
RSC
Mechanochemistry

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 1
1:

42
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Diverse metastab
aDepartment of Chemical Science and Eng

2-12-1 Ookayma, Meguro-ku, Tokyo 152-855
bEngineering Division, Process Device Innova

1006 Kadoma, Kadoma City, Osaka 571-85
cLiving Systems Materialogy (LiSM) Research

Initiative (IRFI), Tokyo Institute of Techn

Yokohama 226-8501, Japan

† Electronic supplementary informa
https://doi.org/10.1039/d3mr00031a

Cite this: RSCMechanochem., 2024, 1,
181

Received 14th December 2023
Accepted 2nd February 2024

DOI: 10.1039/d3mr00031a

rsc.li/RSCMechanochem

© 2024 The Author(s). Published by
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Fluorescent radicals have attracted great attention as luminescent materials, mostly on account of their

potential to achieve higher luminescence efficiency than closed-shell molecules. However, analyzing

fluorescent radicals at ambient conditions remains a challenging task, because radicals are usually

unstable in air. In addition, to the best of our knowledge, research aimed at controlling fluorescence

wavelengths through substituent changes has not yet been accomplished. Here, we report diverse

metastable diarylacetonitrile (DAAN) radicals, which contain different substituents, generated by

polymeric mechano-chemical reactions. The DAAN radicals, generated by ball-milling powdered

polystyrene together with DAAN derivatives, were dispersed within the polystyrene matrix, where they

retained their radical state, which allowed measuring solid-state fluorescence spectra. These

measurements revealed that a wide range of fluorescence wavelengths from green to red (lem,max =

517–635 nm) can be achieved only by changing the substituents on the aromatic rings in these DAAN

radicals. This phenomenon has not been observed for the well-studied triarylmethyl radicals. The

fluorescence wavelength of these DAAN radicals can be precisely estimated by time-dependent density-

functional theory (TD-DFT) calculations. The amount of DAAN radicals generated upon ball-milling is

discussed in conjunction with DFT calculations and experimental results. Our results suggest that the

orbital interactions with polymeric mechanoradicals, the bond-dissociation enthalpy, and the steric

protection of the radical center are of paramount importance for the generation of DAAN radicals. The

results of this study can be expected to provide useful guidelines for the development of advanced

fluorescent radicals.
Introduction

Recently, studies on the luminescence properties of stable
carbon-centred radicals have attracted great attention.1,2

Generally, they exhibit unusual photophysical properties such
as long-wavelength emission,3–7 and high electro-luminescence
quantum efficiency.8–11 However, most free radicals are short-
lived because they are incredibly reactive due to the presence of
unpaired electrons.12,13 In addition, most free radicals usually
exhibit weak or no luminescence under ambient conditions and
have long been used as quenchers of luminophores.14 Thus, the
number of organic luminescent radical species that persist
under ambient conditions remains limited. Only a few free
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radicals that can stably luminesce at room temperature, e.g.,
triarylmethyl radical derivatives15–19 and N-heterocyclic carbene-
based radicals have been reported so far.20 However, the design,
synthesis, and purication of these radicals is relatively
complicated given their high reactivity.21 This complexity has so
far hampered progress in the design and development of uo-
rescent radicals. Hence, developing new strategies to generate
and analyse uorescent radicals remains highly desirable.

In this context, we focused on the mechanochemical gener-
ation of diarylacetonitrile (DAAN) radicals in a polymer matrix.
Although DAAN radicals are known to be uorescent,22–24 their
luminescence properties have not yet been adequately studied.
DAAN derivatives with a variety of substituents can be synthe-
sized in one or two steps from commercially available precur-
sors, which may allow the systematic evaluation of the effects of
substituents, a task that has proven difficult for conventional
uorescent radicals. In the present study, we conducted
a comprehensive study on DAAN radicals generated by poly-
meric mechanochemical reactions (Fig. 1). In general, it is
easier, both experimentally and computationally, to evaluate
the uorescence properties of radicals in the solid state than in
solution because the effect of solvent does not have to be
RSC Mechanochem., 2024, 1, 181–188 | 181
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Fig. 1 Schematic illustration of the analytical methods used for the
characterization of DAAN radicals within this study.

Fig. 2 Chemical structures of the DAAN derivatives used in this study.
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View Article Online
considered. Moreover, the effect of coupling reactions between
the generated radicals, which cannot be neglected in solution,
can be suppressed by the rigid polymer matrix, allowing unex-
plored uorescent radicals to be discovered and investigated
systematically. The purpose of this study is to (1) establish the
concept of using mechanochemical reactions of polymer chains
as a useful tool to generate and characterize metastable uo-
rescent radicals in the bulk, and to (2) clarify the luminescence
properties of DAAN radicals by combining experimental and
computational chemistry. For this purpose, twenty different
DAAN derivatives were prepared as uorescent radical precur-
sors, and the radical species generated in the polystyrene matrix
by ball-milling tests were systematically evaluated using solid-
state uorescence spectroscopy, electron-paramagnetic-reso-
nance (EPR) measurements, and density-functional-theory
(DFT) calculations. The present study can be expected to inspire
the development of a design strategy for uorescent radicals as
well as an approach for the visual and quantitative evaluation of
short-lived radicals, which would be highly desirable in order to
improve our understanding of uorescent radical species.
Results and discussion
Synthesis of the DAAN derivatives

To evaluate the substituent effect in DAAN radicals, a series of
nineteen DAAN derivatives with different substituents, which
are precursors for uorescent radicals via polymer-matrix-
assisted radicalization, was synthesized.25–27 Each compound
182 | RSC Mechanochem., 2024, 1, 181–188
was analysed using 1H NMR, 13C NMR, and FT-IR spectroscopy
as well as mass spectrometry (MS). The detailed experimental
procedures for the synthesis of the compounds and their
spectral data are described in the ESI† (Fig. S2–S39†). The DAAN
derivatives are denoted as R1/R2, where R1 and R2 refer to the
substituents. In addition to the nineteen synthesized DAAN
compounds, a commercially available DAAN derivative without
any substituents on the aromatic ring (H/H) was used for eval-
uating the uorescence properties. These DAAN derivatives
were color-coded into four groups according to the type of
substituent: derivatives for which a sufficient captodative effect,
which refers to the stabilization of radicals by a synergistic
effect of an electron-withdrawing substituent and an electron-
donating substituent,28,29 cannot be expected (grey), derivatives
with one or two electron-donating groups on the aromatic ring
(red), derivatives with one electron-donating group and one
electron-withdrawing group on the aromatic ring (blue), and
derivatives with substituents at positions other than the para-
position (green) (Fig. 2).
Fluorescence properties of the DAAN radicals

To investigate the uorescence properties of the DAAN
radicals, ball-milling experiments were carried out using
a Retch MM400 mixer mill (10 mL stainless-steel milling jar
using one stainless-steel ball with a diameter of 5 mm). Poly-
styrene (Mn= 66.0 kgmol−1;Mw/Mn= 1.46; 100 mg) was ground
in the presence of each DAAN derivative (50 mmol) via ball-
milling at 30 Hz for 10 min. Then, the solid-state uorescence
spectra of the samples were measured. The maximum uores-
cence wavelength (lem,max) and the appearance of each sample
aer grinding are summarized in Table 1 (for the uorescence
© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectra, see Fig. S40–S59†). Under irradiation from UV light,
uorescence was observed for all samples except for NO2/OMe.
Surprisingly, this result clearly demonstrates that the wave-
length of the uorescence originating from the radicals can be
tuned from 519 nm to 635 nm only by changing the substitu-
ents. It is important to note here that the uorescence wave-
length of triarylmethyl radical derivatives has been controlled in
many cases by extending the conjugation length.30–32 This
should probably be interpreted in terms of the cyano group of
DAAN radicals, which allows the two aromatic rings to adopt
a near-planar conformation and thus amplies the resonance
effect of the substituents. These results represent an important
Table 1 Maximum fluorescence wavelength of the DAAN radicals and
photographs of the mixtures of polystyrene (Mn = 66.0 kg mol−1; Mw/
Mn = 1.46; 100 mg) and the DAAN derivatives (50 mmol) after ball-
milling under UV (lex = 365 nm) light

lem,max/nm Under UV light (lex = 365 nm)

F/F 519

H/H 527

H/Me 534

F/OMe 542

H/OMe 546

Me/OMe 550

OMe/OMe 556

Br/OMe 557

OMe/diOMe 558

COOMe/OMe 570

OMe/triOMe 572

diOMe/triOMe 574

diOMe/diOMe 575

CN/OMe 579

Ac/OMe 588

triOMe/triOMe 599

SMe/OMe 602

OMe/diOMe-m 611

diOMe-m/diOMe-m 635

NO2/OMe —a

a Fluorescence was not observed.

© 2024 The Author(s). Published by the Royal Society of Chemistry
aspect of the design and control of the uorescence wavelength
of uorescent radicals.

Moreover, a strong linear correlation emerged when the
maximum uorescence wavelength, obtained from the solid-
state uorescence spectra (Fig. 3a), was plotted as a function of
theoretically obtained uorescence wavelengths, which was
obtained from time-dependent (TD) DFT calculations (UM06-
2X/6-311+G(d,p)) (Fig. 3b). To investigate the dependence of the
obtained results on the functional, we performed the same
calculations using different functionals (UCAM-B3LYP/6-
311+G(d,p) and UuB97X-D/6-311+G(d,p)). Although slight
systematic errors were observed, as in the case of the UM06-2X/
6-311+G(d,p) level, a strong linear dependence was obtained
(Fig. S60†). These results thus indicate that the uorescence
wavelength of the DAAN radicals can be estimated theoretically
with high accuracy, and that it can be expected to be possible to
design radicals with a target uorescence wavelength using TD-
DFT calculations.

Generally speaking, radical species can undergo two possible
electronic transitions from the ground state to the excited state,
i.e., (1) from the b-HOMO to the b-SOMO and (2) from the a-
Fig. 3 (a) Fluorescence spectra (lex = 365 nm) of mixtures of poly-
styrene and DAAN derivatives after ball-milling. (b) Relationship
between theoretical wavelength and experimental wavelength. (c)
Molecular orbital level of D0 and D1 states and Jablonski diagram for
the DAAN radicals.

RSC Mechanochem., 2024, 1, 181–188 | 183
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Fig. 4 (a) Carbon numbering scheme and dihedral angle in the DAAN
radicals. (b) Schematic diagram of the structural changes in the bond
lengths and dihedral angles of the DAAN radicals upon transitioning
from the optimized D0 state to the optimized D1 state.
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SOMO to the a-LUMO (Fig. 3c). Similarly, two types of electronic
transitions from the excited state to the ground state are
possible. In order to investigate which transition is more
dominant in the DAAN derivatives, the electronic transitions for
absorption and emission were evaluated based on the results of
the TD-DFT calculations. The obtained results indicate that for
almost all derivatives, except for NO2/OMe, the HOMO–SOMO
electronic transition is dominant in both the ground-to-excited-
state and the excited-to-ground-state transitions (Tables S2 and
S3†). They also conrm that this trend increases with the
strength of the electron-donating properties of the substituents.
This reects the fact that the introduction of electron-with-
drawing substituents decreases the LUMO energy, which
decreases the SOMO–LUMO gap (Table S4, Fig. S61–S80†). In
addition, the b-HOMO to b-SOMO and the a-SOMO to a-LUMO
transitions could not be conrmed for NO2/OMe (Tables S2 and
S3†), which suggests that the electronic transition between the
optimized D1 state and the D0 state is a forbidden transition for
NO2/OMe.

To clarify the difference between uorescent and non-uo-
rescent DAAN radicals, we further analyzed the results of the
DFT and TD-DFT calculations. In general, the luminescence
quantum yield of radical species (f) is expressed using the rate
constant:33

f ¼ kr

kr þ knr
(1)

where kr is the radiative rate constant and knr is the non-radi-
ative rate constant. Based on eqn (1), it is necessary for the
radicals to emit uorescence when the knr value is small and the
kr value is large. Therefore, we discuss knr in terms of the
molecular structure in the ground state and in the lowest
excited state, as well as kr in terms of the transition dipole
moment.

The molecular structures of the DAAN derivatives in the
optimized D0 state and the optimized D1 state were obtained
from TD-DFT calculations in order to clarify the characteristics
of the radiative and non-radiative processes. Specically, aer
the structural optimization, the lengths of all the carbon–
carbon bonds in the diphenylmethane moiety and the dihedral
angle between the two aromatic rings of each DAAN derivative
were calculated (Fig. 4a). In the cases of the non-symmetric
DAAN derivatives R1/R2, the carbon atoms were numbered with
the ipso-position of R1 as C1. The results indicate that the bond
lengths between the central carbon atom and the aryl moiety
(C6–C7–C8) and between the carbon atoms at the ortho- and
meta-positions (C2–C4, C3–C5, C9–C11, C10–C12) of the opti-
mized D1 state are shorter than those in the optimized D0 state,
except in the case of NO2/OMe (Table S5†). These results thus
also indicate an increased quinoid character for the aryl groups
in the optimized D1 state, except in the case of NO2/OMe.34

Moreover, the dihedral angle between the aromatic rings
decreases from the optimized D0 state to the optimized D1 state
(except in the case of NO2/OMe), conrming the improved
planarity of the molecules (Table S6†). The decrease in the
dihedral angle should promote stronger p-conjugation between
the two aromatic rings (Fig. 4b), and the enhanced p-
184 | RSC Mechanochem., 2024, 1, 181–188
conjugation should suppress the thermal uctuation and
vibration of molecules, which would lead to non-radiative
decay. These ndings provide some evidence that the knr of
NO2/OMe is signicantly higher than that of the other DAAN
derivatives.

The transition dipole moment between the optimized D1 and
D0 states (m01) is related to kr, and molecules with a large m01

value show high luminescence efficiency.35,36 The m01 value was
calculated based on the results of the TD-DFT calculations, and
a positive correlation was observed between the experimental
uorescence quantum yields and m01 (Table S2, Fig S81†). These
results suggest that it is possible to use TD-DFT calculations in
order to estimate whether a radical species can exhibit uo-
rescence. In addition, NO2/OMe showed extremely low values
compared to the other DAAN derivatives (Table S7†). This result
suggests that NO2/OMe is a non-luminescent radical.
Substituent effects of the DAAN derivatives on the radical
generation via polymer mechanochemistry

The following two points are considered to be important for the
generation of radicals from DAAN derivatives (Fig. 5). (1) The
hydrogen atom at the benzylic position of the DAAN derivatives
is easily abstracted by polymeric mechanoradicals. (2) The
generated DAAN radicals are more stable than other mecha-
noradicals due to their aromaticity and electron-withdrawing
cyano group.37–42 To conrm these hypotheses, the thermody-
namic parameters of each DAAN derivative were determined
using DFT calculations, and the amount of DAAN radicals
generated upon ball-milling mixed samples of polystyrene and
DAAN derivatives was estimated based on EPR measurements
by comparing the integral area of each observed spectrum with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic illustration of (a) orbital interactions and the (b)
bond-dissociation energy (BDE) in DAAN derivatives.

Fig. 6 (a) BDE values and sC–H energy levels of DAAN derivatives
obtained from DFT calculations (para-substituent derivatives). (b) BDE
values and sC–H energy levels of DAAN derivatives obtained from DFT
calculations (all derivatives).
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that of a solution of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL) as a standard. Unless otherwise noted, DFT
calculations were carried out at the UM06-2X/6-311+G(d,p) level
given that this level has been reported to be appropriate for
uorescent radicals.4,30,43

The unpaired electron of the mechanoradical generated by
the ball-milling of polystyrene is accommodated in the a-
SOMO. To abstract the hydrogen atom from the DAAN deriva-
tive for the mechanoradical, the a-SOMO of the mechanoradical
must interact with the C(sp3)–H bonding orbital (sC–H) of the
DAAN derivatives (Fig. 5a). Accordingly, the orbital energy of the
a-SOMO of the 1-phenylethyl radical and 2-phenylethyl radical,
which was used as the model structure for the mechanoradical
generated by the polymer-chain scission of polystyrene, and the
sC–H energy of the DAAN derivatives were calculated using DFT
calculations. The results of the calculations suggested that the
sC–H energy level of the DAAN derivatives and the reactivity with
the a-SOMO of the mechanoradical increase with increasing
electron-donating properties of the substituents on the DAAN
derivatives because the energy difference between a-SOMO of
mechanoradical and sC–H decreases (Table S8, Fig. S82–S101†).

We also examined the stability of the DAAN radicals gener-
ated when the benzylic hydrogen of the DAAN derivative is
abstracted by the mechanoradical. It is generally accepted that
the thermodynamic stability from spin delocalization and
kinetic stability from steric protection are the two main factors
that account for the overall stability of long-lived radicals. On
the other hand, the bond-dissociation energy (BDE) is
a parameter that is oen used to evaluate the thermodynamic
stability of radicals.12,44 As shown in eqn (2), the BDE is the
energy required for cleaving the hydrogen adduct (R–H) of the
radical (Rc) into Rc and Hc (Fig. 5b); the smaller this value, the
more readily homolysis occurs and the greater the amount of
thermodynamically stable radicals generated.

R�H / R
� þH

�

BDEðR�Þ ¼ H298ðR�Þ þH298ðH�Þ �H298ðRHÞ
(2)

Many recent studies have shown that the thermodynamic
stability of such radicals can be predicted with high accuracy
using DFT calculations.45–48 In this study, we performed DFT
calculations to evaluate the thermodynamic stability of radicals
© 2024 The Author(s). Published by the Royal Society of Chemistry
based on the BDE (for the calculation results, see Table S9†).
The obtained results suggest that the BDE increases and that
the radical species become thermodynamically unstable when
there are a total of three or more electron-donating methoxy
groups on the aromatic rings, or, conversely, when there are no
electron-donating groups. On the other hand, when the
aromatic rings have one or two electron-donating groups or one
electron-donating group and one electron-withdrawing group,
the BDE decreases, suggesting that the radical species become
thermodynamically stable. The results of these calculations
thus reect the captodative effect.28,29 In addition, the BDE
tends to increase when there is a methoxy group at the ortho-
position. This result implies that the DAAN derivatives with
substituents at the ortho-position show deviation from ideal
molecular planarity due to steric repulsion, commensurate with
lower thermodynamic stabilization compared to those without
substituents at the ortho-position.
DFT-derived prediction of the conversion efficiency to DAAN
radicals from precursors

Fig. 6a and b show the results of our DFT calculations. Higher
sC–H energy levels and smaller BDE values (the compounds are
plotted in the bottom-right corner) correspond to a higher
RSC Mechanochem., 2024, 1, 181–188 | 185
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estimated conversion efficiency of the to DAAN radicals based
on thermodynamic considerations.

Fig. 6a, which summarizes the calculation results for DAAN
derivatives with substituents at only the para-position, predicts
the highest conversion efficiency to DAAN radicals for SMe/
OMe. Moreover, the calculations predict that derivatives from
the blue and red groups can be expected to have a higher
conversion efficiency to DAAN radicals than the derivatives from
the gray group. Furthermore, Fig. 6b shows that, compared to
the derivatives with substituents at only the para-position, the
derivatives in the green group have higher BDE values and
generate radical species with lower thermodynamic stability,
albeit that they have a higher sC–H level and higher reactivity
with mechanoradicals.

Evaluation of the amount of DAAN radicals

Aer the ball-milling of the mixtures of polystyrene (Mn = 66.0
kg mol−1; Mw/Mn = 1.46, 100 mg) and the DAAN derivatives (50
mmol), the amount of generated DAAN radicals relative to the
corresponding DAAN derivative was evaluated using EPR
measurements. The observed DAAN radicals are shown in
Fig. 7a (for the EPR spectra, see Fig. S102–S121†). Among the
DAAN derivatives with substituents at only the para-position,H/
H, F/F, and H/Me furnished only a small amount of DAAN
radicals, while SMe/OMe afforded a large amount of DAAN
radicals. This result is consistent with the DFT-based prediction
that the conversion efficiency to DAAN radicals increases with
Fig. 7 (a) Observed DAAN radicals using EPR measurements and (b) %
VBur of DAAN derivatives.

186 | RSC Mechanochem., 2024, 1, 181–188
decreasing BDE value and increasing sC–H energy level.
However, the amount of DAAN radicals with methyl groups was
smaller than that predicted based on its BDE. This is probably
due to side reactions, such as the reaction of the methyl group
with the mechanoradicals to produce benzyl radicals
(Fig. S122†). Furthermore, in the DFT calculations, the ther-
modynamic stability of the DAAN radicals was predicted to be
lower when substituents were present at the ortho-position.
Nevertheless, with increasing number of substituents at the
ortho-position, the amount of observed DAAN radicals also
increased (Fig. S123†). This result should most likely be
attributed to the protection of the central (or a) carbon atom,
which is the atom with the highest spin density, due to the
introduction of a bulky methoxy group at the ortho-position. In
other words, the low thermodynamic stability of the ortho-
substituted DAAN derivatives is counterbalanced by their
kinetic stability. To evaluate the steric hindrance of the DAAN
radicals, their percentages of buried volume (% VBur) were
calculated.49 For this purpose, a sphere was set up with the
carbon-centred radical at the origin and a 6 Å radius; these
dimensions are the most suitable to consider the spatial steric
protection of the radical by the surrounding atoms.50 The buried
volumes and steric maps presented in this work were obtained
using the SambVca 2 Web application.51 According to the
topography (Fig. S124†), the methoxy groups at the ortho-posi-
tion of the DAAN radicals protect the carbon-centred radicals
well (Fig. 7b). These results suggest that small BDE values and
high sC–H energy levels are important for improving the amount
of generated DAAN radicals. In addition, the steric protection of
the carbon-centred radicals overcomes the low thermodynamic
stability of radicals and increases the amount of generated
DAAN radicals.

Conclusion

In this study, we conducted a comprehensive study on meta-
stable DAAN radicals with various substituents, that are gener-
ated by polymeric mechanochemical reactions. We discovered
a signicant change in uorescence wavelength depending on
the nature and location of these substituents, which is
a phenomenon that has not previously been observed for the
extensively studied uorescent triaryl methyl radicals. The
amount of generated DAAN radicals evaluated by EPR is greater
for smaller BDE values and higher sC–H energy levels when the
substituent are located exclusively at the para-position. When
a substituent is introduced at the ortho-position, the thermody-
namic stability of the radical is reduced, albeit that the kinetic
effect of the steric bulk of the radical centre is outweighed, and
the amount of DAAN radicals increases. We thus expect that the
present study will inspire the development of unexplored uo-
rescent radicals and their applications in advanced chemo-
sensors, bioimaging, and organic light-emitting diodes.
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