of polymeric species at low concentration of 1I (Fig. 6) are in
good agreement with the number of monomer units i obtained
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Fig. 4 Experimental (blue circles) and fitted (black triangles) data trend

of In(/) versus G2 for 1l. (a) At 22.3 mM in CDClz (Ksgx = 1.18 x 10 M7Y);
(b) at 147 mM in CDCls. (Ksgk = 7.15 x 10* M%)
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Fig. 5 Optimized values of Ksgi obtained for different monomer molar
concentrations of 1l in CDCls.

by linear fit of PGSE data collected in the presence of metha-
nol (Table 2). These data suggest that at low concentration of
monomer (and in the presence of methanol) the formation of
linear supramolecular chains, as observed in the solid state, is
the dominant self-aggregation process. This behaviour is con-
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Fig. 6 Comparison between the calculated average degree of polymer-
ization obtained from distributions of polymeric species with optimized
SEK constants (blue cross) and the number of monomer units i obtained
by linear fit of PGSE data collected in the presence of methanol (red
cross). The full line represents the trend-line of the SEK model calcu-
lated with a minimum constant of 6.1 x 10> M™%,

firmed by the SLS measurements.'® Instead, when the concen-
tration of the monomer is higher than 20 mM, other aggrega-
tion modes intervene, increasing the apparent value of Ksgx up
to 10 times (Fig. 5). This additional aggregation mode is high-
lighted by the comparison between the values of the calculated
average degree of polymerization obtained in the optimization
of each series with respect to the trend-line calculated with the
minimum Kggx constant (6.10 x 10> M™") obtained at low con-
centration of 1I, where aggregation processes should be negli-
gible (Fig. 6). For the highest monomer concentration, namely
147 mM, the average degree of polymerization is 3.4 times
higher than the trend-line (i = 103 and 30.5, respectively,
Fig. 7).

A possible explanation for this behaviour is the formation
of supramolecular bundles held together by dipolar and quad-
rupolar interactions between antiparallel polymeric chains, as
observed in the solid state (Fig. 1).

The minimal aggregations in agreement with the apparent
degree of polymerization (3.4 times higher than the trend-line,
Fig. 6) are bundles composed of four antiparallel linear poly-
meric chains.

The antiparallel organization is suggested by the crystal
packing, and the formation of supramolecular bundles is sup-
ported by electrochemical measurements (vide infra).

Two new models (SEK-TA/ and SEK-TAi*) were developed in
order to take into account the formation of such “secondary”
bundle-like structures in equilibrium with the non-aggregated
polymer chains. Despite the oversimplification of the aggrega-
tion process present in these two new models, a significant
improvement in the fitting of experimental PGSE data was
observed in both cases (see ESI, Fig. S8-S107 for the SEK-TAI
model and Fig. S11-S137 for the SEK-TAi* model). The
SEK-TAi* model with the thermodynamic constant of tetra-
meric aggregation proportional to the fourth power of i repro-
duces better the experimental data than the SEK-TAi model
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Fig. 7 Comparison between the fitting of PGSE experimental data (blue
circles) obtained with four different models, i.e. SEK (black triangles), AK
(grey circles), SEK-TAi (green squares) and SEK-TA* (red diamonds), for
a monomer concentration of 147 mM.

with the Kr,; proportional to i, particularly at high concen-
tration of the monomer (Fig. 7). The distribution of all poly-
meric species in the SEK-TAi* model can be calculated from
the Kggx and Ky, values. The speciation curves (Fig. 8) calcu-
lated with the Ksgx and Kra, values obtained in the fitting pro-
cedure of the experimental PGSE measurements with a total
monomer concentration C; of 147 mM evidence the predomi-
nance of the aggregation process of the linear polymeric
chains in bundles. The maximum concentration is calculated
for a bundle of four linear chains each one formed by 31 mono-
meric units (Fig. 8). The comparison between the calculated
average degree of polymerization obtained from distributions
of polymeric species in four different models, ie. SEK, AK,
SEK-TA{ and SEK-TA;* at different concentrations of monomer
is shown in Fig. 9. The SEK models implemented with a tetra-
meric aggregation process (SEK-TAi and SEK-TA:i*), which fit
better the experimental PGSE data at higher monomer concen-
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-—tetrameric
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G (M)
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Fig. 8 Distribution of linear polymeric chain (red circles) and four chain
bundle aggregates (blue circles) obtained using the SEK-TA/* model,
with Ksex (4.55 x 10° M™) and Kras (6.13 x 10** M~3) values optimized to
fit the experimental PGSE measurements for a monomer concentration
of 147 mM.
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Fig. 9 Comparison between the calculated average degree of polymer-
ization obtained from distributions of polymeric species in four different
models, ie. SEK (black triangles), AK (grey circles), SEK-TAi (green
squares) and SEK-TAi* (red diamonds).

trations, show the calculated average degree of polymerization
significantly higher with respect to the pure SEK model.

In particular, the SEK-TAi* model, having the best fit of
PGSE data (Fig. 7), shows a maximum value of the average
degree of polymerization of 146 for a total monomer concen-
tration of 147 mM. The corresponding value for the SEK-TAI
model is 121 and 103 for the pure SEK model (Fig. 9).

Electrochemical properties

The electrochemical properties of the systems 17, 3%, 4-3" and
4-5" were explored by means of cyclic voltammetry (CV), differ-
ential pulse voltammetry (DPV) and spectroelectrochemical
measurements.

The aim of this study is to understand the electrochemical
behaviour of the homopolymer 1I on the basis of the results
obtained from the investigation of the system 4-5 which consti-
tutes a good model for the host-guest association that leads to
supramolecular polymerization.”® In fact, the results obtained
in that case were promising about the possibility of controlling
electrochemically the self-assembly of the supramolecular
polymer.

The electroactive unit of the monomer 1 is the MePy" moiety,
whose electrochemical behaviour is known both when it is free
and complexed by the P=0 groups of the tetraphosphonate cavi-
tand (see system 4-5). In order to obtain an even better model
for the system 11, we performed electrochemical experiments on
the thio-systems 3CF3S0; and dimeric 4-3CF;SO;.

Model systems

Cavitand 3 constitutes a good model for the study of the electro-
chemical properties of the MePy" unit of the monomer 1 when it
is not complexed by the P=0 groups in the polymeric structure.
This species exhibits a reversible reduction process at —0.69
V vs. SCE (Fig. S147), clearly assigned to the first reduction of
its MePy" unit by comparison with compound 5. At potentials
more negative than —1.2 V there are overlapping irreversible
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Table 3 Electrochemical data for the two reduction processes of the
MePy™" unit in the investigated compounds (CH,Cl,/TBAPFs, room temp-
erature, glassy carbon electrode; ferrocene was used as an internal
reference, E(Fc*/Fc) = +0.46 V vs. SCE)

System E'IVvs. SCE E"/Vvs. SCE
3 —0.69" b

43 —0.75% b

5 —-0.70% -1.57¢

45 —0.80° -1.57°

1 —0.75%, —1.19° —-1.50%¢

@ Half wave potential values of reversible process. ” The voltammetry
signal for the MePy+ second reduction is covered by overlapping irre-
versible peaks ascribed to reduction of the P=S moieties of the cavi-
tand. “ Chemically irreversible process; potential value estimated from
the DPV peak at a scan rate of 20 mV s*. ¢ Strongly affected by elec-
trode adsorption.

waves, most likely due to reduction of the P=S groups, which
prevent the observation of the second reduction process of the
methylpyridinium unit, expected at around —1.6 V. The DPV
measurements confirm these observations.

The electrochemical behaviour of the complex 4-3
(Fig. S157), which should reflect the properties of the MePy"
unit of the monomer 1 when it is complexed by the P=0O
groups in the supramolecular polymer, is qualitatively similar
to that of system 3. The reversible wave at —0.75 V vs. SCE is
assigned to the first monoelectronic reduction of the MePy"
unit of 3, which occurs at —0.69 V in the absence of the P—0
cavitand. Such a negative shift can be interpreted in terms of
the stabilization offered by the cavity of the P—=O cavitand to
the MePy" unit of 3, in agreement with the results obtained for
the 4-5 model system (Table 3).>?

As observed for 3 alone, the second reduction process of
the MePy" unit is hidden by intense irreversible waves at
potentials more negative than -—1.2 V, assigned to the
reduction of the P=S cavitand moiety. Therefore, the voltam-
metry data yield no indication on the fate of the complex after
monoelectronic reduction of 3. On the basis of the strict simi-
larity of this system with 4-5, it is reasonable to expect that
one-electron reduction of the MePy" unit leads to substantial
disassembly of the complex.”® The apparent reversibility of the
CV wave shown in Fig. 11 indicates that the chemical
rearrangements possibly associated with the electrochemical
processes are fast on the cyclic voltammetry time scale.

Supramolecular polymer 11

In the examined potential window, the self-assembling system
1I undergoes three chemically irreversible reduction processes
(Fig. 10). All of them have to be attributed to the MePy" unit,
which is the sole electroactive unit of 1. The reduction poten-
tials obtained from the DPV peaks are —0.75 V, —1.19 V, and
—1.50 V vs. SCE, respectively (Table 3).

In the CV, because of the chemical irreversibility of the pro-
cesses, we consider the potential values of the cathodic peaks.
The CV of the solution with [1] = 0.64 mM shows three catho-
dic peaks at —0.78 V, —1.22 V and —1.53 V vs. SCE, respectively.
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Fig. 10 Cyclic voltammograms for the reduction of the homopolymer
11 at various monomer 1 concentrations (CH,Cl, with 0.68 M TBAPF,
glassy carbon electrode, scan rate 200 mV s™%). The reversible wave at
+0.46 V vs. SCE is that of ferrocene used as an internal standard.

The waves at —0.78 V and —1.53 V can be unambiguously
attributed to the first and second reduction processes of the
MePy' unit, respectively, by comparison with model systems.
The first reduction wave occurs at a potential consistent with a
MePy" unit encircled by the cavitand,”® in agreement with the
fact that under the conditions employed the vast majority of 1
species are self-assembled into polymeric aggregates 11."°

The reduction process responsible for the cathodic wave at
—1.22 V cannot be straightforwardly assigned. To understand
the origin of this process, we performed further CV studies
upon changing the monomer concentration (Fig. 10) and the
potential scan rate (Fig. 11).

Upon increasing the concentration of 1, it can be noticed
that the peak at —1.22 V grows in intensity at the expense of
the peak at —0.78 V (Fig. 10) which, at the same time, improves
its chemical reversibility (see the anodic wave at ca. —0.70 V).
The same qualitative changes in the CV pattern - i.e., the rela-
tive increase of the peak at —1.22 V compared with that at
—0.78 V and the enhancement of the chemical reversibility of
the first reduction process — are observed on increasing the
potential scan rate (Fig. 11). This picture can be interpreted
considering that the polymer chains 1I can associate together
side-by-side to generate bundles stabilized by a combination of
multipole interactions and van der Waals forces. In solution,
such bundle-like structures are in equilibrium with the non-
aggregated polymer chains. Because the cationic pyridinium
units along the chains are strongly involved in the multipole
interactions responsible for the formation of the bundles, it
can be expected that the MePy" moieties belonging to polymer
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Fig. 11 Cyclic voltammograms for the reduction of homopolymer 1l at
different scan rates (monomer concentration 5.04 mM, CH,Cl, with 0.51
M TBAPFg, glassy carbon electrode). The reversible wave at +0.46 V vs.
SCE is that of ferrocene used as an internal standard.

chains associated in a bundle are stabilized, and hence
become more difficult to reduce, compared to units belonging
to non-aggregated polymer chains.

Therefore, while the process at —0.78 V is assigned to cavi-
tand-complexed MePy" units in non-aggregated chains, the
one at —1.22 V is attributed to cavitand-complexed MePy" units
in bundled chains (Scheme 2).

Such an interpretation is fully consistent with the observed
CV behaviour. The intensity ratio of the peaks assigned to
reduction of bundles and single chains is expected to increase
at higher monomer concentrations, when the equilibrium is

Chain Bundle
Monomer
KSEK Kagg
E— _—
<« «—
+e 1—0.69 \% +e- | -0.78V +e l -1.22V
( Monoreduced forms \

Scheme 2 Representation of the self-assembly processes of polymer
chains 1l and bundle aggregates (1), from monomer 1, and associated
electrochemical one-electron reduction of their MePy® units. The
potential value for the reduction of the MePy* unit in model compound
3 is taken as the reduction potential of monomeric 1.
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displaced towards the formation of the bundles. This is exactly
what is observed in the experiments (Fig. 10). Because there is
a chemical equilibrium between bundled and unbundled
polymer chains, the reduction of the MePy' units in the non-
associated chains at —0.78 V is expected to shift the equili-
brium away from the bundled structure towards the
unbundled one. In fact, upon increasing the potential scan
rate, the cathodic peak at —1.22 V is enhanced (Fig. 11)
because the disruption of the bundles in consequence of the
first reduction (—0.78 V) becomes slow in the time scale of the
electrochemical experiment. Conversely, the equilibrium shift
leading to a decrease of the concentration of the bundles (and
hence of the corresponding current intensity at —1.22 V) can
be observed at slower scan rates (Fig. 11).

At this point, it should be assessed whether the first reduction
of the MePy" unit of 1 leads to the disassembly of the polymer, as
it happens for the 4-5 model system. In the case of 1I, however,
the potential for the second reduction process of the MePy" unit
does not give a clear indication about the fate of the aggregate
after the first reduction. To this aim, we performed spectroelectro-
chemical measurements on cavitand 3 and polymer 1I.

The absorption spectrum of the monoreduced 3 species,
obtained upon electrolysis of 3 at —1.0 V vs. an Ag pseudo-
reference electrode, shows two intense bands with A, = 304
and 395 nm (Fig. 12a) that are characteristic of the monore-
duced MePy unit. The absorption spectrum obtained upon
electrolysis of a solution of polymer 1I at —1.33 V vs. an Ag
pseudo-reference electrode (Fig. 12b) shows the same bands
observed for the monoreduced 3 species. If the monoreduced
MePy moiety remained included in the cavitand, it is reason-
able to assume that the absorption spectrum of the former
would be affected in some way. Hence, the spectroelectrochem-
ical results suggest that the polymer is disassembled upon
one-electron reduction of the MePy" moiety.

The CV cathodic wave at —1.53 V, assigned to the second
reduction of the MePy' units, is strongly affected by electrode
adsorption phenomena for scan rates higher than 50 mv s~
Such a behaviour suggests that under these conditions the
monoreduced species precipitate onto the electrode surface.
The potential for this process, however, can be reasonably esti-
mated at a slow scan rate (20 mV s~ ') by DPV measurements
(Table 3). It is interesting to note that the process takes place at
a less negative potential (—1.50 V) compared to the same
process in a free MePy" (—1.57 V). This observation might indi-
cate that the 1 species, which become non-associated in their
neutral form (i.e. after one-electron reduction of their MePy"
units, vide supra), self-assemble again in their negatively
charged form (i.e. upon two-electron reduction). The stability of
the resulting aggregate would account for the fact that the
second reduction of 1 is easier than that of model compound 5,
leading to a positive shift in the corresponding redox potential.

Our data are insufficient to allow speculations about the
nature of these aggregates, but their formation cannot be
simply explained in terms of host-guest interactions between a
doubly reduced MePy moiety and a P==O cavitand, because the
4-5 model system shows a different behaviour.
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Fig. 12 (a) Absorption spectrum of 3 before (black line) and after (red
line) exhaustive electrolysis at —1.0 V. Conditions: 0.839 mM, CH,Cl,/
86.0 mM TBAPFs. (b) Absorption spectrum of the supramolecular
polymer 11 before (black line) and after (blue line) exhaustive electrolysis
at —1.33 V. Conditions: Monomer concentration 0.706 mM, CH,Cl,/
73.4 mM TBAPFs. Platinum grid working electrode, Ag pseudo-reference
electrode, and optical path length 180 pm.

In summary, the self-assembly equilibrium leading to the
formation of the supramolecular polymer 1I can be controlled
electrochemically (Scheme 2); specifically, one-electron
reduction of the MePy" unit of 1 causes the disassembly of the
polymer. The reversibility of the switching process, however, is
limited by the poor chemical reversibility of the MePy"
reduction. In addition, voltammetry measurements suggest
that the polymer chains 1I undergo aggregation, in line with
the NMR results.

Conclusions

The overall picture emerging from the NMR and voltammetry
experiments supported by theoretical models shows that: (i)
below 20 mM monomer concentration, the main aggregation
process is the isodesmic linear polymerization of cavitand 1
and (ii) above 20 mM, dipolar and quadrupolar interactions
involving longer linear chains become energetically relevant.
At high monomer concentration (147 mM) tetrameric bundles,
formed by the antiparallel aggregation of four linear chains,
prevail, as inferred by the non-linear fitting of the PGSE data
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obtained using the SEK-TAi* model (Fig. S137). Interestingly,
the bundle assembly results in a ten-fold increase of Kgg,
showing a synergistic effect on the aggregation process
between linear polymerization and bundle assembly.
Furthermore, the bundle formation increases the stability of
the linear chains toward electrochemical reduction. The
different nature of the weak interactions of the two assembly
modes allowed devising two orthogonal disassembly pro-
cedures. The dipolar and quadrupolar interactions leading to
bundle aggregation are more sensitive to solvent polarity than
the host-guest interactions. On the other hand, bundles are
more stable than linear chains toward electrochemical
reduction. Tuning either one of the two stimuli allows control-
ling the equilibrium toward the desired species.
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