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Addition of intramolecular cross-links to linear polymers signifi-
cantly improves their resistance to mechanochemical fragmenta-
tion, and hence the physical properties of polymer solutions are
maintained under shear. However, while fragmentation is suppressed,
mechanochemistry of chemical bonds still occurs. In linear polymers,
the rate of mechanochemistry has been shown to increase linearly
with the degree of polymerisation. Here, we report a systematic study
of the mechanochemical fragmentation of a series of polymers with
increasing polymer length, linear and intramolecularly collapsed, in
order to understand the correlation between destructing and non-
damaging mechanochemical events. By comparing the trends of the
fragmentation kinetic rate vs. the degree of polymerisation, the effect
of intramolecular collapse on fundamental mechanochemistry para-
meters such as the limiting molecular weight and stabilisation effect
can be further understood.

Changing the architecture significantly affects the polymers’
physical and thermal properties as well as the material’s mechanical
response." Perhaps the most well known example is the difference
between linear (high density) and branched (low density) poly-
ethylenes.” Among the different mechanical responses, the
mechanochemical scission of chemical bonds is of fundamental
importance, since on one hand, it leads to loss of properties and
eventually dysfunction of the material, but on the other hand,
it offers perspectives as an approach to induce chemical changes,
leading to mechanically responsive materials with interesting
properties (such as self-healing).'”™

Historically, the mechanochemistry of polymers has mainly
been studied in cross-linked and linear polymer architectures.
In linear polymers, the mechanochemical scission of covalent
bonds leads to fragmentation of the main chain, causing a reduc-
tion in M, and change in properties.” In cross-linked polymers,
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covalent mechanochemistry instigates a reduction in cross-link
density.*™° More recently, new polymer architectures have been
studied."'"'? In each case, the fundamental mechanochemical
characterisation includes the relationship between the polymer’s
molecular weight on the mechanochemistry kinetics and the
limiting molecular weight (Mjiy),"”"” below which no covalent
mechanochemical reactions occur.'®*® In linear polymers, it has
been recently shown that the rate of mechanochemistry is
directly proportional to the degree of polymerisation (DP), and
is independent of the size or bulkiness of the side-chains.>**" An
extreme case of this has been studied by Striegel, who showed
that mechanochemical bond scission will occur in star or
branched polymer architectures only if the M,, of the longest
pathway is greater than the respective M), of a linear polymer
of the same monomer.'" Boydston et al. further supported this
by demonstrating that the rate of mechanochemical fragmen-
tation is proportional to the combined M, of two arms of a star
polymer.>*

Recently, we have shown that addition of intramolecular
cross-links significantly affects the mechanochemical response
of polymer solutions.*® On the one hand, the presence of these
additional chemical bonds accelerates the rate of mechano-
chemical events, which were measured using a spin trap.>* On
the other hand, the polymer chain fragmentation is inhibited,
leading to a pronounced stability of the physical properties.
Two effects lead to this change in fragmentation rate: the
reduction in the hydrodynamic radius reduces the efficiency
of energy transduction to the polymer chains, and, the polymer
architecture allows for mechanochemical scission of covalent
bonds without chain fragmentation.

Here, we decided to further study the effect of this architectural
change by measuring the basic rate parameters of this polymer
architecture mechanochemical response as compared to its linear
precursors. Therefore, a series of linear polymers with increasing
DPs were prepared and used as precursors for collapsed structures
(single-chain polymer nanoparticles - SCPNs) with covalent intra-
molecular cross-links. The SCPNs were prepared with similar
cross-link density (by NMR spectroscopy).
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Among the different synthetic approaches to intramolecular
collapse,®*” the method developed by Pomposo et al. was used,
since it is very consistent and the chemistry of the backbone
chain and the intramolecular cross links is similar and should
not significantly affect the polymer-solvent interactions.>® Eight
different random copolymers composed of methyl methacrylate
(MMA) and ca. 15% (2-acetoacetoxy)ethyl methacrylate (AEMA),
with varying molecular weights and DPs (ranging from 20 kDa to
177 kDa, and 168 to 1528 respectively), were synthesised via
reversible addition-fragmentation chain transfer (RAFT) poly-
merisation.”® Each polymer was characterised by triple-detector
GPC to provide precise M,s, and by NMR spectroscopy to calcu-
late the precise monomer composition. Then, intramolecular
collapse of all linear polymers was carried out via Michael
addition to trimethylolpropane triacrylate (TMPTA) under high
dilution conditions (Scheme 1, Table 1 and ESI¥).

As previously described, the polymers were kept as similar as
possible (apart from their DPs) to preclude effects other than
the chain length on the mechanochemical degradation. To
achieve comparable cross-link densities, the AEMA/TMPTA ratio
was kept constant in all post-polymerisation chain collapse
reactions, and the exact cross link density values (ca. 2.9 mol%)
were confirmed by "*C-NMR spectra (see ESIt). It is noteworthy
that the use of TMPTA as a cross-linker leads to a slight increase
in the M,,, but the DPs remain unchanged, thus the difference in
the mechanochemical response is a consequence of the intra-
molecular collapse solely.

The polymers (SCPNs and the corresponding linear polymers)
were tested mechanochemically by exposure to solvodynamic
shear induced by ultrasonic radiation.*® Each polymer was soni-
cated three times and aliquots were extracted every 15 minutes to
be analyzed by triple-detector GPC. As an example, Fig. 1 depicts
the GPC chromatogram of an aliquot series extracted from
sonication of a 132 kDa linear polymer (1156L) and the SCPN
derived from the same chain (1156CL). Two aspects are clear by
comparing these chromatograms: first, the slower change in the
retention time of the SCPN compared to the linear precursor with
the same DP, which is a consequence of the presence of covalent
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Scheme 1 Synthesis of a linear polymer and SCPNs. CPDB = 2-
cyanopropan-2-yl benzothioate. AIBN = Azobisisobutyronitrile.
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Table 1 Characterisation of polymers used and the experimental rate
constants

Cross-link Fragmentation

M’ Rh®  density  rate constant
DP  Architecture® (kDa) PDI (nm) (mol%) (107® min™")
168 L 19.7 1.1 31 0 0
CL 199 1.1 3.0 1.23 0
290 L 340 1.1 42 0 1.10
CL 354 1.1 41  2.97 0
621 L 719 1.1 6.5 0 3.09
CL 73.5 1.1 6.1 3.07 0.75
859 L 994 1.1 76 0 4.34
CL 102.6 1.1 7.3 273 2.14
1000 L 115.7 1.1 84 0 5.41
CL 116.0 1.1 7.9 3.07 3.93
1156 L 1321 1.1 9.0 O 6.18
CL 134.0 1.1 8.5 2.86 4.00
1344 L 153.5 1.1 9.8 0 7.21
CL 155.6 1.1 9.3 2.78 4.22
1528 L 176.7 1.2 10.7 0 8.65
CL 180.0 1.2 10.0 2.98 4.42

L = linear, CL = intramolecular cross-linked polymer. ? Calculated
from triple-detector GPC. ¢ Calculated from "*C-NMR spectra.
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Fig.1 Normalized GPCs (Rl detector shown) of (a) linear polymer 1156L
and (b) the corresponding SCPN 1156CL (bottom) at different sonication
times (min): O (black), 15 (orange), 30 (purple), 45 (yellow), 60 (blue), 75
(green), 90 (red), 105 (brown) and 120 (grey).

intramolecular cross-links, as described previously.>* In addition,
while the scission of a linear polymer is typically more “precise” in
the presence of a chain-centred mechanophore,>~* the appear-
ance of the half-molecular weight peak at 25.7 min is quite clear
in this case. This is not the case for the SCPN, in which the
polymer peak appears to simply move (and thicken) towards
smaller pervaded volumes as the sonication time increases. The
total rate of mechanochemistry was also measured using a
nitrone spin trap,>* and as expected, the rates increase linearly
with the DPs (see the ESIY).
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Fig. 2 Experimental rate constants of mechanochemical fragmentation
of linear polymers (red dots) fitted to the linear equation (dashed red line)
and the corresponding SCPNs (blue dots) fitted to the 3rd degree poly-
nomial equation (dashed blue line).
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Jellinek developed a simple method to derive the rate con-
stants for polymer fragmentation from the change in average
molecular weight.** This method is used often in the compara-
tive study of mechanochemical fragmentation of polymers.*>>°
Accordingly, the average M, values from the three sonication
experiments calculated by GPC analysis were used to calculate
the experimental mechanochemical degradation rate constants
of the SCPNs and their corresponding linear polymers (Table 1).

The rate constants of mechanochemical fragmentation were
plotted against the initial DPs (Fig. 2). For linear polymers, as
previously shown,*” a linear fit is obtained crossing the x-axis at
the Mjin, which was found to be ca. 25 kDa in this case. Polymer
168L (20 kDa) remained unchanged during sonication since its
M, is lower than Mj;,,. For the SCPNs, polymer 290CL (35 kDa)
as well as polymer 168CL (20 kDa) remained unchanged under
solvodynamic shear, indicating that addition of intramolecular
cross-links increases the Mj;,,. This result conforms with our
previous studies, in which a 100 kDa polymer (859CL) did
not show any significant mechanochemical degradation above
10% CL (cross-links) density.*® These results indicate that for
every DP, there is a CL level above which no mechanochemical
fragmentation is seen. The reason for this is probably the
physical limitation of the unfolding by the covalent intra-
molecular bonds.

Above M, the rate of fragmentation of SCPNs increases, but
not in a linear fashion as opposed to their linear precursors. At
higher molecular weights, the effect seems to be more pro-
nounced, i.e., there is a larger difference between the fragmenta-
tion rates of the CL polymers and their linear precursors.
Importantly, at this low CL density, the difference in Rh is
minimal and therefore the disparity must be a consequence of
the structure. To confirm that, a rate constant vs. Rh graph was
also plotted and similar trends are seen (see the ESIt). At higher
DPs, the same CL density represents a larger number of intra-
molecular covalent cross-links per chain, and therefore a larger
number of non-fragmenting endothermic mechanochemical
events are required before chain fragmentation occurs.

To conclude, we have added intramolecular cross-links to
linear polymers of different lengths and studied how they affect
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the mechanochemical response to shear in solution. As reduc-
tion of the hydrodynamic radius may affect energy transduction,>
a low cross-link density was chosen. Two effects were observed.
First, an increase in the M, indicating that intramolecular
collapse inhibits the unfolding of the chain under shear. In
addition, with longer chains there is a more significant decrease
in the mechanochemical degradation rate, i.e., the relative stabi-
lity compared to the linear precursor is increased. The reason
behind this is that, albeit the same cross-link ratio was used, in
larger chains this cross-link ratio represents an increased number
of bonds that can undergo mechanochemical scission before
fragmentation occurs. These results provide a more fundamental
understanding of the effect of architecture in the polymer’
mechanochemical fragmentation, as well as an important sup-
port to the use of intramolecularly collapsed polymers for appli-
cations in which mechanochemical fragmentation is an issue.
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