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Here we present a coumarin dimer (CD) mechanophore that,
when embedded near the mid-chain of poly(methyl acrylate)
polymers, activates under pulsed ultrasound conditions to
yield coumarin chain-end functional polymers. Quantitative
photochemical scission of the CD polymers provides a
reference against which the activation efficiency of chain-
centered mechanophores in polymers synthesized by
controlled/living radical polymerization (CRP) can be
assessed. Activation efficiency is characterized with respect
to the polymer molecular weight (MW), polydispersity index
(PDI), and distribution of mechanophores along the
backbone.

The use of force-reactive functional units (mechanophores) has
become a promising approach to the development of new stress-
responsive  polymeric  materials.'> To  demonstrate  the
mechanochemical activity of a potential mechanophore, the
functional group of interest is often placed at the center of a polymer
chain and subjected to activation by pulsed ultrasound. This strategy
has become quite common, primarily due to the ease of synthesis of
such systems via living/controlled radical polymerization (CRP)
methods (most commonly Cu(0)-mediated CRP*”). Sonication of
CRP-derived single mechanophore polymers has been used to test
the mechanochemical behavior of mechanocatalysts,*'® spiropyran-
based sensors,” !! and Diels-Alder adducts,'” and it has seen
particularly extensive use in the study of mechanochemically active
4-membered ring systems, including: benzocyclobutenes,” '
cyclobutanes,'* '° and cyclobutane derivatives.'® !

Despite the pervasiveness of this configuration, the use of a single
chain-centered mechanophore generally requires that the
mechanophore reside “at or near” the center of the chain where
stress tends to accumulate under elongational flow, an observation
that is consistent with the well-understood effect of ultrasound on
the degradation of homopolymers in solution.*? With few
exceptions, however, including a recent report by Church et al.,'?
few studies address how the distribution of molecular weights (i.e.,
the PDI) of mechanophore-bearing polymers synthesized by CRP
affects the spatial distribution of mechanophores along the polymer
backbone. Here, we report a mechanophore based on a coumarin
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dimer (CD) core, and its subsequent mechanochemical activity in
pulsed sonication.

Initially, 7-hydroxy-4-methylcoumarin (1) was irradiated with a
medium pressure mercury arc lamp (450 W) through a pyrex filter in
the presence of benzophenone to generate bisphenol (2) as
previously described.” Etherification with 2-bromoethanol afforded
diol (3) in 36% yield, and subsequent quantitative esterification gave
diinitiator (4). Subsequent Cu(0)-mediated CRP yields CD chain-
centered poly(methyl acrylate) P1 (My = 121, PDI = 1.12, Scheme 1
and Table 1).
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Scheme 1 Synthesis of poly(methyl acrylate) chain-centered coumarin
dimer and cleavage under mechanochemical or photochemical
conditions.
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P1 was tested for mechanochemical reactivity under pulsed
ultrasound at various sonication times (2 mg mL™, MeCN, 14.8 W
cm™®). We followed molecular weight degradation and generation of
free coumarin chain ends using gel-permeation chromatography
(GPC) with in-line light scattering, refractive index (RI, Fig. 1a), and
UV absorbance detection (330 nm, Fig. 1b), showing monotonic
increase in integral absorbance due to the presence of free coumarin
(Fig. 1c). Several pieces of evidence directly confirm the formation
of coumarin. For instance, the fluorescence emission (excitation 320
nm) and absorbance spectra of the sonicated product were consistent
with that of free coumarin (Fig. 1d). Additionally, the aryl protons
on both chain-centered CD and chain-end coumarin products can be
characterized by standard 'H NMR spectroscopy (Fig. S2). To
ensure that the process was mechanochemical in nature, a low
molecular weight control polymer was synthesized (My = 28, PDI =
1.04) and subjected to identical sonication conditions, showing no
apparent coumarin resonances by '"H NMR and minimal change in
the GPC-UV trace (supporting Fig. S3 and S4).

We next used the well-known photochemical cleavage of CD
units’*?’ to generate a polymer sample representing the desired
"model" sonochemical product that would result if every chain were
to break at, and only at, the CD mechanophore. Irradiation with short
wave (254 nm) UV light resulted in quantitative cleavage of the
main chain CDs to yield coumarin end-functionalized polymers with
a M, half that of the parent polymer (M,, = 61, PDI = 1.12, Table 1
(UV)). The fluorescence and emission spectra matched that of the
post-sonicated P1 and the complete disappearance of CD units was
confirmed by 'H NMR (see Fig. S1). We used this to our advantage
in determining the conversion [%] of CD mechanophores to
coumarin chain ends by integration of the GPC-UV traces
(normalized based on injected mass), taking that of photolyzed P1 to
be representative of complete conversion, to generate the red curve
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shown in Fig 1b.

Table 1 Parameters of chain-centered CD PMA polymers and
derivatives after photolysis.
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Entry Mn* PDI* | Efficiency’ | CDs @ M, PDI
Center’ | (UV)’ | (UV)’
[kDa] [%] [%] [kDa]
P1 121 1.12 35+£5 47 61 1.12
P2 127 1.09 48+ 6 63 66 1.07
P3 99 1.10 7110 74 51 1.08
P4 146 1.10 62+ 12 67 74 1.06

[a] Parameters of polymers as synthesized (P1) or after fractionation by
preparatory GPC (P2-P4). [b] Determined as the slope of the plots of [%]
conversion (CD) vs. B as shown in Fig. 3a. Error is based on 95% confidence
interval for the slope based on the linear regression. [c] Percentage of CD
units in the center 15% of the PMA chain based on distribution of
photolytically generated “half fragments.” (Fig. 3b) [d] After cleavage of CD
moiety by irradiation at 254 nm.

While differences in scission kinetics are generally observable
between polymers bearing mechanophores and their mechanophore-
free analogues,'” '* % the true specificity of mechanophore-centered
scission is often unclear. The CD system provided us with the ability
to generate an ‘“authentic” GPC trace of what a system that
undergoes quantitative mechanochemical conversion would look
like. Shown in Fig. la are the GPC-RI overlays of the starting
polymer P1 (navy), photolyzed (red-dashed), and sonicated to
approximately half molecular weight (black). While the MWs of the
photolyzed and sonicated (180 min) polymers were nearly identical
(61 kDa vs. 57 kDa respectively), the differences in PDI values (1.12
and 1.23 respectively) and the specificity of CD activation differed
considerably. Photolysis results in quantitative conversion of CD
units to coumarin as evidenced by 'H NMR (supporting Fig S2) and
MW, whereas the sonicated polymer only reached 36% conversion
after 180 min of ultrasound. Despite the very similar molecular
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Figure 1 GPC traces of P1 (dark blue), both during sonication, from 30 min (blue) to 180 min (black, PDI = 1.12) and after photolysis (red, dashed, PDI =
1.23). (a) RI detection showing evolution of molecular weight distribution due to sonication and photolysis. (b) UV detection (Agetection= 330 nm) showing
the generation of free coumarin chain ends. Conversion as shown in Fig. 1b was calculated by taking the integral of the dashed red curve to equal 100%.
(c) Conversion of CD to chain-end coumarin units (red, left axis) and concurrent reduction in MW (grey, right) as a function of sonication time. (d)
Normalized absorbance (dashed) and fluorescence emission (A = 320 nm, solid) spectra of P1 after sonication (black) and photolysis (red).
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weights of the sonicated and photolyzed polymers, a comparison of
the GPC-RI traces reveals that the sonicated polymer still contains
some parent polymer, whose presence is offset by an excess of low
molecular weight chains, likely due to the presence of chains in the
original polymer that underwent multiple scission events.

We next wanted to examine the effect of M,, and polydispersity on
activation efficiency. Even at apparently narrow PDI values, the
distribution of chain lengths is significant and small changes in PDI
have a dramatic effect on the distribution of chain lengths. P2 was
obtained by fractionating P1 via preparatory GPC, while P3 and P4
were synthesized and fractionated independently (Table 1,
supporting Fig. S1). All polymers were then sonicated in a manner
identical to that of P1 with the conversion [%] determined by
integration of their respective GPC-UV traces. The average number
of breaks per chain (B) was determined according to the following
equation:

[1/Mn(0)]-1/Mp (6)]
1/My (0)

B = (D

where M,(0) is the initial MW and M,(t) is the MW after a given
sonication time (f). Figure 3a shows the conversion of CD units
plotted against B. Linear fitting of all samples resulted in lines with
slopes representative of the efficiency of CD activation relative to
total scission events (CD-scission and “random” scission) in a given
polymer, essentially a modified method to that of Berkowski et al. to
determine  site-specificity.”’ While our method is likely a
simplification and the plots are not strictly linear, the relative
efficiencies for P1-P4 remain consistent regardless of the range of B
examined (supporting Fig. S5).
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Figure 2 Chains with off-center mechanophores are more likely to

undergo non-specific “random” scission, resulting in MW degradation
without generating coumarin chain ends.

Interestingly, the fraction of chain scission that occurs at the CD
is modest for all polymers tested (35-71%), despite the ostensibly
narrow MW distributions. While variations in initial M, showed no
obvious correlation with efficiency, it appeared that the fractionated
polymers activated more efficiently regardless of M,. It is possible
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that chains with MWs in the highest and lowest portions of the MW
distribution are the result of termination processes that result in
disproportionately  off-center ~mechanophores. For example,
termination by radical combination®® *' at high conversions would
result in large chains with 2 mechanophores, each approximately 25
% of the total contour length from the chain center. Other
termination processes that result in “dead chains™' would not be
expected to occur consistently on both propagating chains, resulting
in smaller chains with an off-center mechanophore. It is likely that
not only the PDI but the relative contributions of these termination
processes should have a measurable influence on the efficiency of
mechanophore targeting.
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Figure 3 (a) Conversion of CD to coumarin during sonication of
polymers P1-P4 vs. B. The slopes of the linear fits are indicative of
selectivity of activation for the given polymer. (b) Simulated
distribution of CD units with respect to the chain center. The fraction of
the population of chains (p) that reside within a given percentage of the
total contour length (x) about the chain center is plotted.

We then sought to determine whether this low efficiency was
related to the distribution of mechanophores about the chain center.
Because of previous work on chain-centered mechanophores, it is
commonly assumed that a mechanophore should reside in the middle
15% of the chain’s contour length®* > for activation to occur readily
and efficiently. This assumption is certainly not quantitatively
general, as demonstrated in the extensive activation of gem-
dihalocyclopropane mechanophores,l’ 3 but it provides a convenient
reference point for discussing mechanophore distribution. A "low"
PDI is often taken as an indicator that the "chain-centered" condition
has been fulfilled. It might be expected that polymers with a broader
MW distribution might have a greater prevalence of chains with
“off-center” mechanophores that undergo non-specific or “random”
scission. For the photolyzed derivative of each polymer, the
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distribution of s (n) vs. MW was generated from the original GPC-
MALS-RI traces. We then simulated the reconstruction of the parent
polymer distribution (n vs. MW) by randomly pairing chains from
the set of photolyzed chains. Using this method, we then had
knowledge of the MW and location of the CD along the backbone of
each chain in the parent polymer. Fig. 3b shows the fraction of
chains (p) where the CD mechanophore resides within the middle x
([%]) of its polymer’s contour length. The probability of the CD
mechanophore being in the middle 15% of the chain correlates well
with the efficiency of mechanophore scission. While P1 has what
would be considered a narrow PDI value (1.12), the spatial
distribution of CD units along the polymer backbone is quite broad,
with only 47% expected to be within the middle 15% of the chain.
This percentage increases to between 63 and 74% for polymers P2-
P4, likely accounting for, at least in part, the observed increases in
activation efficiency.

Conclusions

Here we have introduced the coumarin dimer mechanophore as a
tool to examine the effect of mechanophore distribution in polymers
synthesized by Cu(0) mediated CRP of PMA on their activation
efficiency. Activation of the CD by pulsed ultrasound yields
coumarin chain-end functionalized polymers, which display
enhanced UV absorption as well as fluorescence. Like other
cyclobutane mechanophores,' ' the coumarin dimer is obviously
more prone to mechanochemical scission than are carbon-carbon
bonds along the PMA backbone. Nonetheless, the specificity for
scission at the mechanophore, versus scission elsewhere along the
polymer backbone, is substantially less than unity (~35 — 71%), and
the reduced efficiency is found to correlate with the distribution in
the position of CD along the polymer backbone. Just how close to
the chain center a mechanophore must be is obviously a function of
the relative activation parameters of the mechanophore and the
polymer main chain, and we are mindful that no sweeping
conclusions as to the necessary level of “chain-centeredness” should
be drawn from this work. Rather, the key result stems from our
analysis of the distribution of chains obtained by photolysis of the
CD mechanophore. This analysis reveals that polymers synthesized
by CRP do not necessarily meet the “chain-centered” requirement
for nearly quantitative levels of activation to occur, even for
polymers of relatively low PDI (although similar polydispersities
might be adequate for more easily activated mechanophores).
Beyond serving as a caution for the design and interpretation of
sonochemical polymer mechanochemistry experiments, the results
highlight the value of quantitative measures of activation. It is not
clear that mechanochemical activity of the CD mechanophore
employed here will allow it to be useful in solid-state applications,
but the spectroscopic properties of the system coupled with the
photolytic cleavage suggest that CD should at a minimum prove
quite useful in further studies of mechanochemical activation by
ultrasound.
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