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Design of a thermally stable succinonitrile
mechanophore featuring electron-withdrawing
triazine rings for radical polymerization

Hajime Sugita,® Akira Kodaka,? Akira Takahashi, €@ Koichiro Mikami*® and
Hideyuki Otsuka (2 *3<

A novel, triazine ring-containing succinonitrile-based mechanophore was designed and synthesized through
radical stabilization energy calculations and molecular simulations. This mechanophore exhibits higher thermal
stability than a classical mechanophore and a clear mechanochromic response via C-C bond cleavage. This
enables its incorporation into polymers via radical polymerization. This study advances the design of thermally
stable mechanophores and provides new insights into the relationship between structures and properties in

rsc.li/polymers

Introduction

Over the past two decades, various materials containing
mechanophores that respond to mechanical energy have been
developed. These materials exhibit novel functional properties
such as self-healing,'” self-reinforcing,> and damage
detection,”™® as well as the ability to release small
molecules.”>™” The development of mechanophores is a
central avenue of research in the field of mechanoresponsive
materials."®° For example, mechanophores can induce color
changes or fluorescence in materials.”* They can also enable
the release of small molecules such as acids,>**
carbocations,®**® and ketenes”” through chemical reactions
in response to mechanical forces.

We have developed a series of radical-type mechanophores
(RMs) that undergo homolytic cleavage of the central C-C
bond under mechanical force to generate radical species.*®*
These species significantly affect the properties of the resulting
materials.>*>™** One drawback of RMs is their high tendency
to dissociate under ambient conditions, which hinders the
application of living radical polymerization techniques and
the further development of mechanochromic materials.
However, we have demonstrated that substituent effects on the
resulting radicals can control the stability of the central C-C
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radical-based mechanochemistry, offering new opportunities in polymer chemistry.

bond.**** For example, introducing electron-withdrawing

groups (EWGs) such as pyridine or triazine rings at the 9-posi-
tion of fluorene-based mechanophores greatly improves
thermal stability and prevents dissociation under ambient con-
ditions, compared to a phenyl group.*?

Herein, we report the synthesis and mechanochemical reac-
tivity of a Dbistriazinyldiarylsuccinonitrile ~(BTASN)-type
mechanophore, in which triazine rings serve as EWGs instead
of phenyl groups in tetraarylsuccinonitrile (TASN), one of the
most extensively studied RMs to date (Scheme 1). BTASN is a
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Scheme 1 Chemical structures of radicals and the corresponding RMs:
(@) TASN-type mechanophore and (b) BTASN-type mechanophores
investigated in this work with —NMe,, —~OMe, —CH,0OMe, and —COOMe
substituents.
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TASN derivative in which two of the aryl groups are triazine
rings; it is a dimer of triazinylarylacetonitrile (TAAN) radicals,
whereas typical TASN compounds are dimers of diarylacetoni-
trile (DAAN) derivatives. The presence of triazine rings as
EWGs adjacent to the sp*hybridized carbon radical center,
flanked by two aromatic rings, is expected to significantly
enhance the thermal stability of the RMs. This approach
enables the design of new TASN-type mechanophores with
high thermal tolerance and facilitates the synthesis of
materials via living radical polymerization.

Results and discussion
Computational studies

Before synthesizing BTASN, we investigated the substitution
effects on its dissociation behavior by calculating the radical
stabilization energy (RSE), which reflects the thermodynamic
stability of radicals, and by performing constrained geometry
simulating external force (CoGEF) calculations,*>*® which can
simulate the cleavage of the bond through mechanical force
and allow theoretical evaluation of mechanochemical reactivity
(Fig. 1). In our previous study, we demonstrated that the
thermal tolerance of a series of RMs with the same molecular
skeleton can be explained by the relationship between two key
parameters: the RSE value and the Hammett or modified
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Fig.1 (a) o, values versus RSE and Fn., of BTASN-COOMe,

BTASN-CH,OMe, BTASN-OMe, and BTASN-NMe;. (b) CoGEF calculation
result of BTASN-OMe (unrestricted B3LYP/6-31G(d,p)).
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Swain-Lupton constant at the para position ((7,3).3'4 As expected,
the RSE values decreased in the order -COOMe (—142.27 kJ
mol™), -CH,0Me (-145.46 k] mol™'), -OMe (—153.40 kJ
mol™"), and -NMe, (-164.49 k] mol™"), correlating with
increasing o, values (Fig. 1a), showing a trend similar to that
observed for TASNs.?* The values were clearly lower than those
of TASNs (Table S3, please see also the section Revisit of RSE
vs. Hammett constant and its scope and limitation). The
CoGEF calculations further revealed that the mechanical
elongation of BTASN leads to bond cleavage at the central C-C
bond. The F,. values obtained for BTASN-COOMe,
BTASN-CH,OMe, BTASN-OMe and BTASN-NMe, were 4.61,
4.56, 3.94 and 3.66 nN, respectively (Fig. 1b and 540), following
the same trend as the RSE. Considering that the Fy,.x value of
TASN is 4.54 nN,'® BTASN-OMe is expected to exhibit greater
thermal stability and mechanoresponsiveness.

Molecular dynamics (MD) simulations at the single-mole-
cular level supported this scenario. Canonical ensemble (NVT)
calculations were performed for atactic PMMA pentamers
grown from bifunctional atom transfer radical polymerization
(ATRP) initiators containing BTASN-OMe and TASN, using a
universal neural network potential.*”*® The simulations were
performed by incrementally increasing the external force
applied to the terminal carbon atoms in 0.01 nN steps, from
0.2 to 0.3 nN. For BTASN-OMe-PMMA5mers, homolytic clea-
vage of the central C-C bond occurred uniformly at 0.23 nN
(Fig. S42 and Movies 1, 2). As we expected, the same bond in
TASN-PMMA5mers was also cleaved at 0.23 nN (Fig. S43 and
Movies 3, 4), indicating that BTASN-OMe exhibits not only
enhanced thermal stability but also mechanoresponsiveness
comparable to that of TASN. Based on these theoretical find-
ings and the ease of synthetic accessibility, we proceeded to
prepare BTASN-OMe-based RMs.

Synthesis and thermal tolerance study

Scheme 2 shows the synthetic procedure for BTASN-OMe and
its corresponding bifunctional ATRP initiator. A copper-cata-
lyzed cross-coupling reaction was employed to introduce two
tert-butyl groups onto the triazine ring (75%)."® Nucleophilic
substitution of 1-chloropropanol afforded compound 1 (85%).
Protection of the hydroxy group in 1 with a tert-butyldimethyl-
silyl (TBS) group gave compound 2 (96%). The introduction of
the di-tert-butyltriazine ring to the TBS-protected intermediate
afforded 3 (94%). Dimerization of 3 using K;[Fe(CN)¢] and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) yielded 4, the BTASN
mechanophore core (88%). Subsequent deprotection of TBS
groups under acidic conditions (90%) furnished the diol
(BTASN-OH), which was then esterified with 2-bromoisobutyryl
bromide to afford the desired bifunctional ATRP initiator,
BTASN-Int (50%).

To evaluate the thermal tolerance of BTASN-OH, variable-
temperature electron paramagnetic resonance spectroscopy
(VT-EPR) measurement was performed in anisole solution
(Fig. 2). Measurements at elevated temperatures revealed the
formation of dissociated radical species with a g value of
2.003, which was absent at 25 °C (Fig. S35), consistent with the

This journal is © The Royal Society of Chemistry 2026
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(a) VT-EPR spectra of BTASN-OH in anisole. (b) The plot of the
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generation of carbon-centered radicals. The dissociation ratio of
the central C-C bond increased with increasing temperature.
The dissociation ratio of BTASN-OH at 100 °C was estimated to
be 2.5 x 107%%, whereas that of TASN under the same con-
ditions was 0.16%,?*! approximately 64 times higher than that
of BTASN-OH. These results indicate that, as expected, the tri-
azine ring substantially enhances the thermal stability of TASN-
based RMs, similar to previous observations for fluorene-type
RMs,*? due to its strong electron-withdrawing character.

ATRP of MMA using the bifunctional initiator

Due to the low thermal stability of the central C-C bonds in
tetraaryl-type mechanophores, the TASN skeleton has been
incorporated into polymeric materials through polyaddition,
click reactions, sol-gel reactions, and cationic ring-opening
polymerization to avoid radical processes.?**3%37°073% I con-
trast, the superior thermal stability of BTASN enables its intro-
duction into polymer structures using conventional radical
polymerization techniques. ATRP of methyl methacrylate
(MMA) using BTASN-Int as the initiator was carried out in
toluene at 35 °C (MMA/BTASN-Int/CuBr/CuBr,/dNbpy = 940/1/
2/0.4/5). This was followed by dehalogenation of the polymer
chain ends to prevent the terminal halogen atom from being
extracted by the radicals generated by mechanical force
(Scheme 3a). The number-average molecular weight (M,,) and

MeO
dnbpy, CuBk, CuBr,
BTASN-Int
toluene
35°C

TBTH, V-70

benzene
40°C

BTASN-OH (30 eq)

anisole
130°C

BTASN-PMMA-H/OH

Scheme 3 (a) Synthetic scheme of ATRP of MMA using the bifunctional
initiator consisting of BTASN followed by dehalogenation of the polymer
chain ends. (b) Radical exchange reaction between BTASN-PMMA-H and
BTASN-OH.
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dispersity (M,/M,) of the resulting PMMA, determined by gel
permeation chromatography (GPC) in THF, were M, (RI) =
16 000 g mol™ and M,,/M, = 1.08. To confirm whether ATRP
initiated from BTASN-Int and proceeded in a bifunctional
manner, a radical exchange reaction between the resulting
polymer and excess BTASN-OH was performed at 130 °C for
1 h (Scheme 3b). After the exchange reaction, the M, value of
the polymer was reduced to nearly half of its original value,
while the dispersity remained narrow (M, = 9790, M,/M, =
1.10; Fig. 3a, red line). This result confirms that the polymeriz-
ation proceeded as designed, affording the desired polymer
product (BTASN-PMMA-H) with a BTASN unit located at the
center of the main chain.

Mechanoresponsive studies

To investigate the mechanical responsiveness  of
BTASN-PMMA-H, a grinding test was performed at room temp-
erature using a ball mill (30 Hz, 10 min). The originally white
powder turned pink after grinding (Fig. 3b). EPR measurement
of the ground powder clearly showed a signal corresponding to
the carbon-centered radicals (g = 2.003), attributed to the
homolytic cleavage of the central C-C bond in the mechano-
phore (Fig. 3c). The mechanically induced bond dissociation
ratio (BDR) was found to be 2.5% for BTASN, which is on the
same order of magnitude as that of TASN (5.1%).>° In contrast,
as shown in Fig. 2, the thermal dissociation ratio of BTASN-OH
was approximately 64 times lower than that of TASN.*" Solid-
state UV-vis spectroscopy of the ground sample revealed a new
absorption peak at 550 nm, along with increased absorbance
across the broad visible region (Fig. 3d), both attributed to the
BTASN-derived radical species. These results are in good agree-
ment with theoretical predictions, indicating that the triazine
ring, acting as an electron-withdrawing group, imparts
enhanced thermal stability to the mechanophore while retain-
ing its mechanochemical reactivity.
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Fig. 3 (a) GPC profiles of BTASN-PMMA-H before (blue line) and after
the exchange reaction (red line). (b) Pictures, (c) EPR spectra, and (d)
UV-vis spectra of BTASN-PMMA-H before (blue lines) and after ball-
milling (red lines).
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Excited state studies

Interestingly, TAAN radicals, generated by the homolytic clea-
vage of the central C-C bond in BTASN, did not exhibit fluo-
rescence under UV irradiation, despite their structural simi-
larity to fluorescent DAAN radicals.” Both radicals consist of a
methyl radical connected to two aromatic rings and a cyano
group. To gain deeper insight into the fluorescence properties
of these mechanophores, density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations were performed
for the corresponding DAAN and TAAN radicals (Fig. 4 and
Fig. S44, 46, Tables S1, 2). For the DAAN radical, the D; — D,
transition is primarily attributed to the B-SUMO(67) —
B-HOMO(66) transition (96%) (Fig. 4a and Fig. S45, Table S2).
In contrast, the D; — D, transition of the TAAN radical is
mainly attributed to the p-SUMO(91) — B-HOMO(90) transition
(77%) (Fig. 4b and Fig. S24, Table S1). The corresponding
orbital transition in the DAAN radical is a n-n* transition,
which is allowed, and there are no significant changes in the
orbital characteristics between the D, and D, states. However,
for the TAAN radical, the n-orbital (HOMO-1(89) in the D,
state) becomes the HOMO(90) in the D, state. This transition
is an n-wn* transition, which is symmetry-forbidden, and its
contribution to the D; — D, transition is substantial. This
difference likely accounts for the absence of fluorescence in
the TAAN radical. The study of fluorescence in radical species
provides an important perspective on their electronic struc-
tures and excited-state dynamics,®® and the present findings
contribute to a deeper understanding of the fundamental prin-
ciples governing fluorescent radical molecules.
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Fig. 4 The molecular orbitals of the corresponding (a) DAAN and (b)
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energy (eV).
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Revisit of RSE vs. Hammett constant and its scope and
limitation: thermal tolerance of RMs consisting of acyclic
radicals

RMs composed of dimers of the same radical can be classified
into two main radical types of parent skeletons (Fig. 5a). Type
A comprises acyclic radicals, whereas type B comprises cyclic
radicals. The corresponding radicals of TASN,*® BTASN and
bisarylcyanoacetate (BiACA)** as well as diaryltetracyanoethane
(DATCE) reported by Sakamaki and Winter et al.®"®* are classi-
fied as type A (Fig. 5a). Type B features a methyl radical incor-
porated into a cyclic skeleton (Fig. 5a), and the corresponding
radicals of difluorenylsuccinonitrile (DFSN),*>' 9,9"-bis(4,6-
diphenyl-2-triazyl)-9,9"-bifluorene (BTAF), 9,9-bis(5-methyl-2-
pyridyl)-9,9-bifluorene (BPyF)** and diarylbibenzofuranone
(DABBF)?® are classified as type B.

Previously, we reported the prediction of the thermal toler-
ance of RMs with the same molecular skeleton, based on RSE
and the Hammett constant.** Building on this approach, this
study demonstrates the potential for predicting the thermal
tolerance of type A of RMs with different molecular skeletons.
One of the parent skeletons in type A features a methyl radical
that is sandwiched between one cyano group and one aryl group
(Fig. 5b). The corresponding radicals of TASN, BTASN, BiACA
and DATCE are classified as the parent skeleton among the type
A radicals (Fig. 5b). As shown in Fig. 6, the RSE values of the
corresponding radicals of the parent skeletons become lower as
the Hammett constant increases. Furthermore, as shown in
Fig. 7a, the logarithm values of the dissociation constants (Kg)
of the RMs including DAANSs, TAAN and ACAs linearly increase
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Fig. 5 (a) Classification of the corresponding radicals generated by
RMs: type A: acyclic radicals and type B: cyclic radicals. (b)

Representative chemical structures of the acyclic radicals (type A) with
the parent skeleton consisting of a methyl radical sandwiched between
one cyano group and one aryl group. ADCM and ACA radicals stand for
aryldicyanomethyl and arylcyanoacetate radicals, respectively.
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with increasing RSE values (please see the synthetic part of SI,
Fig. S36-S39 and Table S3). The coefficient of determination
(R?) of the linear fit is 0.8406. The dissociation of the central C-
C bond of aryl dicyanomethyl (ADCM) dimers classified as the
same parent skeleton is fast, and the corresponding radicals are
stable under ambient conditions.®” Fig. 7b shows the plots in
which the InKy values calculated from the reported binding
constants and the RSE values of ADCMs were added to the plots
in Fig. 7a. As we expected, the values of In K4 linearly increased
with the RSE values as in the case of Fig. 7a, and the R® value of
the linear fit was relatively good (R> = 0.6476). The decrease in
the R value is likely due to the fact that the values of ADCMs
were measured in methanol or toluene at 50 °C, which is
different from our experimental conditions. These results indi-
cate that, within the classification of type A RMs, the thermal
stability of RMs increases in the order BiACA > BTASN > TASN >
ADCM structures owing to the generation of the corresponding
radicals having lower RSE values, and that the introduction of
electron-withdrawing groups enhances the thermal stability of
RMs across different molecular skeletons.

We reported that the relationship between RSE/thermo-
dynamic stability and the thermal tolerance of RMs can be
explained by the Hammond-Leffler postulate, which describes
the transition-state (TS) geometry in an elementary step related
to reactants, intermediates, and products.*® However, at
present, it is still challenging to provide a consistent expla-
nation for acyclic and cyclic radical systems as well as non-
dimer type RMs based solely on RSE and substituent effects.
For example, DFSN and BTAF classified as type B show enough
thermal tolerance for application to ATRP, although the values
of RSEs are almost the same as DABBF derivatives, whose
central C-C bond undergoes homolysis even under ambient
conditions.>'** We believe that this discrepancy is likely due
to the fact that the transition state structures are entirely
different between cyclic radicals, which can adopt highly
planar structures, and acyclic radicals, which cannot.
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Furthermore, diarylacetonitrile-a-carboxylic ester (DAANAC) is
also an RM consisting of a DAAN radical and an alkoxycarbo-
nyl radical, which shows exceptional thermal stability.*®
DAANAC is not a dimer of radicals and the driving force for
the generation of radicals might be decarboxylation generating
carbon dioxide gas. Further research into the inherent under-
standing of the origin of thermal stability of radical mechano-
phores is underway in our group.

Conclusions

We demonstrated the synthesis and mechanochemical reactiv-
ity of BTASN-OMe, a triazine-substituted TASN-type mechano-
phore with enhanced thermal stability. Computational ana-
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lyses, including RSE, CoGEF calculations, and MD simu-
lations, revealed that the introduction of electron-withdrawing
triazine rings significantly improved thermal resistance com-
pared with conventional TASN while maintaining mechanical
responsiveness. Experimental thermal tolerance tests sup-
ported these findings, showing that BTASN-OMe exhibited a
dissociation ratio approximately 64 times lower than TASN.
The high thermal stability enabled the successful ATRP of MMA
using a bifunctional ATRP initiator derived from BTASN-OMe.
The resulting polymers exhibited sufficient mechanical
response while maintaining thermal stability. The difference in
fluorescence behavior between TAAN and DAAN radicals was
attributed to the nature of their electronic transitions: TAAN
undergoes a forbidden n-n* transition due to orbital changes
involving the nitrogen atom of the triazine ring in the D, state,
while DAAN undergoes an allowed n-n* transition. Furthermore,
these results allowed us to predict the thermal tolerance of RMs
consisting of the dimer of acyclic radicals through RSE values,
even with different molecular skeletons. Overall, BTASN-OMe
represents a significant advancement in the design of thermally
stable mechanophores, containing enhanced thermal tolerance
with robust mechanical responsiveness. This dual functionality
broadens the potential applications of responsive polymer
materials in fields requiring both mechanical reactivity and
thermal endurance.
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