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Secondary interactions, such as hydrogen bonding or phase separation, can enhance the stability of
dynamic covalent materials without compromising on desired dynamic properties. Here, we investigate the
combination of multiple secondary interactions in dynamic covalent materials based on acylsemicarbazides
(ASCs), with the aim of achieving tunable material properties. The effects of different ASC substituents on
the dynamic covalent and hydrogen bonding capabilities were investigated in a small molecule study using
a combined experimental and theoretical approach, and revealed the presence of cooperative hydrogen-
bonding interactions in 2 directions in one of the derivatives. The different motifs were subsequently incor-
porated into polymeric materials. Combining ASC motifs capable of strong, multiple hydrogen bonding with
a polydimethylsiloxane backbone introduces structure-dependent, ordered nanophase separation in poly-
meric materials. The thermo-mechanical properties of the materials reveal a strong dependance on the
hydrogen-bonding structure and exact nature of the ASC bond. The dynamic behavior in bulk shows that
bond exchange depends on the dissociation rate obtained from ASC model compounds, as well as the
strength of the secondary interactions in these materials. Differences in hydrogen-bonding structures of the

Received 14th November 2024,
Accepted 4th December 2024

DOI: 10.1039/d4py01296h

ASC motifs also cause differences in creep resistance of the materials. Interestingly, the materials with
strong, ordered and cooperative hydrogen-bonded clusters show the highest creep resistance. Our results
demonstrate that tuning both the dissociation rate and the secondary interactions by molecular design in
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Introduction

Dynamic covalent bonds (DCBs) are covalent bonds that are
able to break and reshuffle in response to certain stimuli,
most commonly by applying heat." Numerous dynamic
covalent chemistries have been identified that differ in
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dynamic covalent materials is important for controlling their thermal stability and creep resistance.

rearrangement mechanisms, which has led to the recent
emergence of DCBs as a versatile toolbox for designing repro-
cessable or healable materials.>® Despite the beneficial pro-
perties that DCBs bring, the application of dynamic covalent
materials is limited by their lower mechanical strength and/
or stability compared to conventional polymeric materials.*
Recent research in the field has focused on overcoming these
limitations by tuning the material’s molecular structure. It
was shown that the addition of secondary interactions is a
valid strategy towards improving the mechanical properties
and stability in dynamic covalent materials, while good
dynamic properties are retained.>® One way to achieve this is
by creating distinct hard and soft phases in materials, either
through supramolecular interactions, such as hydrogen
bonding, or by phase separation.”® Systems utilizing these
secondary interactions have the ability to increase the
thermal stability of materials, for example by increasing
their flow temperature or by reducing creep at elevated
temperatures.™*™"°

An interesting DCB that combines dynamic covalent chem-
istry with supramolecular chemistry is the acylsemicarbazide

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 A) Synthetic pathway towards model ASC compounds. (B) Dynamic covalent dissociation of ASC groups. (C) Synthetic pathway towards
dihydrazide functionalized pDMS and subsequent polymerization with three isocyanates to yield polymer films after compression molding.

(ASC), which is formed by the reaction of an acyl hydrazide
and isocyanate (Scheme 1A).”%?' The resulting motif resembles
an urea and amide moiety fused through an N-N linkage, and
can dissociate back into its precursors at elevated temperatures
(Scheme 1B).>* Incorporating ASCs in covalently-crosslinked
networks gives strong materials with both good (re)processa-
bility and healability.”>> Furthermore, ASCs have received
attention in supramolecular networks due to their ability to
form multiple hydrogen bonds, leading to densely packed
hydrogen-bonded clusters with remarkable mechanical
properties.”**° The strength of the hydrogen bonds in ASCs
can be further enhanced by introducing another secondary
interaction: phase separation. In systems where ASCs have
been combined with hydrophobic polymer backbones such as
polydimethylsiloxane (pDMS), the localization of hydrogen-
bonding units in phase-separated stacks gave rise to improved
tensile  strength  compared to  non-phase-separated
systems.”>?°3? The introduction of the relatively soft pDMS
phase also prevented crystallization and improved the healabil-
ity of the materials due to increased chain mobility. Compared
to established pDMS-based urethane- or urea-containing
elastomers,*?* ASC groups offer unique hydrogen-bonding
patterns in multiple directions. This leads to increased hydro-
gen-bonding strength and stability, while at the same time
introducing a dynamic covalent bond for additional
dynamicity.

In general, tuning the dynamic covalent character of DCBs
has been achieved by introducing (internal) catalysts or by
altering the electronic structure around the DCB via various
substituents.?>*>*' When using ASCs, the broad availability of
different (di)isocyanates and the ease of preparation of acyl
hydrazides permits to tune both their electronic structure as
well as the nature of the hydrogen bonds. In this work, we
present a bottom-up approach to unveil the versatility of ASC
groups for dynamic covalent materials. We systematically

This journal is © The Royal Society of Chemistry 2025

investigate their structure-property relationships by modifying
their molecular structure. We show the quantification of dis-
sociation rates of a library of ASCs comprising a range of sub-
stituents using 'H NMR kinetic experiments. In addition,
crystal structures from selected molecules were obtained to
probe the formed hydrogen-bonding arrays, and evaluating if
cooperative hydrogen bonding is present using the framework
of Kohn-Sham density functional theory (KS-DFT).**™*°
Selected ASC motifs were then incorporated into linear pDMS-
based block copolymers, which allowed us to study the
thermal, morphological and dynamic covalent properties of
the polymer films. Finally, the resistance of the materials
towards creep was determined. Our results point towards an
interesting role of cooperativity of hydrogen bonds to help
reduce creep in materials.

Results and discussion
Design and synthesis of model compounds and polymers

ASC model compounds comprising a range of substituents
were synthesized by reacting various hydrazides with different
isocyanates to investigate the tunability of the ASC dynamic
covalent bond (Scheme 1A and B). It is known that the
dynamic covalent character of DCBs can be tuned, also in iso-
cyanate-based systems.® We therefore include a model com-
pound derived from an isocyanate with the benzoyl group as
an electron-withdrawing unit. All model compounds were
obtained in high purity (see ESI} for details). In addition,
three isocyanates with alkyl, phenyl and benzoyl substituents
were incorporated into polymers to study their properties in
materials. To achieve this, first pDMS was functionalized with
methyl 10-undecenoate, which was converted into a pDMS
dihydrazide prepolymer by reacting with hydrazine monohy-
drate (Scheme 1C). This prepolymer was subsequently reacted
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in equimolar ratios with three diisocyanates (HDI, PDI, and
BDI,"” Scheme 1C) in THF. During the polymerization, gelation
of the reaction mixture occurred due to the strong organogelat-
ing nature of the pDMS-ASC polymers. This led to the for-
mation of oligomers with a number average degree of polymer-
ization of around 10, which were compression molded under
100 kN at 140 °C for 1 h to afford flexible plastic films
(ASC-HDI, ASC-PDI and ASC-BDI, Scheme 1C).

Kinetic evaluation of bond exchange in ASC model
compounds

"H NMR studies were performed to study the effects of various
hydrazide and isocyanate substituents on the dissociation rate
(kq) of the ASC model compounds. Analogous to the studies
done by Xia and coworkers, ASC model compounds were
mixed with benzylamine in a 1:1 ratio in DMSO-ds and were
subsequently heated to various temperatures using an oil
bath.?* At elevated temperatures, the ASC compounds will dis-
sociate and urea bonds are formed due to the higher nucleo-
philicity of the amine compared to the hydrazide (Fig. 1A). It
was previously determined that this dissociation follows first-
order kinetics.”” Thus, by measuring the decrease in ASC con-
centration (c/c,) over time, the dissociation rate of the ASC
model compounds can be determined from the slope of a
linear fit in a —In(c/c,) vs. time plot (eqn (1), Fig. 1B and S6t).
By constructing an Arrhenius plot, the activation energy (E,cc)
of the dissociation can be determined (Fig. 1C).

¢ = coe ket (1)

The kq and E,. were determined for all 8 model com-
pounds, in which the hydrazides were initially varied from
methyl to butyl, phenyl and benzyl, and the isocyanates
changed from butyl to benzyl, phenyl, and benzoyl (Fig. 1D,
Fig. S7, 8 and Table S57). Fig. 1E shows the comparison of the
relative dissociation rate at 120 °C (normalized to that of
PhASCBu) of all model compounds.

Focusing on the relative rates, varying the hydrazide substi-
tuent (R,) causes the dissociation rate to change by less than a
factor of 2 going from a methyl to phenyl substituent. This
difference is likely related to steric effects, where bulkier sub-
stituents result in a higher dissociation rate. This hypothesis
was corroborated by an additional model compound,
t-BuASCPh, which indeed shows a higher dissociation rate
than the other hydrazide substituents. Much larger differences
in relative rate are observed when changing the isocyanate
(Ry), with increases of 20 and 200 times when going from the
butyl substituent to the phenyl and benzoyl, respectively.
These large differences could be related to differences in elec-
tronic stabilization by the substituents. The conjugation of the
phenyl and benzoyl substituents most likely activates the
dynamic bond, leading to a higher dissociation rate. The vari-
ations in E,.. between the different model compounds are less
pronounced, between 108 and 139 k] mol™, and most likely
within experimental error (Table S5 and Fig. S8%). The kinetic
studies clearly show that the nature of the isocyanate plays a
significant role in the dynamic covalent behavior of ASCs.
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Interestingly, PhASCPh and PhASCBz yielded single crystals
suitable for crystal structure analysis and were therefore
selected for a more detailed study of their structural
properties.

Crystal structure analysis of selected ASC model compounds

The ability to undergo multiple hydrogen bonding is one of
the most prominent features of the ASC group.’® To under-
stand and explore the structure and tunability of the hydrogen-
bonding patterns in ASCs, crystal structures were obtained of
PhASCPh and PhASCBz (see ESIf for details). Crystallization of
ASC model compounds with aliphatic substituents was also
attempted but unsuccessful and hence will not be discussed.
Note that a more detailed theoretical analysis of the different
interactions within the crystal structures using the energy
decomposition analysis (EDA)*>*° and Vonoroi deformation
density (VDD)***" can be found in the ESL}

For PhASCPh and PhASCBz, each repeating unit cell of the
crystal contains different conformers of the respective
monomer (Fig. 2). The urea fragment of PhASCPh is in a trans/
trans configuration, while that of PhASCBz is in a cis/trans con-
figuration. This change in preference is caused by the
additional carbonyl group in PhASCBz forming an intra-
molecular hydrogen bond in the PhASCBz crystal.
Furthermore, DFT calculations reveal that both PhASCPh
monomers in the crystal structure are energetically equivalent
while those for PhnASCBz are energetically distinct. This is sup-
ported by the great similarity of the two conformers in
PhASCPh in contrast with those in PhASCBz. From these
observations, we infer that the intermolecular hydrogen
bonding in a material containing PhASCBz moieties might be
weaker due to competition with the intramolecular hydrogen
bonds, despite PhASCBz having more functional groups
capable of forming hydrogen bonds than PhASCPh.

There are two repeating intermolecular hydrogen-bonding
patterns observed in the crystal structure of PhASCPh that
proceed in perpendicular directions (Fig. 3; see ESI{ for ana-
lysis of the PhASCBz crystal). The first pattern consists of bifur-
cated hydrogen bonds formed by the urea fragment (bifurcated
HB) while the second pattern consists of a single hydrogen
bond formed by the amide fragment (single HB). The combi-
nation of these two chains results in a 2D hydrogen-bonded
sheet in the crystal structure of PhASCPh (Fig. S9 and S237).
The nature and strength of both patterns was analyzed using
DFT, which reveals that the hydrogen bonds account for half
of the stabilizing interaction between the interacting monomer
in the crystal (see Table S6 in the ESIT).

The hydrogen bonds, as observed in the crystal structure,
exhibit a crucial characteristic for forming chains, namely,
cooperativity.”>> This entails that the interaction between a
chain (containing n monomers) and an additional monomer
becomes stronger, in a non-additive matter, as the chain
becomes longer. In other words, it becomes increasingly more
favorable for monomers to aggregate as the chain becomes
longer. Fig. 3 illustrates cooperativity in the PhASCPh crystal
through considering the interaction energy (AEj,) in a hydro-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py01296h

Open Access Article. Published on 04 December 2024. Downloaded on 3/7/2026 5:38:20 AM.

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

(cc)

View Article Online

Polymer Chemistry Paper
A
o] kK, o
H d H
NH A [N NH
R1\n/N‘NJLN'R2 * @ 2 R1\n/N NH, + \C\\N,RZ + @ 2 NJLN,RZ
H H o H H
0
B [
7
1.2 - m 130°C
f ® 120°C
1.0 - / ° A 110°C
N v 100°C 8
Ao.s- // i
Oc H 9 —_
S 064 Ph\n/N\ JLN,Ph <
-1 [
£ o 6 H H = 4
0.4 A
A
v
0.2 g
v -10 4
0.0 -
T T T T T T T T T
0 20 40 60 80 100 120 2.5 2.6 2.7
Time (min) 1000/T (K™)
D E
Varying hydrazides (R,) Varying isocyanates (R,) 210
o} o}
H H
N. _Ph Ph. _N.
g NJLN Y NJLN/\/\ 200 -
H H o H H
MeASCPh PhASCBu
H (o] H o] - P
\/\n/N\NJLN,Ph P“\H/N*NJLN P
H H o H H/\© o
BUASCPh PhASCBn L 30+
i WO
H H )
N. & & i
©\W AP Pho N . & 2
o H H o H H
PhASCPh PhASCPh
10
o 0o o
H H
N. . Ph. _N.
uJLH Ph S HJ\H
o) o] 0-
BnASCPh PhASCBz 4, e G », ¢ p64 », »
g Asn Mg M. h4gn 74
o S, S, S, S, q S, S, S,
H JL C'h,’ C‘h,, Cp,’ C‘h/' st/) C‘ea Cea Cge
N. _Ph
o)

t-BuASCPh
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Fig. 2 ASC monomers (A) PhASCPh and (B) PhASCBz (trans/trans and trans/cis conformers) shown in the geometries they adopt in the crystal struc-
ture. Each unit cell contains two conformers which are superimposed with energy differences in kcal mol™.

gen-bonded dimer (1 + 1) to a pentamer (4 + 1). The inter- the 1+ 1 to —23.0 kcal mol~" for the 4 + 1. Thus, the hydrogen
action energy for the bifurcated HB becomes more stabilizing bond becomes more stabilized as the chain elongates, thereby
(i.e., more negative) per unit added from —20.3 kcal mol™" for indicating the presence of cooperativity. This is further shown

This journal is © The Royal Society of Chemistry 2025 Polym. Chem., 2025, 16, 290-300 | 293
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B Single HB

4+1 -15.1 +21

Fig. 3 Hydrogen-bonding patterns found in the crystal structure of PhASCPh depicting bifurcated (A) and single (B) hydrogen bonds. Hydrogen
bond lengths ro_y (in A), interaction energies AE; (in kcal mol™), and charge transfer values AO‘r{DD (in milli-electrons) are shown, computed at a
ZORA-BLYP-D3(BJ)/TZ2P level of theory. The chain elongation direction is from bottom to top (A) and from left to right (B).

by the increase in charge transfer from the chain to the
additional monomer (AQYPP). Note that the cooperative effects
approach an asymptote in which the interaction energy and
charge transfer converge to values of —23.1 kcal mol™" and
+29 milli-electrons, respectively. Cooperativity is also observed
along the single HB chain, although to a lesser extent than the
bifurcated HB chain (Fig. 3). This lower degree of cooperativity
originates from the hydrogen bonds being weaker along the
chain.

All in all, the PhASCPh crystal shows cooperativity in a 2D
hydrogen-bonded sheet (Fig. S91), which we hypothesize to
result in the formation of strongly hydrogen-bonded clusters if
this moiety is utilized in materials. For the PhASCBz crystal
structure, extensive hydrogen-bonded networks are also
present (Fig. S25f). However, the repeating motifs do no
exhibit cooperativity due to hydrogen bonds opposing each
other, leading to a net charge transfer of zero (Table S9t). We
hypothesize that this may result in weaker overall hydrogen
bonding in materials comprising an ASC motif similar to that
of PhASCBz.

Thermal and structural properties of pDMS-ASC oligomers

The above results show that both the dissociation dynamics
and hydrogen-bonding structure can be tuned by varying the
isocyanate substituent in ACS-based model compounds. To
understand how these effects translate into materials, the syn-
thesized pDMS-ASC oligomers were investigated using a com-
bination of thermographic analysis (TGA), differential scan-
ning calorimetry (DSC), variable temperature infrared spec-
troscopy (VTIR), dynamic mechanical thermal analysis (DMTA)
and X-ray scattering. TGA showed no considerable degradation
below 200 °C, highlighting the thermal stability of the
dynamic ASC groups (Fig. S107).

294 | Polym. Chem., 2025,16, 290-300

VTIR was used to study changes in hydrogen-bonding struc-
ture as a function of temperature on compression-molded
samples of the three polymers. At room temperature, ASC-BDI
shows a broad N-H stretch peak and two distinct C=0O stretches
(Fig. 4A). At elevated temperatures, the peaks shifted to higher
wavenumbers, indicating weakening of the hydrogen bonds.
This weakening was also confirmed by DFT analyses (see ESIt
section 5 for more details). Furthermore, a stark decrease in the
C=O0 stretch intensity at 1712 cm™' was observed. Plotting the
intensity at 1712 ecm™" as a function of temperature (normalized
on the C-H stretch at 2960 cm™") shows a clear deviation from
linearity above 130 °C, indicating a large change in the hydro-
gen-bonding strength (Fig. 4B). A similar trend is observed by
tracking the peak maximum of the N-H stretch region
(Fig. S11}). Upon cooling, the N-H stretch region becomes
slightly more defined, and a small shoulder in the C=O stretch
region at 1646 cm™ " appears due to some optimization of the
hydrogen-bonding structure after thermal treatment (Fig. S127).
Contrary to other works on ASC-based systems,”**> we do not
observe an NCO-stretching vibration around 2250 cm™" at elev-
ated temperatures, which could be explained by a poor signal-to-
noise ratio in the VTIR spectra around this region. Unlike
ASC-BDI, ASC-PDI shows well-defined peaks in the N-H and
C=O0 stretch regions, which also shift to higher wavenumbers
upon heating (Fig. S137). The positions and relative intensities
of the peaks in ASC-PDI before and after a heating cycle up to
160 °C are equivalent, indicating that there is no pronounced
reorganization of the hydrogen bonds before and after heating.
When heating above 160 °C however, more pronounced changes
were observed (Fig. S147). Again, a drop in C=0 stretch intensity
is present, now above 160 °C (Fig. 4B). The VTIR of ASC-HDI
shows a more complex behavior which is discussed in detail in
the ESI (Fig. S15).1 In general, all pDMS-ASC materials show a

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Variable temperature infrared spectroscopy spectra of

ASC-BDI (first heating, intervals of 5 °C). (B) Intensity plot of peak
maxima of the C—=0O stretches of pDMS-ASC materials over temperature,
normalized against the intensity of the C—H stretch at 2960 cm™. (C)
Dynamic mechanical thermal analysis under extension on the ASC oligo-
mers obtained after compression molding representing the storage
(solid) and loss (dashed) moduli as a function of temperature.

clear transition upon heating at temperatures of 140, 160 and
178 °C for HDI, BDI and PDI respectively, corresponding to
weakening of the hydrogen bonds (Fig. 4B).
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DMTA gives insight into the thermo-mechanical properties
of the ASC-based materials (Fig. 4C). All materials showed a
glass transition temperature (7y) around —110 °C, corres-
ponding to the T, of the pDMS backbone. This is followed by a
rubbery plateau with plateau storage moduli of 43, 29 and 23
MPa for ASC-HDI, ASC-BDI and ASC-PD], respectively. In these
materials, the intermolecular hydrogen bonds act as physical
crosslinks keeping the individual chains together. In polymer
networks, the plateau modulus is closely connected to the
crosslink density of a material.>*® The slight differences in
plateau modulus between the materials could therefore be
related to the differences in hydrogen-bonding patterns.
Alternatively, the differences could originate from variations in
molecular weights or end-group effects. Remarkably, the
rubbery plateaus stretch up to quite high temperatures despite
the fact that all pDMS-ASC materials are relatively short-chain
oligomers. All three materials showed additional thermal tran-
sitions, which were around 145, 170 and 185 °C for ASC-HDI,
ASC-BDI and ASC-PD], respectively. For all materials, the onset
of the thermal transition occurs around the same temperature
as the pronounced decrease in C=O stretch intensity from
VTIR (Fig. 4B and C). These results indicate that the thermal
transitions of the pDMS-ASC polymers are caused by the weak-
ening or loss of (multiple) hydrogen bonding.

The strength of the hydrogen bonds in these materials can
thus be related to the thermal stability of the materials, and
consequently the position of the thermal transition. This tran-
sition occurs at the highest temperature for ASC-PDI, followed
by ASC-BDI and finally ASC-HDI. These observations align well
with the results obtained from the crystal structure analysis of
PhASCPh, as this additional hydrogen-bond stability could
originate from the presence of cooperativity in two directions
in ASC-PDI. Curiously, no effect of the dissociation rate of the
various ASC motifs on the storage modulus was observed, indi-
cating that the hydrogen-bonding behavior dominates over the
dynamic covalent dissociation of the ASCs.

In pDMS-ASC materials, the hydrogen bonding is amplified
by the choice of polymeric backbone, where the chemical mis-
match between hydrophobic pDMS and hydrophilic ASC
groups is expected to induce phase separation. The phase sep-
aration in these materials was studied using medium- and
wide-angle X-ray scattering (MAXS and WAXS). In the MAXS
region (g < 7 nm™ "), all pDMS-ASC materials show ordered
nanophase separation indicated by the principal scattering
peak g and several integer Bragg reflections (2¢, 3q) (Fig. 5A).
Small variations in domain spacing d (d = 2n/q, d = 5.6 nm,
4.4 nm and 5.1 nm for ASC-HDI, ASC-PDI and ASC-BDI,
respectively) were observed between the materials, indicating a
difference in the packing of the pDMS chains in the hydro-
phobic domains. The integer spacing between the scattering
peaks indicates lamellar ordering in all materials, which could
be caused by the directionality of the hydrogen bonds that are
guiding the phase separation. In the WAXS region (g > 7 nm™)
a broad halo between 7 and 10 nm™' is observed in all
materials, which is ascribed to the siloxane backbone.””
Interestingly, ASC-HDI and ASC-BDI show relatively broad fea-
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tures above 10 nm™*, while ASC-PDI shows several well-defined

peaks (indicated as “x” in Fig. 5A). The positions of the peaks
correspond to distances around 4.2 A, which are proposed to
originate from intermolecular n—x stacking or hydrogen-bond
distances. The presence of these peaks is indicative for
ordered stacking of the ASC units in the ASC-PDI material,
which has been highlighted in Fig. 5B. The crystal structure
analysis of PhASCPh also showed high regularity in 2 direc-
tions and cooperativity in its hydrogen-bonding structure,
which is likely the reason for the ordered stacking in the
material. These findings further support that the higher tran-
sition temperature observed in DMTA for ASC-PDI is caused by
stronger hydrogen bonding compared to ASC-HDI and
ASC-BDI.

Probing exchange dynamics in bulk materials

The above results indicate that combining hydrogen bonds
and phase separation leads to rubbery materials even at low
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polymer molecular weights due to strong secondary inter-
actions. Recent studies indicated that in some cases, strong
hydrogen bonding or phase separation can inhibit dynamic
bond exchange and therefore bring stability to materials."®**®
To probe the exchange behavior of the dynamic covalent
bonds in the bulk materials, controlled depolymerization
studies were conducted. Hereto, pDMS-ASC oligomers were
mixed at 50/50 wt% ratio with corresponding monofunctional
pDMS-ASC molecules (mono-ASCs, Fig. 6A). The mono-ASCs
were designed to intercalate into the polymer without disrupt-
ing the existing hydrogen-bonding and phase-separated struc-
ture. Therefore, the hydrogen-bonding units are the same as in
the pDMS-ASC oligomers, and the pDMS chain ensures similar
phase separation. Upon heating this mixture in bulk, a
decrease in the molecular weight of the polymer is expected if
bond dissociation and exchange take place.

The polymer and mono-ASC were dissolved in THF, mixed
and dried completely (Fig. 6B). The mixtures were then heated
in an oven at 120 °C. SEC traces were measured of the samples
on several time intervals. For ASC-HDI, a bimodal distribution
at t = 0 h is seen in Fig. 6C, in which the high molecular
weight peak (M) corresponds to the polymer, and the low
molecular weight peak to the mono-ASC. In the first 24 h, the
position of the polymer peak shifts to lower molecular
weights. In the last 24 h, only a slight further decrease in the
intensity of the mono-ASC peak is observed. ASC-PDI also
shows a decrease in molecular weight, and the shifts in M, are
similar to that observed for ASC-HDI (Fig. 6D). In the final
24 h, the shape of the high molecular weight peak changes
more significantly than of ASC-HDI. Finally, for ASC-BDI the
reduction in molecular weight is extremely fast, and in the
first two hours the depolymerization is already mostly com-
plete (Fig. 6E).

To visualize the change in molecular weight of the polymers
during this experiment, M,, was plotted against time (Fig. 6F).
The dramatic loss of molecular weight indicates that ASC-BDI
dissociates the fastest, while the more gradual changes in loss
of molecular weight are similar for ASC-HDI and ASC-PDI,
indicating that they dissociate at similar rates. This is contrary
to the results of the model compounds, where PhASCPh disso-
ciated 20 times faster than PhASCBu at 120 °C. The reason
for this difference in dissociation rates most likely arises
from the hydrogen-bonded, phase-separated regions present in
ASC-PDI. The hydrogen bonding of ASC-PDI is more ordered
and stronger than that of ASC-HDI and ASC-BDL. It is likely
that the dissociation of the ASC bonds in ASC-PDI is inhibited
due to restricted motion of the atoms within the hydrogen-
bonding stack. This would mean that to have efficient bond
exchange in the material, first the hydrogen bonds need to be
broken or weakened sufficiently. This “locking” of the dynamic
bonds has recently been coined phase locking.>®>°

Strong hydrogen bonding aids creep resistance

Phase locking was recently shown to be an effective method
towards increasing the thermal stability in dynamic covalent
systems, for example by giving creep resistance.'®'%*%*° To

This journal is © The Royal Society of Chemistry 2025
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Comparison of the high molecular weight peak (M) over time.

determine the stability of the pDMS-ASC materials, rheology
measurements were performed. Creep-recovery tests of the
compression-molded samples were done between 100 and
140 °C (Fig. S17-19f). Upon imposing a step stress on
ASC-HDI, the material first deforms elastically (<100 s), after
which permanent plastic deformation occurs (Fig. 7A). The
elastic response for the 100 °C measurement is much larger
than that measured at higher temperatures, which could be
due to passing some sort of phase transition in that tempera-
ture range. This also most likely leads to more unrecoverable
strain during the recovery phase of this measurement (>1800

This journal is © The Royal Society of Chemistry 2025
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s). We determine the slope of the terminal part of the creep
compliance (dj/d¢ between 1400 and 1800 s) and use it as an
indication of the stability towards creep in a material, where a
lower value of the slope corresponds to better creep resistance.
For all pDMS-ASC materials, the slope increases with increas-
ing temperature, meaning that the materials creep more at
higher temperatures, as expected (Fig. 7B).

The slope of ASC-PDI at 120 °C is similar to that of
ASC-HDI and ASC-BDI at 100 °C. From these results, ASC-PDI
clearly shows the highest resistance to creep, followed by
ASC-HDI, while ASC-BDI has the lowest resistance to creep.
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The extremely fast dissociation in bulk of ASC-BDI most likely
adds to the significant creep observed above 110 °C. The
results also show that the creep behavior of the ASC-HDI and
ASC-PDI materials is very different, despite having similar dis-
sociation rates in bulk. This means that creep is also deter-
mined by other factors such as the presence of secondary
interactions. Because of the strong hydrogen bonds in
ASC-PD], the dissociation and also the ability to undergo topo-
logy rearrangement is limited, leading to significant creep
resistance.

The importance of the design of secondary interactions

All pDMS-ASC materials contain ASC units capable of multiple
hydrogen bonding, yet the materials show remarkable differ-
ences, especially in their resistance towards creep. ASC-PDI is
particularly interesting in this respect: the model ASC shows
cooperative hydrogen bonding in two directions and its incor-
poration into a polymeric material results in the highest
ordered as well as the most thermally stable hydrogen bonds,
but also the highest creep resistance. This suggests that the
exact way how the hydrogen bonds are organized matters.
Hydrogen bonds in ASC-HDI and ASC-BDI contribute less to
creep stability, most likely because the interaction strength at
the temperatures where dynamic covalent exchange takes
place is quite low. The choice of polymer matrix also plays and
important role; the localization of hydrogen-bonding units in
ordered nanophase-separated stacks can effectively enhance
the interaction strength and/or cooperativity.

We summarize our findings in Fig. 8. Firstly, there is a
direct relation between the sharp decrease in storage modulus
and loss of hydrogen bonding, highlighting the importance of
secondary interactions on the mechanical integrity of
pDMS-ASC materials. Next, we clearly see that hydrogen-bond
stability at high temperatures can compensate for a higher dis-
sociation rate and result in higher creep stability in ASC-PDI.
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At some point however, the dissociation rate dominates,
leading to a higher susceptibility to creep for ASC-BDI. From
this, we learn that creep resistance originates from strong,
ordered, cooperative secondary interactions, which can be
tuned via structural design of functional groups and polymer
matrix.

Conclusions

In this work, we explored the dynamic covalent and supra-
molecular versatility of ASC bonds to create stable dynamic
covalent materials. The choice of isocyanate turned out to
be crucial for the dissociation rate of the ASC, resulting in
dissociation rate differences spanning two orders of magni-
tude. Structure-dependent hydrogen-bonding patterns were
found and analyzed using crystal structure analysis sup-

This journal is © The Royal Society of Chemistry 2025
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ported by DFT calculations. One of these structures,
PhASCPh, contained cooperative hydrogen bonding in two
directions, which we assumed to be an important contribu-
tor to cluster formation in case of ASC-based materials.

Selected ASC motifs were translated to phase-separated
polymer films, in which the thermal transitions were related
to their hydrogen-bonding strength. Here, ASC-PDI showed
the strongest hydrogen bonds, followed by ASC-BDI and
ASC-HDI. Due to the hydrophobic pDMS and polar ASC
groups, in combination with the directionality of the ASC
hydrogen bonding, all pDMS-ASC materials phase separated
into lamellae, and ordered hydrogen bonds were observed
for ASC-PDI. Depolymerization experiments in bulk allowed
to quantify the dynamic covalent dissociation of these
materials. Here, ASC-BDI showed extremely fast dissociation,
correlating well with the small molecule kinetic experiments.
ASC-HDI and ASC-PDI showed similar dissociation behavior,
which was attributed to the stronger and more ordered hydro-
gen bonding in ASC-PDI hindering dissociation of the ASC
bonds. This also resulted in higher creep resistance for
ASC-PDI compared to the other pDMS-ASC materials. Taken
all together, our results show that carefully designing second-
ary interactions into dynamic covalent systems is of high
importance. Additional hydrogen-bonding interactions play a
significant role in determining the thermo-mechanical pro-
perties and creep resistance while the dynamic character of
the materials is retained.
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