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We describe a grafting methodology, based on thiol-fluoroarene
chemistry, to efficiently incorporate complementary hydrogen-
bonding carboxylate and amidinium groups into polymer backbones.
The process was optimized both in solution and on the surface of
processed films, with the aim to produce materials showing hetero-
complementary adhesion.

Self-assembly and molecular recognition phenomena are ubi-
quitous in natural systems and, in some cases, adhesion is the
resulting property. Noncovalent interactions are central design
elements in biological adhesion, where adaptive and reversible
connectivity is required." Examples include cell and bacterial
adhesion to surfaces, and a broad range of adhesive animal
secretions found in mussels, tubeworms, etc. In a bioinspired
fashion, the development of synthetic adhesive materials®
using the tools and concepts of supramolecular chemistry is
becoming an excellent approach to target unprecedented prop-
erties that rely on the versatile, reversible, dynamic, and selec-
tive nature of non-covalent interactions.?

Among these, hydrogen (H)-bonding interactions established
between residues that present multiple H-bond donor and
acceptor atoms are particularly attractive due to their high
directionality, tuneable strength, and ease of incorporation in
macromolecules.”* These units can be designed to exhibit a self:
complementary H-bonding pattern, so that the binding unit (A)
can establish multiple interactions with itself, leading to dimers
(A;) or oligomers (A,), which can be exploited to introduce
adhesive function.”” However, supramolecular chemistry can
also bring new, very appealing properties to polymer-based
adhesives through the concept of hetero-complementary binding
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of dissimilar molecular fragments attached to two different
surfaces. In this case, the H-bonding motifs employed for estab-
lishing noncovalent contacts in the material (A and B) are
designed to present complementary patterns, so that the A:B
interaction becomes stronger than A:A or B:B interactions.

The use of hetero-complementary H-bonding fragments for
adhesion purposes was introduced by the Long’s group with
nucleobase-containing polymers.®® While nucleobases can self-
dimerize via H-bonding, the complementary Watson-Crick binding
of nucleobases is usually stronger and brings an appealing design
for molecular recognition-based adhesion. More recently, Zimmer-
man et al. increased the strength of intermolecular interactions
through synthetic heterocycles that can form strong quadruple H-
bonds.'”"" However, despite the concept of producing molecular
materials that function as Velcro® is very appealing, the adhesion
enhancements reached so far as a result of hetero-complementary
supramolecular binding are not very high. Moreover, adhesion must
withstand the presence of moisture on polymer surfaces, since
water is an excellent competitor for H-bonding.">"

Along the last decade, our group has been actively exploring
diverse H-bonding units, mostly nucleobase derivatives,"*'* to
build well-defined nanostructures'®"” and to introduce function
to self-assembled systems and materials."®'® Among these
units, we recently put our focus on the carboxylate:amidinium
pair (Fig. 1)**" as a suited candidate to potentially provide high
hetero-/homo-adhesion ratio and low moisture sensitivity to
polymer materials, since it offers a balanced combination
of H-bonding and ionic interactions. On one hand, hetero-
complementary H-bonds are reinforced by Coulombic attraction
between the carboxylate anion and the amidinium cation, while
homo-complementary interactions are weakened. On the other,
this charge-assisted H-bonding pair, which is reminiscent of the
biological carboxylate: guanidinium “salt bridge”,** also inter-
acts strongly in polar solvents like water,** which should notably
reduce moisture sensitivity at interfaces.

Here, we describe a method to efficiently incorporate these
highly polar, ionizable, hetero-complementary units into polymer
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Fig. 1 Schematic Illustration of the preparation of acrylic-PFS copolymers, grafting reaction and film processing.

materials (Fig. 1). We optimized a grafting reaction between thiols
containing the “sticky” carboxylate and amidinium functions, and
pendant pentafluorophenyl groups present in poly(n-alkyl acrylate-
co-pentafluorostyrene) copolymers. Interestingly, the procedure
affords excellent grafting yields when carried out both with the
dissolved polymer and directly onto polymer surfaces.

A wide range of comonomers was selected in order to obtain
a good balance between the soft (acrylic moieties: methyl- (MA;
n = 1), ethyl- (EA; n = 2), butyl- (BA; n = 4) or hexyl-acrylate (HA;
n = 6)) and hard segments (pentafluorostyrene (PFS)), leading
out to materials with good film forming ability. The final
composition of the copolymers, the different conditions
employed, and the most important experimental data obtained
are presented in Table 1. The number-average molecular weight
(M) and polydispersity index (PDI) ranged from 70 to 1078
kDa, and from 2 to 5.5, respectively. Lower M, values were
obtained in solution (entry 6) than in the batch conditions. The
final co-monomer composition was determined by "H-NMR
(Fig. 2a and Fig. S1, ESIf), and it was found to be in good

agreement with the initial monomer feeding ratio (Table 1).
The increase in PFS co-monomer content also led to an
enhancement of the IR band associated to C-F bond stretching
(Fig. S2, ESIt). The data compiled in Table 1 also shows that the
introduction of PFS and the nature of the acrylic moiety affects
the glass transition temperature (T,) of the copolymers in the
expected order: T, poly(HA-co-PFS) < T, poly(BA-co-PFS) < T,
poly(EA-co-PFS) < T, poly(MA-co-PFS).

Grafted copolymers were obtained by the addition of a small
excess of a thiol that contains the amidine (A) or the carboxylic
acid function (C) to the precursor copolymers in basic media
(DBU), as schematically shown in Fig. 1 and detailed in the S.I.
This aromatic nucleophilic substitution reaction between a
thiolate and pentafluorophenyl-containing polymers, being
selective for the C-F bond at the para-position,>* was optimized
to proceed in a mild, high-yielding manner, as monitored using
'"H NMR, F NMR and FT-IR spectroscopy. Fig. 2 shows
representative spectra of the grafted polymers with A and C
units compared to the pristine copolymers and the A and C

Table 1 Summary of structural properties and glass transition temperature (Tg) of the synthesized and grafted copolymers

Final Final
Entry Monomer ratio Initiator® Conversion (%) Composition® (%) M, kDa PDI T, °C Ty A°°C Ty C°°C
1 HA/PFS (90:10) AIBN 91 91:9 932 2.7 —49 —46 —45
2 BA/PFS (95:5) AIBN 94 95:5 692 3.0 —49 —41 —43
3 BA/PFS (90:10) AIBN 94 90:10 836 2.6 —44 —-35 —-35
4 BA/PFS (80:20) AIBN 90 82:18 627 4.1 -37 -17 -15
5 BA/PFS (70: 30) AIBN 89 71:29 1078 5.5 -33 -8 -10
6 EA/PFS (90:10) AIBN 82 91:9 110 7.4 —-13 -6 —13
7 EA/PFS (80:20) AIBN 79 81:19 297 3.3 —-10 -3 -1
8 MA/PFS (95:5) KPS 99 95:5 295 4.3 -2 6 5
9 MA/PFS (90:10) KPS 98 89:11 556 4.1 4 18 19
10 MA/PFS (80:20) KPS 99 79:21 508 3.4 10 41 40
11 MA/PFS (50:50) KPS 98 52:48 416 3.7 35 51 52
“ 1% with respect to total monomer. * Copolymer composition was calculated by "H NMR (see Table S1 and Fig. $1, ESI). ¢ Data from copolymers

grafted with A or C. All copolymers generated suitable thin films as long as the relative amount of PFS was kept low (< 20%).
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Fig. 2 Representative (a) 'H NMR, (b) *°F NMR and (c) FT-IR spectra of the polymers grafted with A and C units, in comparison with the spectra of the
precursor copolymers and the A and C thiols. NMR spectra were recorded in CDCl;:DMSO-dg mixtures.

thiols. Small chemical shifts were observed for the aromatic
protons of the pendant amidinium and carboxylate groups
attached to the polymers (Fig. 2a). Larger shifts were in contrast
observed for the '°F nuclei of the perfluoroarene moiety (Fig. 2b
and Fig. S3, ESIY). The signal corresponding to the '°F atom at
the para-position (—151 ppm) disappears after complete graft-
ing reaction, while the signals of the meta-fluorine atoms shift
from —156 ppm to —134 ppm.>® The FT-IR spectra (Fig. 2c)
show the expected bands associated with the functional groups
of the acrylate-PFS copolymers, together with the characteristic
bands of the amidinium group at ~ 3300, 3100, 1660 and
1570 cm ™', or the carboxylate ~ 1640 cm ™, as also observed in
the A and C precursors, respectively.

Altogether, the different characterization techniques con-
firmed the successful incorporation of thiols A and C into the
copolymer backbone. Moreover, an indirect indication that
grafting occurs is the slight increase of the final T, observed
for the copolymers bearing A and C, as displayed in Table 1.
Another evidence is the substantial change in solubility of the
polymers, which affected their film-forming ability. While the
copolymers grafted with the carboxylate function could still be
solubilized under certain conditions, the amidinium-grafted
copolymers were insoluble, or only partially soluble (depending
on the acrylic composition), in all solvents tested and tended to
form gels with polar (co)solvents. SEM images of cross sections
of this material (Fig. S4, ESIT) illustrate a highly porous internal
structure, which supports their performance as gels.

Due to these solubility problems and the associated loss of
processability, we decided to generate the functionalized materials

This journal is © The Royal Society of Chemistry 2024

by grafting directly on the surface of films processed from the
pristine poly(acrylate-PFS) material. This strategy has the advan-
tage that most physicochemical properties of the bulk copolymer
remain unaltered, so that processability is no longer a problem,
and only the surface is modified with the hetero-complementary
H-bonding/ionic units. Among the solvents tested that could
dissolve the A and C thiols, but not the films, methanol was the
best option. Surface grafting (Fig. 1) was therefore performed by
adding the thiol and the base dissolved in methanol onto the
polymer thin film, and letting stand for 2-3 days at room tem-
perature, as explained in the S.I. (Scheme S2, ESIt). Thorough
washing of the surface with abundant methanol afforded the final
modified films. The copolymers containing MA were not suitable
for surface grafting using this protocol.

Substantial functionalization of the thin films was evidenced
in first place by some changes in their solubility. Both the film
functionalized with A and C were insoluble in CHCI;, but a film
treated under the same conditions in the absence of thiol (only
methanol and DBU were added) was effortlessly dissolved in
that solvent, just like the pristine precursor copolymers. The
addition of a small amount of a polar cosolvent, like DMSO, led
in contrast to complete solubilization in most cases. The
F-NMR spectra of the re-solubilized samples showed the
presence of new signals in the on-surface-grafted films, which
were ascribed to the anchoring of the thiols onto the penta-
fluorophenyl units (Fig. S5, ESIt). The presence of multiple
signals may be explained by partial and random modification
of the pentafluorophenyl moieties, which leads to a complex
mixture of functionalized and unmodified pentafluorophenyl
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moieties with different chemical environments. In addition, the
"H-NMR spectra of the functionalized films exhibited signals in
the aromatic regions that were not present in the unmodified
polymer, which corresponded to the aromatic moieties of the
thiols (Fig. S6 and S7, ESIt).

In short, a grafting reaction between thiols and pendant
pentafluorophenyl groups present in poly(n-alkyl acrylate-co-
pentafluorostyrene) copolymers was optimized for both the
dissolved polymers and for processed polymer surfaces, so as
to introduce the hetero-complementary H-bonding carboxylate
and amidinium groups. Although some preliminary ad hoc tests
were made (see Fig. S8 and Video S1, ESIt), future work will be
directed to characterize qualitatively and quantitatively the
adhesion process between these hetero-complementarily func-
tionalized polymers, so as to assess the impact of combining
ionic and H-bonding recognition units.
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