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Model dynamic covalent thermoresponsive
amphiphilic polymer co-networks based on
acylhydrazone end-linked Tetronic T904 star
block copolymerst

Demetris E. Apostolides,® Costas S. Patrickios, (2 * Miriam Simon,®
Michael Gradzielski, ©' ® Adam Blanazs, 2 ¢ Cécile Mussault,® Alba Marcellan,®¢
Nicolas Alexander and Chrys Wesdemiotis'

Self-healable, reversible, recyclable, stretchable, thermoresponsive and self-assembled model amphiphilic
polymer co-networks (APCNs) were prepared by end-linking Tetronic T904 amphiphilic four-armed star
block copolymers of poly(ethylene glycol) (PEG, peripheral blocks) and poly(propylene glycol) (PPG, internal
blocks) via dynamic covalent acylhydrazone bonds. These newly developed APCNs were first explored in
terms of their dynamic covalent properties, including self-healing, recyclability and reversibility. Remarkably,
for the last property, it was possible to determine the percentage of acylhydrazone cross-links for each of
the several sol—gel transition cycles, both in the gel (originally formed and reformed APCNSs) and solution
(dissociated APCNs) states using simple solution (rather than magic angle spinning) *H NMR spectroscopy.
The recorded *H NMR spectra indicated that the acylhydrazone percentage in the gel state monotonically
declined from 92% in the first cycle down to 70% in the seventh cycle, whereas the corresponding percen-
tage in the solution state monotonically increased from 20% up to 55% in the first and sixth cycles, respect-
ively. An additional *H NMR spectroscopy study based on a model reaction using monofunctionalized PEGs
indicated that this incomplete reversibility originates from the slowing down of the reformation reaction
from the fifth cycle onwards, with new signals from the benzaldehyde end-group being observable in the
seventh cycle probably arising from the “salting out” of the benzaldehyde group in the environment of
increased triethylamine hydrochloride concentration. Subsequently, the prepared APCNs were character-
ized in terms of their self-assembly behavior using small-angle neutron scattering (SANS) in D,O. SANS indi-
cated APCN microphase separation when the temperature was raised from room temperature to 40-50 °C,
with the formation of rather small spherical micellar domains (aggregation numbers of ~8.5 T904 units)
with hydrated hydrophobic cores with radii of 3 nm, located within larger domains of ~50 nm radii. These
APCNs are thermoresponsive materials where the increasing temperature leads to an increased structural
organization and improved tensile mechanical properties, particularly the stress at break and Young's
modulus, which were enhanced by 160% and 130%, respectively.
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TElectronic supplementary information (ESI) available: Experimental part with
information on synthesis (end-functionalizations) and characterization, and
extra results with the reaction scheme of the end-functionalizations of the T904
star block copolymer. The "H NMR spectra, GPC and MALDI-TOF, and calculated
molar masses of the starting T904 (T904-OH), intermediate (T904-MS and T904-
PRHz) and final (T904-Bz and T904-Hz) end-functionalization products. The 'H
NMR spectra of the starting PEG-OH 550, intermediate (PEG-MS and PEG-PRHz)
and final (PEG-Bz and PEG-Hz) end-functionalization products. The 'H NMR
spectra of the reformed acylhydrazone adduct after the first and seventh cycles,
the '"H NMR spectra of PEG-Bz after the first and seventh DCl-triethylamine
addition, the ATR-FTIR spectra of dried APCN gel and its precursors, rheology
on gel formation and rheological frequency sweeps, compressive mechanical
properties, the SANS model, data fits and related parameters, and the tempera-
ture dependence of the aqueous degree of swelling. See DOI: https://doi.org/
10.1039/d2py01256a
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Introduction

Polymeric hydrogels are important materials uniquely combin-
ing an aqueous fluid nature with an elastic network structure,
thereby allowing the diffusive transport of solutes while main-
taining a solid texture. Amphiphilic polymer co-networks
(APCN), representing a particular type of polymeric hydrogels,
possess, in addition to the hydrophilic units, sequences of
hydrophobic units, enabling swelling also in non-polar
organic solvents (“oils”), and reducing the swelling in aqueous
media."”” Most important, however, is their structural organiz-
ation in aqueous media, a result of the concealment of the
hydrophobic sequences in non-polar pockets. The non-polar
pockets can host sizeable quantities of hydrophobic solutes,
either to be delivered, e.g., hydrophobic drug delivery,’ or, con-
versely, to be transported from the external aqueous milieu
into the APCNs, e.g., sequestration of hydrophobic environ-
mental pollutants.” Finally, the formed hydrophobic domains
mechanically reinforce®” the APCNSs, as their reversible defor-
mation provides another energy dissipation mechanism.
These enhanced mechanical properties and the internal self-
assembly of APCNs are important for their applications,
which, in addition to the above-mentioned drug delivery, also
include the fabrication of soft contact lenses (the most suc-
cessful APCN application with global annual sales of 10 billion
US dollars),® and emerging applications in energy’ "’ and
analytical science.'® A new exciting prospect is the employ-
ment of APCNs (in the form of soft contact lenses) for ocular
drug delivery."” Recent related works have also involved porous
networks'®™® with applications in iodine adsorption, chiral
separations, self-sorting, adhesion, and even forming optically
active semiconducting nanofibers.>* >

In addition to amphiphilicity, two other important and
timely attributes in polymer networks are well-defined struc-
tures and dynamic covalent cross-linking.*> Dynamic covalent
cross-links secure the self-healing, reversibility and recyclabil-
ity of polymer networks,**>® whereas the well-defined (near-
perfect or model) structure arises from polymer chain length
homogeneity, again leads to better mechanical properties,
and, upon characterization, it enables the derivation of accu-
rate structure-property relationships.”” Although amphiphili-
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city, dynamic covalent nature and near perfect structures have
only been addressed in the literature separately or in pairs, the
combination of all three attributes together can rarely be
found in a single investigation.?® In the only study combining
all three attributes together, structural characterization was
not performed. Thus, the aim of this study is to design,
prepare and fully characterize model APCNs cross-linked via
dynamic covalent bonds. Our findings include important
insights into the conversion to the acylhydrazone dynamic
covalent cross-links upon each of the several consecutive gel-
sol-gel cycles, and the effect of temperature on the self-assem-
bly and mechanical properties of the APCN.

Experimental section

For experimental details, see the ESL.T

Results and discussion
Aqueous formation of the dynamic covalent APCNs

Fig. 1 illustrates the formation of the dynamic covalent APCNs
in this study. APCN formation results from the end-linking of
two types of amphiphilic four-armed star block copolymers,
differing only in their end-groups, benzaldehyde and benzaa-
cylhydrazide, whose reactions lead to the formation of bisaryl-
substituted acylhydrazone groups serving as dynamic covalent
cross-links. The chosen four-armed amphiphilic star block
copolymer comprised poly(ethylene glycol) (PEG) peripheral
blocks and poly(propylene glycol) (PPG) internal blocks, with a
rather high content of the more hydrophobic PPG component
(approximately 16 monomer repeating units in each of the two
block types, PEG and PPG, per arm), so as to provide a large
driving force for self-assembly, but without compromising
room temperature water-solubility. The particular star block
copolymer was the commercially available Tetronic T904, orig-
inally bearing four hydroxyl end groups. These hydroxyl
groups were modified to the two types of the above-mentioned
end-groups by following our previous work on four-armed PEG
star homopolymer (tetraPEG) dynamic covalent gels (tetraPEG
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Fig. 1 Formation of the dynamic covalent APCNs via the acylhydrazone end-linking of the two types of T904 Tetronics, with x and y being equal to

about 16.
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DYNAgels),>® which was based on the work of Deng et al.*
improved to be applicable for higher molar mass polymers.>
The experimental procedure for the end-group modification
was that reported in our previous work,”® while the modifi-
cation scheme, the '"H NMR and MALDI-TOF spectra, and the
gel permeation chromatograms of the starting, intermediate
and final products, and the calculated molar masses are pro-
vided in Fig. S1-S5 and Table S1 in the ESLf

The dynamic covalent T904 APCNs were formed upon
mixing equimolar acidic aqueous buffer solutions of the two
complementarily end-functionalized amphiphilic star block
copolymers, as illustrated in Fig. 1. Gels were typically pre-
pared at a polymer concentration of 15% w/v in a 200 mM
aqueous acetate buffer of pH 5.5, but they could also be
formed at polymer concentrations down to 5% w/v, and in
aqueous buffers up to pH 6.0. The higher pH limit was
imposed by the room temperature aqueous solubility of the
two types of more hydrophobic T904 amphiphilic star block
copolymers, the benzaldehyde-derivatized one (T904-Bz),
owing to its solubility at pH < 6.0 to the ionization of the two
nitrogen atoms in its ethylenediamine core. The pH-depen-
dence of APCN formation times, determined using both tube
inversion (gelation criterion was inability to flow) and rheology
(gel formation time was taken as the moment when the shear
elastic modulus, G, exceeded the shear loss modulus, G", see
Fig. S61) experiments are plotted in Fig. 2. The gel formation
times from the two techniques were close to each other, and
increased almost linearly in the semi-logarithmic plot from
1 min at pH 2.0 to 100 min at pH 5.5. The exponential increase
in the gel formation times with increasing pH is due to the
exponential reduction in the concentration of the hydrogen
ions catalyzing the formation of the acylhydrazone cross-links.*!

Self-healing, reversibility and recyclability of the APCNs

The dynamic covalent properties of the developed APCNs were
explored using several tests, both qualitative and quantitative.
Two qualitative and three quantitative tests were performed
and are illustrated in Fig. 3. The first qualitative test was self-
healing (part (a) of the figure) in which two gel pieces, cut
from two different gel samples (one dyed with malachite
green) both formed by mixing pairs of aqueous polymer solu-
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Fig. 2 Dependence of the dynamic covalent T904 APCN formation
time on the pH of the aqueous buffer solution, determined using rheol-
ogy and tube inversion experiments.
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tions buffered at pH 2.0, could adhere well to each other after
pressing them together. The second qualitative test involved
gel-sol-gel transitions (part (b) in the figure), where gel pre-
pared in pure water with added glacial acetic acid could be dis-
solved by the addition of strong acid, HCl, and reformed by
the addition of an equivalent amount of triethylamine (TEA)
base, where this gel-sol-gel cycle could be repeated a few
times before insoluble salt formation and dilution effects
inhibited gel reformation (also see following section on the
Origin of Incomplete Gel Reversibility).

The next three quantitative tests aimed at evaluating the
dynamic covalent properties of the APCNs. The first two were
similar to the second qualitative test, which also involved gel
dissolution and reformation, whereas the third quantitative
test explored the cross-link lifetime in APCNs under conditions
favoring the fast exchange of the acylhydrazone bond. The first
quantitative test was performed by simple solution (rather
than magic angle spinning) '"H NMR spectroscopy to deter-
mine the yields of acylhydrazone bond formation, dissociation
and reformation in APCNs originally formed in D,O with
added glacial acetic acid. At this point, we wish to stress that
the herein recorded solution 'H NMR spectra constitute a rare
example*®** of such spectra obtained for cross-linked APCNs and
represent one novelty in this study. Despite their semi-solid
nature, the present APCNs exhibited clear and rather narrow
peaks in their "H NMR spectra, possibly as a result of the
modest hydrophobicity of the PG units and their constantly
exchanging cross-links (see also their third quantitative charac-
terization test below). Thus, cross-links formed in APCNs with
more hydrophobic components might not be easily resolved by
'"H NMR spectroscopy as in the present system with the mar-
ginally hydrophobic PPG segments.

For this first quantitative test, APCN dissolution and refor-
mation were performed in an NMR tube, where the original
gel was also formed and from which all '"H NMR spectra were
recorded. After the 'H NMR spectrum of the originally formed
APCN in the NMR tube was recorded, the APCN was dissolved
via the addition of a small volume of concentrated DCI solu-
tion in D,0 within the NMR tube (DCI molar loading was 10
times the number of moles of acylhydrazide groups initially
loaded in the system), and the dissolution products were ana-
lyzed again by "H NMR spectroscopy (Fig. 4). The gel was sub-
sequently reformed via the addition of a stoichiometric
amount of TEA to the added DCI, and the gel was reanalyzed
by "H NMR spectroscopy. This was repeated until the gel could
not be reformed upon TEA addition, which occurred on cycle
number 7. The percentage of acylhydrazone bonds relative to
the aldehyde protons of the initial benzaldehyde was calcu-
lated from the spectra of all samples, both gels and solutions.
These results are plotted in part (c) of Fig. 3.

Fig. 3(c) shows that, while the percentage of acylhydrazone
bonds in the original gel was very high, above 90% (also con-
sistent with the results from FTIR spectroscopy given in
Fig. S7t), this percentage gradually declined down to about
65% at the sixth cycle. On the other hand, the percentage of
acylhydrazone bonds present in the products in the first dis-
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Fig. 3 Exploration of the dynamic covalent properties of the T904 APCNs developed in this study. (a) Self-healing of APCNs formed from pairs of
aqueous polymer solutions. (b) APCN reversibility effected by their consecutive dissolution and reformation via the addition of acid and base,
respectively. (c) Percentage of acylhydrazone cross-links in APCN gels and their solutions obtained in seven cycles of dissolution and reformation as
determined by *H NMR spectroscopy. (d) Evaluation of compressive mechanical properties of virgin and recycled APCNs. (e) Rheological frequency
sweep experiments for the determination of the lifetimes of the acylhydrazone cross-links. Parts (a) and (e): APCNs formed in 0.2 M phosphoric acid
buffers at pH 2.0 (a) and 1.5 (e). Parts (b—d): APCNs formed in pure water (b and d) or D,O (c) with the addition of a small volume (~2 pL) of glacial

acetic acid.

solution cycle was about 20% (rather than 0%, also see the fol-
lowing section describing the reactions using model mono-
functional PEG compounds), but that number gradually
increased up to 50% with the increase in the cycle number.
Thus, the percentage of acylhydrazone bonds in the gels
decreases with the number of reformation cycles, while the
corresponding percentage in the dissolved sample increases,
with the two numbers converging. Eventually, in the seventh
cycle, the gel could not be reformed. This incomplete reversi-
bility has to be attributed to a combination of factors, includ-
ing gradual functional group degradation, dilution effects and
triethylamine hydrochloride salt formation at each cycle, finite
concentrations of acid and base added, and the finite periods
of time allowed between consecutive gel dissolution and refor-
mation steps. Yet, it is remarkable that the signals from the
acylhydrazone cross-links were cleatly visible in the "H NMR
spectra of both the gels and solutions and the percentages of
those cross-links were expectedly higher in the gels than in the
solutions, with the percentages in the two systems converging,
explaining the eventual inability for gel reformation on the
seventh cycle.

The second and third quantitative tests concerned the
mechanical properties of reformed APCNs (Fig. 2(d)) and the

204 | Polym. Chem., 2023, 14, 201-211

cross-link lifetime in acidic APCNs (Fig. 3(e)), respectively.
Regarding the former, mechanical testing indicated that the
compressive Young’s modulus and compressive stress and
strain at break of original (“virgin”) and reformed (“recycled”)
APCNs were the same, within experimental error (Table S2+).
Regarding the latter, rheological frequency sweep experiments
yielded cross-link lifetimes of 9 and 39 min for APCNs formed
in 200 mM aqueous buffers of pH 1.5 and 2.0 (Fig. S87),
respectively. More discussion on these two quantitative tests is
provided in the ESL{

Origin of incomplete gel reversibility

Next, we pursued the elucidation of the origin of incomplete gel
reversibility. The incomplete reversibility of acylhydrazone-
linked gels was first pointed out by Deng and co-workers in
their seminal study,’® where, in addition to gel clouding, these
investigators also observed a downgrading of the rheological
properties of the gels upon their repeated dissociation and
reformation. Our chosen approach involved the study of a
model acylhydrazone formation reaction between two mono-
functionalized, rather than tetrafunctionalized, PEG-OHs, one
with benzaldehyde, PEG-Bz, and the other with acylhydrazide
(PEG-Hz). PEG-OH with a molar mass of 550 ¢ mol™* (PEG-OH

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Simple solution *H NMR spectra in D,O of the originally formed APCN gel (top), and the same sample after its dissolution via the addition of

DClin D,O (bottom). The sharp singlet at 8.20 ppm is due to traces of DMF.

550) was employed, which was end-functionalized to obtain the
two derivatives using similar synthetic routes to those utilized
for Tetronic T904. The information on the synthesis and charac-
terization of PEG-Bz and PEG-Hz are provided in the ESI (*H
NMR spectra are illustrated in Fig. S9 and S10%). The experi-
ments were performed under the same conditions as gel for-
mation and dissociation with the Tetronic T904 star block copo-
lymers, i.e., in neat D,O with the addition of a catalytic amount
of 2 pL glacial acetic acid, and the same initial concentration of
55 mmol of benzaldehyde and acylhydrazide functional groups.
However, unlike the experiments with the tetrafunctional star
compounds giving gels, the present experiments with the mono-
functional compounds were much faster both in dissociation
(addition of DCI) and association (addition of triethylamine)
and did not exhibit any obvious turbidity arising from the tri-
ethylamine hydrochloride salt formed at the end of each cycle.

This journal is © The Royal Society of Chemistry 2023

The present reversibility experiment was also performed for
seven cycles, but the kinetics of the dissociation and association
reactions was now carefully followed by "H NMR spectroscopy
to make sure that enough time was allowed for the reactions to
reach completion.

The collected data for all seven cycles are presented in two
different ways in parts (a) and (b) of Fig. 5. Part (a) of the
figure illustrates the temporal evolution of acylhydrazone bond
concentration expressed as the percentage of the maximum
amount of acylhydrazone bonds that can be formed, based on
the stoichiometric amounts of benzaldehyde and acylhydra-
zide, added to the system. Each cycle first involves DCl
addition (5-fold with respect to the initial molar amount of
acylhydrazide or benzaldehyde groups present), followed by
the addition of a stoichiometric (relative to DCl) amount of tri-
ethylamine. One can see from this part of the figure that, for

Polym. Chem., 2023,14,201-211 | 205
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Fig. 5 (a) Temporal evolution of the dissociation (addition using a 5-fold DCl amount) and association (addition of equivalent amount of triethyl-
amine to neutralize DCL) of a model, water-soluble acylhydrazone compound over seven cycles. (b) Overlay of only the acylhydrazone reformation
(association) parts (the beginning of each curve was shifted to time zero), in the form of reduction in the acylhydrazide concentration.

all seven cycles, DCI addition leads to a rapid reduction of the
acylhydrazone concentration from about 90% down to about
40% of its maximum theoretical concentration, followed by a
slower recovery of acylhydrazone concentration upon the
addition of a stoichiometric (relative to DCl) amount of tri-
ethylamine, back to about 90%, except for cycle number seven,
for which recovery is only about one half of the recovery
observed in the previous cycles.

In order to also gain an understanding of the kinetics of acyl-
hydrazone bond recovery, especially in the later cycles, the data
in part (a) are replotted in part (b), where all acylhydrazone
bond recovery kinetics are overlaid by starting all recovery
branches at time zero, omitting all dissociation branches. Here,
however, the acylhydrazide concentration, rather than acylhydra-
zone, (again as a percentage) is plotted instead. Fig. 5(b) clearly
shows that the reduction in acylhydrazide concentration is
equally fast in the first four reassociation cycles (which are
almost indistinguishable from each other), and becomes slower
in the last three cycles. Although the reassociation is slower in
cycles five and six, the conversions of the reaction reach those
attained in the previous cycles; it is in cycle seven that the reac-
tion is both slower and fails to reach the high conversions
attained in the other cycles, as already observed from Fig. 5(a).
Inspecting all the '"H NMR spectra, we observed that the peak
due to the benzaldehyde formyl methine proton at 9.8 ppm was
split into two in all the spectra of cycle number seven
(Fig. S11}). Thus, benzaldehyde degradation/modification
might be the origin of acylhydrazone incomplete reversibility.
We examined this hypothesis by “aging” PEG-Bz in the presence
of 5-fold molar amounts of DCI or triethylamine for five days.
However, for this timespan, we observed no changes in the 'H
NMR spectra. Next, to check the effect of the quantity of acid
and base separately (i.e., only DCI or only triethylamine), we
added another six times the 5-fold excess of DCI and triethyl-
amine. The 'H NMR spectra were recorded after each addition,
but the spectra remained again unchanged.

206 | Polym. Chem., 2023, 14, 201-21

Finally, we examined the behavior of PEG-Bz in D,O upon
seven alternating additions of DCI and triethylamine, so as to
simulate the conditions of dissociation and reformation of the
acylhydrazone adduct. After each of the fourteen additions, the
'H NMR spectra were recorded. The spectra remained
unchanged after the first thirteen additions [alternating
additions of DCI (x7) and triethylamine (x6)]. However, upon
the seventh addition of triethylamine, the same split in the
peak of the benzaldehyde formyl methine as in the seventh acyl-
hydrazone adduct reformation cycle was observed. This suggests
that the gradual building up of the triethylamine salt eventually
causes the peak split, which may be responsible for the reduced
acylhydrazone reversibility. Fig. S121 shows the "H NMR spectra
of the linear PEG-Bz compound in D,O after seven alternating
additions of DCI and triethylamine (methine peak split first
observed), and, for comparison, the spectra after one addition
of DCl and triethyamine (no methine peak split). We performed
another four (total of eleven) alternating additions of the acid
and base, and the peak split was preserved and enhanced in all
eight further recorded spectra. Finally, we diluted the system
twice with D,O by 50% and then by another 50%, and the peak
split disappeared from the first dilution, indicating again that
the peak split is due to the salt building up.

Thus, our 'H NMR spectroscopy study indicated that the
loss in acylhydrazone reversibility is probably related to a
change in the behavior of benzaldehyde. Benzaldehyde is
known to readily transform via several chemical reactions,
including the Cannizzaro reaction (base-induced disproportio-
nation, giving benzoic acid and benzyl alcohol), and autoxida-
tion in air (giving benzoic acid).’® However, the presently
observed change in benzaldehyde behavior is of a physical,
rather than chemical, nature. It might be worth investigating
the effect of other acid-base pairs on the reversibility of the
acylhydrazone cross-links. A greater irreversibility is expected
from acid-base pairs leading to salts with a stronger salting
out power, such as ammonium sulfate.

This journal is © The Royal Society of Chemistry 2023
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Using the same model compounds, we also performed
another type of experiment, relevant to the exchange in the
acylhydrazone system. This study aimed at better understand-
ing the equilibrium nature of acylhydrazone formation and
dissociation, through which, even in the absence of the pre-
viously-mentioned benzaldehyde behavior, the conversion to
acylhydrazone and its hydrolysis back to acylhydrazide are
both always lower than 100%. This experiment involved the
gradual hydrolysis of acylhydrazone using DCI (“titration”),
with the hydrolysis products being quantitated again by 'H
NMR spectroscopy. The molar ratio of the cumulative amount
of the DCI titrant to the originally added acylhydrazide (equi-
valent to the maximum theoretical amount of acylhydrazone
that can be formed) was varied from 0.25 to 20.00. The tem-
poral evolution of the reaction was also followed by "H NMR
spectroscopy to make sure that enough time was allowed for
equilibration.

The results of this investigation are shown in Fig. 6, again
in two forms in the two parts of the figure. Part (a) exhibits the
temporal evolution of acylhydrazone concentration in molar
percentage units as acylhydrazone concentration changed
upon each addition of DCIl, whereas part (b) of Fig. 6 plots the
equilibrium acylhydrazone concentration against the molar
ratio of the cumulative quantity of added DCI divided by the
total initial acylhydrazide amount. Fig. 6(a) shows that, upon
each addition of DCl (whose moment of addition is marked
with a vertical red arrow, and the molar ratio of cumulative
DCI to total initial acylhydrazide is indicated above or below
the arrow), acylhydrazone concentration instantly drops to its
new equilibrium value, suggesting that the kinetics of acylhy-
drazone hydrolysis is very fast, as already concluded from
Fig. 5(a).

Fig. 6(b) plots the variation of equilibrium acylhydrazone
concentration against the molar ratio of the cumulative
amount of DCI added to the total initial acylhydrazide. As the
amount of added DCI increases, the acylhydrazone group con-
centration decreases, consistent with the expectation that
more acid shifts the equilibrium toward the dissociation pro-
ducts of acylhydrazone. Interestingly, we can observe that, at
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the stoichiometric addition of DCI (ratio = 1.00), the acylhydra-
zone group concentration has dropped from the initial 91%
only down to 64%. To reduce acylhydrazone concentration
down to 50%, about twice the stoichiometric (relative to total
acylhydrazide) molar amount of DCI is required, whereas a
reduction down to 24% and 12%, 10-fold (also the case in
Fig. 4) and 20-fold DCl amounts relative to total acylhydrazide,
respectively, must be added. Thus, the equilibrium nature of
the acylhydrazone dissociation reaction keeps its relative con-
centration above 10%, despite the fact that a large excess of
strong acid has been added.

Thermally-induced self-organization of the APCNs

For gaining a mesoscopic structural understanding of the
APCN properties, the self-organization of the T904 dynamic
covalent APCNs prepared in aqueous (D,O) acetate buffer solu-
tions at pD 5.5 and at a 15% w/v polymer concentration was
investigated at 25, 40, and 50 °C using small-angle neutron
scattering (SANS). Fig. 7 displays the SANS profiles of the
APCNs. At the lowest temperature of 25 °C, the SANS profile
exhibits a broad shoulder in the g-range of 0.6-0.8 nm™", indi-
cating the presence of weakly ordered aggregates. Upon raising
the temperature to 40 °C, the shoulder transforms into a clear
correlation peak that becomes even more pronounced at 50 °C,
indicating better ordering of the micellar aggregates. By lower-
ing the temperature back down to 25 °C, the correlation peak
reverts to the broad shoulder of the initial SANS profile at
25 °C, suggesting that the temperature-induced ordering is
reversible. From the peak position, gmax, at the two higher
temperatures, 40 and 50 °C, a mean spacing, d (= 27t/qmax), Of
~8.5 nm between the micelle centers can be calculated. Taking
into account the D,O content and copolymer composition
yields an aggregation number, Nygs, of ~10-11 (Table 1). This
Nago value is approximately one-half of 18-23 determined for
the free (non-end-linked) T904 star block copolymer in
aqueous solution at the same temperatures and similar
polymer concentrations.***> The lower N,g, value for the APCN
system can be ascribed to the chemical interconnection (end-
linking) among the constituting amphiphilic star block copoly-
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Fig. 6 (a) Temporal evolution of acylhydrazone concentration attained by the addition of DCl at various times marked by arrows, with the cumulat-
ive amount of added DCl relative to the initial total acylhydrazide amount also being indicated. (b) Equilibrium isotherm (room temperature) correlat-
ing equilibrium acylhydrazone concentration to the cumulative amount of DCl added divided by the initial acylhydrazide concentration.
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Fig. 7 SANS profiles of the APCNs in the as-prepared state at a 15% w/v
total polymer concentration in D,O buffered at a pD of 5.5, studied at
25, 40, 50 and again back down to 25 °C.

Table 1 Parameters obtained from the SANS analysis of the 15% w/v
sample based on the peak position

Temperature Gmax a* Veenl b Veore ¢

(°C) (m™) (m™) (M) geoe® (M) Nagg®
25 (initial) — — — 0.094 — —
40 0.734 8.56 627 0.104 65.5 9.7
50 0.749 8.39 591 0.127 75.0 11.1
25 (after cooling — — — 0.094 — —
from 50 °C)

4 = 21/ Gmaxe © Veenn = d°. © peore = (PPG volume fraction in dry polymer)
x (overall polymer volume fraction in swollen gel). PPG volume fraction
in dry polymer = 0.626; for this calculation, degrees of polymerization
of 17 and 15 were used for the PPG and PEG blocks in each star arm,**
respectively, whereas the respective PPG and PEG densities were taken
as 1.00 and 1.12 g cm™>. Overall polymer volume fraction in swollen
gel = (degree of swelling of gel)™; the degrees of swelling were taken
from Fig. S14,1 appropriately taking into account their temperature
dependence. Veore = Pcore X Veell- eNagg = Vcore/Vcore unimer) Veore unimer =
6.55 NM’; Veore unimer 1S the PPG volume in a single star block copoly-
mer, possessing 17 PG units in each of its four arms, again taking the
PPG density equal to 1.00 g cm ™.

mers, resulting in lower freedom toward self-assembly, as chain
stretching opposes a reduction in interfacial area per chain, the
latter of which is the main driving force for micelle formation.
The high g-range of the SANS profiles, including the corre-
lation peak, was described quantitatively by fitting a model of
small spherical aggregates composed of hydrated PPG seg-
ments that interact via a hard-sphere potential (see the ESI{
for details). In doing that, we made educated choices for the
water content of the PPG core as 45, 40, and 30 vol% at 25, 40,
and 50 °C, respectively, based on previous theoretical model-
ing and SANS experiments on similar amphiphilic linear ABA
triblock copolymer systems (Pluronics).>**” The main output
of this analysis was the radii of the PPG hydrated cores, R,
which came out to be 2.93, 2.64, and 2.65 nm at 25, 40, and
50 °C (see SANS data fits in Fig. S131 and all fit parameters in
Table S37), respectively. The R. value of 2.65 nm then trans-
lates for the assumed extent of hydration of the core to an
aggregation number of ~6 for the hydrophobic cores of
T904 molecules (Table S37), in fair agreement with the deter-
mination via the mean spacing described above. Our findings
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are also in good agreement with the R. value of 2.55 nm
obtained previously for free T904 solution using SANS.*®

Finally, in the low g-range, the SANS profiles exhibit a
strong increase in scattering intensity as g decreases, with the
intensity leveling off at the lowest measured q values, thereby
indicating a finite size of globular structural units. This
increase starts earlier for the higher temperatures but reaches
about the same intensity at low g, which indicates a super-
structure that contains about the same amount of material but
becomes more compacted with increasing temperature. The
radius of these larger structural units was estimated by apply-
ing Guinier’s law. Assuming homogeneous spheres, this
corresponds to radii of 60, 50, and 45.7 nm at 25, 40, and
50 °C, respectively, i.e., they shrink as the temperature goes up.
If one compares the scattering intensity of these large globules
with that of the small micelles contained, one finds that each
such unit contains about 2600-2800 micelles and this number
remains unchanged during the temperature increase
(Table S3%), i.e., the large structures shrink but keep the
number of hydrophobic micellar units largely unchanged.

Fig. 8 represents the APCN structure derived from the SANS
profiles as analyzed above. This includes relatively large globu-
lar domains® of radii of 45-60 nm, which contain more
densely packed micellar aggregates whose hydrated PPG cores
have radii of ~3 nm and a mean spacing of ~8.5 nm. The
space between the bigger domains can then be assumed to
contain some more individual micelles which aggregate
outside due to constraints imposed by the polymer co-network
structure. The mean spacing between the smaller micellar
aggregates is expectedly shorter than the contour length
between the centers of two adjacent and interconnected stars
of ~21 nm = 64 units x 0.33 nm per unit, due to both micro-
phase separation and chain coiling. Given that the micellar
core radii at higher temperatures are 2.65 nm, this implies that
the average distance between the surfaces of the cores of two
adjacent micelles is 3.2 nm (= 8.5-2 x 2.65). This bridging dis-
tance of ~3 nm is consistent with the size of two consecutive
hydrophilic blocks of contour length of ~10 nm = 30 units at
0.33 nm per unit, which, in solution are expected to coil to a
final size of 30-50% of their contour length.

Upon increasing the temperature, all structural features get
increasingly compacted and the whole structure becomes more
ordered. The shrinkage can be attributed to the well-known
reduced hydration of PEG and PPG with increasing temperature.

Thermally-induced mechanical property enhancement of the
APCNs

Finally, the tensile mechanical properties of the T904 dynamic
covalent APCNs prepared in aqueous acetate buffer solutions
at pH 5.5 and at a 15% w/v polymer concentration were investi-
gated at 25, 40 and 50 °C using mechanical testing in tensile
mode, with the samples being stretched while immersed in a
thermostated paraffin oil bath, with some samples also tested
in air at 20 °C. Table 2 below summarizes these properties,
which include the tensile stress at break, .y, the tensile
strain at break, ey, and Young’s modulus, E.
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Fig. 8 Structure of self-organized T904 APCNs and its change with increasing temperature.

Table 2 Tensile mechanical properties of the APCNs

T (°C) Omax (kPa) Emax (%) E (kPa)
20 45+1 102 +4 51+1
25 41+ 8 99 £ 17 56 +2
40 105 +12 127 £20 128 £ 3
50 125 + 40 160 + 70 145+ 6

All three mechanical properties at or near room tempera-
ture were statistically the same, whether in air or immersed in
oil (first two lines in the table), thereby confirming that
immersion in oil does not influence the measurements.
Increasing the temperature from 25 to 40 and 50 °C led to a
significant enhancement in Young’s modulus, by 130% at
40 °C and another 15% at 50 °C. Interestingly, these increases
in Young’s modulus are paralleled by the corresponding
enhancements of other mechanical properties. In particular,
the thermally induced stiffening resulted in slight increases in
stretchability, ~30% with each increase in the temperature,
and larger increases in strength, first by 155% when heating
from 25 to 40 °C and then another 20% when reaching 50 °C.
Although some of the enhancement in the mechanical pro-
perties can be attributed to partial shrinking (relative
reductions in the swelling degrees of 22% and 25% when the
temperature was increased from 25 to 40 °C and 40 to 50 °C,
respectively; see Fig. S14 in the ESIf) of the APCN system
(unlike our previous APCN systems,’ the present system did
not respond isochorically to a temperature increase), the main
part of the increase in both the stress and strain at break as
well as Young’s modulus can be attributed to the temperature-
induced organization of the system as analyzed in the SANS
section.

Conclusions

In summary, we have presented the first APCN system, posses-
sing, in addition to amphiphilicity, well-defined star copoly-

This journal is © The Royal Society of Chemistry 2023

mer building blocks end-linked via dynamic covalent bonds,
whose structural organization was explored using SANS. SANS
indicated the formation of weakly-ordered spherical micelles
at room temperature which, upon heating up to 40-50 °C,
become much more ordered. These small micellar aggregates,
in turn, are contained within larger globular domains of
~60 nm, which shrink upon raising the temperature, while
keeping the number of micelles contained constant.

This temperature-induced self-organization helped enhance
the tensile mechanical properties of the present APCN system,
converting it from soft and fragile to hard and tough.
Importantly, the dynamic covalent nature of the acylhydrazone
cross-links of the developed APCN imparted to it reversibility,
self-healing and recyclability with complete recovery of its com-
pressive mechanical properties. Significantly, the successive
gel-sol transitions in the present system could be readily fol-
lowed using simple solution "H NMR spectroscopy, providing
crucial insights as to why the gel-sol cycles cannot be repeated
indefinitely. Finally, it might be worth noting that, although the
present APCN system based on star block copolymers end-
linked via dynamic covalent bonds yielded spherical structures,
other star-based APCN systems, end-linked via permanent
chemical bonds, can form lamellae*>*" or cylinders.*>**
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