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ABSTRACT: The electron spin resonance (ESR) spectroscopy technique was used to study
various organic radicals, such as 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), 4-hydroxy-
TEMPO (TEMPOL), 2-X-nitronylnitroxide (2-X-NN, X = Ph, NO2Ph, or cyclohexyl), 4-Y-
benzonitronylnitroxide (4-Y-PhBzNN, Y = Ph or NO2Ph), and 2-Z-iminonitroxide (2-Z-IN, Z =
Ph or NO2Ph) dispersed in a polymethylmethacrylate (PMMA) matrix. The experiments were
conducted at room temperature. The complex nature of the recorded ESR spectra could be
attributed to the superposition of the rotational diffusion component of TEMPO (or TEMPOL) in the nanospace of the PMMA
matrix with the rigid-limit component. A single component of the rigid-limit was observed for 2-X-NN and 4-Y-PhBzNN radicals
dispersed in the PMMA matrix. The isotropic components of g and hyperfine (A) tensor, estimated by analyzing the solution
spectra, were used to determine the g and A components of 4-Y-PhBzNN. Only the rotational diffusion component was observed for
the 2-Z-IN radical. These results demonstrated that the PMMA matrix contains cylindrical nanospaces. Various radicals other than
TEMPO derivatives could be used in the ESR spin probe technique as probe molecules for determining the structures, sizes, and
shapes of the nanospaces.

1. INTRODUCTION

The microscopic structure of a material can be revealed by
using the characteristic atoms and molecules present in the
material. Various magnetic resonance spectroscopic techniques
are used to study the nuclear (such as 1H and 13C) spins and
the electron spins of unpaired electrons. Studies on the spin
states of the nuclei and electrons in atoms or molecules can
potentially help in revealing the microscopic structure of the
matrices. The nuclear magnetic resonance (NMR) spectros-
copy technique is used to study atoms with nonzero nuclear
spin quantum numbers and nonradical molecules. Small and
structurally simple molecules that can be used as probes are
also studied using this technique.1−6 The electron spin
resonance (ESR) spectroscopy is a powerful technique that
can be used for the detection of organic radicals confined in
the nanospaces of the material and nitroxide (NO) groups
bonded to the material. The temperature dependence of the
molecular dynamics of the confined radicals or NO moieties in
the nanospace is studied to gain information on the structures,
sizes, and shapes of the nanospaces present in porous
materials,7−14 crystals,15 polymers,16 liquid crystals,17 super-
cooled bulk water,18 biological membranes,19,20 and pro-
teins21−23 using the ESR spin probe technique. The dynamics
of the moieties bearing the unpaired electrons are influenced
by the structures or shapes of the nanospaces. The values of
the g tensor and the hyperfine interaction (A) tensor of the
unpaired electron are determined by analyzing the dynamics of
the moieties bearing the unpaired electrons. The ESR spin

probe techniques can be divided into two categories: (i) the
spin-label method executed by functionalizing the NO groups
in the material9,14,19,21,23 and (ii) the method where the free
radicals such as 4-substituted 2,2,6,6-tetramethyl-1-piperidiny-
loxyl (4-R-TEMPO; 1: TEMPO (R = H) and 2: 4-hydroxy-
TEMPO (TEMPOL; R = OH); Figure 1a) are physically
adsorbed in the confined spaces.7,8,10−13,16,17,20,22

In the past decade, the ESR spin probe technique has been
used to study the organic 1D nanochannels of 2,4,6-tris (4-
chlorophenoxy)-1,3,5-triazine and (o-phenylenedioxy)-
cyclotriphophazene crystals using 2-substituted nitronylnitr-
oxide (2-X-NN, 3−5, Figure 1b).24,25 Nitronylnitroxide (NN)
radicals are common organic radicals. Several radicals
belonging to this group of radicals behave as organic magnets
at low temperatures.26,27 Various NN radicals are present in
the ligands in magnetic metal complexes28−30 and metal−
organic frameworks (MOFs).31 Studies on the 2-X-NN radical
present in frozen organic matrices, cement, and porous organic
films have been rarely conducted using the ESR spectrosco-
py.32−34
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The 4-substituted phenylbenzonitronylnitroxide (4-Y-
PhBzNN, 6 and 7, in Figure 1c) radicals are structurally
similar to NN radicals.35,36 To date, the ESR spectra of 4-Y-
PhBzNN have only been recorded in the solution state. The
complex nature of the ESR spectra, recorded with a solution of
4-Y-PhBzNN, can be attributed to the superhyperfine
interactions (arising from the protons in the bicyclic structure
containing the ONCNO moiety (α- or β-position
(Figure 1c)); phenyl ring at the 2-position of the
benzonitronylnitroxide (BzNN) group (o- or m-position
(Figure 1c)); p-position when Y = H (Figure 1c)). The ESR
spectra of the 2-X-NN radicals are less complex than the ESR
spectra of the 4-Y-PhBzNN radicals. The isotropic values of the
g and A tensors of these radicals have been reported.35,36 The g
and A tensor components of the BzNN radicals should be
examined in more detail in the dispersed state to gain insight
into the nature of the 4-Y-PhBzNN radicals that can be
potentially used as spin probes in the ESR spin probe
technique. Details of the ESR spectra of phenyliminonitroxide
(PhIN (8); Z = H; (Figure 1d)) present in organic matrices
and 1D nanochannels have also been reported.25,33 The use of
these radicals can help identify suitable probe radicals for
further studies. The structures and shapes of the matrices, and
the interactions between the matrices and guest radicals should
be taken into consideration while selecting the suitable radicals
for the studies.
Herein, several 2-X-NN (X = Ph (3), p-NO2Ph (4), or

cyclohexyl (CH; 5)), 4-Y-PhBzNN (Y = Ph (6) or NO2 (7)),
and iminonitroxide (IN) radicals substituted at the 2-position
of the IN group (2-Z-IN, Z = Ph (8) or p-NO2Ph (9); Figure
1d)33,37 dispersed in polymethylmethacrylate (poly(methyl 2-
methylpropenoate); PMMA)38−47 matrices have been re-
ported. The ESR spectra of these species were recorded.
This is a rare case where the ESR spin probe technique was
used to study the samples using non-TEMPO derivatives.
PMMA is a transparent polymer that is often used as a
lightweight alternative to glass.38 It is also used as a casting
resin during the preparation of dental prostheses.39 PMMA
contains cavities of varying sizes (large and small). The sizes of
the cavities are influenced by the degrees of polymerization.
The tacticity of the polymers and the synthetic method
followed also influence the cavity sizes.40−42 Unpaired

electrons in PMMA can be produced via a numerous pathways.
The process of mechanical fracture of PMMA,41 methods used
to generate gamma-rays for sample irradiation,43,44 the spin-
label method for the functionalization of PMMA,45 and the
method reported herein can be used to generate unpaired
electrons. The spin probe technique can be used to study the
adsorption and dispersion of the molecules containing
unpaired electrons.47,48 The principal values of the g and A
tensors of the organic radicals (other than TEMPO
derivatives) dispersed in the PMMA matrices can be
potentially used in the future for the further development of
the field. These studies can potentially help expand the field of
application of the ESR spin probe technique.

2. MATERIALS AND METHODS
2.1. Chemicals. PMMA (average molecular weight =

15,000) was purchased from Kanto Chemical Co. Ltd. Radicals
1−4 were purchased from Tokyo Chemical Industry Co. Ltd.
Radicals 5−9 were synthesized following previously reported
protocols.37,49,50 All the chemicals were used without further
purification.

2.2. Sample Preparation. Radicals 1−9 were dispersed in
PMMA. Radical 3 (0.2 mg) and PMMA (150 mg) were
dissolved in CHCl3 (10 mL). Following this, the solution was
evaporated to dryness. The product was obtained as a
transparent solid on the walls and the bottom of the beaker.
The transparent solid was fractured using a microspatula to
obtain the product in the form of a powder. A similar
procedure was followed for preparing the samples in the
presence of other radicals. The samples were stable for at least
6 months.

2.3. Instrumentation. ESR spectra were recorded at room
temperature using an X-band spectrometer (JES-FA300 or RE-
1X, Jeol) equipped with a TE011 cylindrical cavity resonator.
The powdered specimen (2−3 mg) was packed in a
commercial ESR tube (quartz glass; length: 270 mm; o.d.: 5
mm). Following this, the tube was sealed under an atmosphere
of He for prolonged storage, and future experiments were
conducted under conditions of low temperature (pressure: 4
kPa). The benzene solution of the radicals (105 mol L−1) was
poured into an ESR tube. The X-band (e.g., 9.07 GHz)
microwave power was set in the range of 0.001−1 mW under
nonsaturated conditions. The magnetic field range and field-
sweep rate were set at 323 ± 15 mT and 30 mT/8 min,
respectively. A field modulation of 100 kHz with an amplitude
of 0.1 mT was used for the studies. The spin concentration was
determined by comparing the double integral of the cw-ESR
spectra of the weighed samples with that of the TEMPOL
standard solution. The signal intensity of a manganese
standard was used as the reference. The experiments were
carried out under conditions of a constant cavity loading. The
estimated error was 30%.
The thermogravimetric-differential thermal analysis (TG-

DTA) technique (thermogravimetric apparatus; TG-
DTA8122, Rigaku Corp.) was used to study the PMMA
matrix in the absence of dispersed radicals. The TG-DTA
technique was also used to study the PMMA samples in the
presence of small amounts of 1−4. Approximately 10 mg of the
powdered specimen was placed in an Al sample pan. The
sample was heated from room temperature to 500 °C at a rate
of 10 °C min−1 under an atmosphere of N2. Powder Al2O3 was
used as the reference. The endothermal peaks observed in the
DTA curve in the temperature range of 90−110 °C (for the

Figure 1. Chemical structures of guest radicals used in this study: (a)
4-R-TEMPO (1, 2), (b) 2-X-NN (3−5), (c) 4-Y-PhBzNN (6, 7), and
(d) 2-Z-IN (8, 9).
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PMMA sample) in the absence or presence of dispersed
radicals correspond to the glass-to-liquid transition temper-
ature (Tg; Figures S1−S4). The Tg values were different from
the previously reported values. The difference can be attributed
to the difference in the average molecular weight of PMMA
(average molecular weight = 94,000 in the previous study).51 A
weight loss of 25% was observed in the PMMA sample in the
absence of dispersed radicals, whereas a loss of 15−22% was
observed in the presence of the dispersed radicals. The weight
loss was higher than that observed for the powder PMMA
samples, which did not dissolve in CHCl3 (6%). It was
believed that the solvent CHCl3 molecules in the PMMA
matrix were responsible for the weight loss. Positron
annihilation lifetime spectroscopy (PALS) was conducted to
determine the average diameter of the free volume in the
PMMA matrix (average molecular weight = 94,000).51 The
value was estimated to be approximately 0.6 nm at room
temperature. The included CHCl3 molecules remained
confined in this space. The desorption temperature of the
PMMA sample in the presence of dispersed radicals was higher
than that in the absence of a small amount of the radical
(Figures S1−S4). The hindrance to the inclusion/desorption
of the solvent molecules can be attributed to the dispersed
radicals (Section 3.1−4). The endothermal peaks correspond-
ing to the radicals on the surface of the PMMA powder were
not observed in the profiles recorded using the DTA technique
(Section 3.1).
Various core functions present in the EasySpin program

package52,53 (version 5.2.30, ETH Zürich) (such as Garlic (for
solution spectra), Pepper (for solid-state spectra), and Chili
(for anisotropic slow-motion cw-ESR spectra)) were used to
simulate the spectra of radicals 1−9 dispersed in PMMA. A
personal computer (PC; RAM: >8 GB) was used for running
the calculations to analyze the data (obtained for radicals 8 and
9, in particular) using Chili (Section 3.4). The ″Allocation″
function of Opt should be set to ″Opt.Allocation = [4e7 2e5]″
during data analysis.52,53

2.4. Procedure to Obtain the Rigid-Limit ESR Spectra
of the Radicals Dispersed in PMMA. The Hamiltonian
functions reported in the literature were used to describe the
free radicals dispersed in the organic matrices and 1D
nanochannels.24,25,52−55 Previously reported calculation meth-
ods were followed to describe the system where PMMA was
used as the organic matrix. NO, 2-X-NN, 4-Y-PhBzNN, and 2-
Z-IN radicals in the matrices were characterized as follows
using the spin Hamiltonian:
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where βe, B, g, A(Ni), A(Hj), βn, gn(Ni), gn(Hj), Ŝ, and I ̂ denote
the Bohr magneton; laboratory magnetic flux density vector;
electron spin g tensor; hyperfine tensor for the ith 14N nucleus
of the NO, 2-X-NN, 4-Y-PhBzNN, and 2-Z-IN radicals (i = 1
or 2); superhyperfine tensor of jth 1H nucleus of 4-Y-PhBzNN
(j = α, β, o, m, or p; the protons at α and α′, β and β′, o and o′,
or m and m′ are equivalent due to molecular symmetry; Figure
1c); nuclear magneton; nuclear spin g tensor of the ith 14N

nucleus of the NO, 2-X-NN, 4-Y-PhBzNN, and 2-Z-IN
radicals; nuclear spin g tensor of the jth 1H nucleus of 4-Y-
PhBzNN; electron spin operator; and nuclear spin operator,
respectively. A number of factors can be attributed to
molecular symmetry (giso = (1/3)(gxx + gyy+gzz) and Aiso =
(1/3)(Axx + Ayy+Azz)): g(N1) = g(N2) (that is, (g(N1))iso =
(g(N2))iso) and A(N1) = A(N2) (that is, (A(N1))iso =
(A(N2))iso) for 2-X-NN and 4-Y-PhBzNN; g(Hj) = g(HJ′)
(that is, (g(Hj))iso = (g(HJ′))iso) and A(Hj) = A(HJ′) (that is,
(A(Hj))iso = (A(Hj′))iso) for 4-Y-PhBzNN when j = α, β, o, or
m (Figure 1c)).
The matrix diagonalization method was used as the default

method of spectral simulation when the Pepper core function
in the EasySpin program package was used for data
analysis.52,53 For systems containing several nuclei (such as
the 4-Y-PhBzNN radical), this process of calculation can be
significantly time-consuming. The first- and second-order
perturbation theory (integrated into Pepper) can be used to
analyze the data at a faster rate. The appropriate simulation
option that can be potentially used in EasySpin is the
″Opt.Method″. The rate of simulation increased the manifold
when the second-order perturbation theory (Opt.Method =
″perturb2″) was used for carrying out the calculations.
However, less accurate results were obtained.53

The principal axes of the g tensor of the NO, 2-X-NN, and
2-Z-IN radicals were defined following previous re-
ports.24,25,32,54,55 The g tensor corresponding to the 4-Y-
PhBzNN radical was then determined. The unpaired electron
present in the BzNN group was present in the π orbital. The
lowest component of the g tensor should be observed
perpendicular to the molecular plane of the BzNN group,
that is, along the principal z axis. It should be approximately
2.0023.24,32,55 As gxx> gyy> gzz for the 4-Y-PhBzNN radical, the
intensity of the gxx component is observed at the region of the
lowest magnetic field.
The A(Ni) tensor (NO, 2-X-NN, and 2-Z-IN radicals) was

defined following previously reported protocols.24,25,32,54,55

The A(Ni) tensor corresponding to the 4-Y-PhBzNN radical
was determined following the protocol used to determine the
A(Ni) tensor corresponding to the 2-X-NN radical. Unpaired
electrons of 4-Y-PhBzNN occupy the π orbital (2pz orbitals of
the nitrogen atoms). The spin density corresponding to the 4-
Y-PhBzNN radical was significantly high, and the maximum
value was recorded for the Azz(N1) (= Azz(N2)) component.
The values of Axx(N1) and Ayy(N1) (= Axx(N2) and Ayy(N2); 4-
Y-PhBzNN radicals) should be potentially less than the value
of Azz(N1). Therefore, the A(Ni) tensor corresponding to the
4-Y-PhBzNN radical is anisotropic. For the A(Hj) tensors
corresponding to the 4-Y-PhBzNN radicals, the unpaired
electron occupies the s orbital of the hydrogen atom (present
in the 4-Y-PhBzNN group). Therefore, the spin density of
Azz(Hj) corresponding to the 4-Y-PhBzNN radicals is similar
to the spin densities of Axx(Hj) (Section 3.3).
The rigid-limit ESR spectra of the 2-X-NN and 2-Z-IN

radicals have been previously reported.24,25,55 The solid-state
ESR spectra of the 4-Y-PhBzNN radical were broader and
more complex than those of the 2-X-NN radicals (Sections 3.2
and 3.3). The characteristics of the profiles can be attributed to
the superhyperfine pattern. The superhyperfine patterns of the
4-Y-PhBzNN radicals associated with the hydrogen atoms at α
(or α′), β (or β′), o (or o′), m (or m′), and/or p-position
further split the hyperfine interaction lines (Azz(Ni) ≈
10Akk(Hj) (k = x, y, or z)) associated with the equivalent
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nitrogen atoms present in the 4-Y-PhBzNN radicals (Figure
1c). The hydrogen at the p-position was considered only when
Y = H. If the molecular motions of the 4-Y-PhBzNN radicals
dispersed in PMMA are assumed to be frozen, the solid-state
ESR spectra recorded for the radicals can be reproduced using
the principal values of the g and A tensors of the unpaired
electrons, and the line width parameters and signal
amplitudes.24,25,55 The zz components of the g and A(N1)
tensors of the 4-Y-PhBzNN radicals were estimated by visually
inspecting the ESR spectra (A(N1) is equal to A(N2) for the 2-
X-NN and 4-Y-PhBzNN radicals). It was difficult to guess the
values of gxx, gyy, Axx(N1), Ayy(N1), and A(Hj) from the solid-
state ESR spectra for the 4-Y-PhBzNN radicals. The initial
components of the principal axes of the A(Hj) tensors
corresponding to the 4-Y-PhBzNN radicals were taken as
Axx(Hj) = Ayy(Hj) = Azz(Hj) = (A(Hj))iso estimated from the
solution-state ESR spectra of the 4-Y-PhBzNN radicals using
the Garlic core function in EasySpin. The final values of each
component of the g and A tensors of the 4-Y-PhBzNN radical
were estimated using the step-by-step variation technique. The
variations in the g and A tensor components, line width
parameters, and signal amplitudes were considered to minimize
the sum of the squared differences (differences between the
data obtained from the experimental and simulated spectra).
Previously reported protocols (used to determine the

rotational axes of the radicals) were followed to reproduce
the spectra in cases where all or some of the radicals in the
matrices undergo molecular motion (1, 2, and 2-Z-IN radicals
dispersed in PMMA have been considered here).24,25,55 The
rotational axes of the radicals dispersed in PMMA were defined
by the polar and azimuthal angles (θ and ϕ, respectively)
relative to the principal axis of the g tensor of each
radical.24,25,54,55 Although four possible rotational axes were
defined within the domains defined by 0 ≤ θ ≤ π and 0 ≤ ϕ ≤
2π, only the θ0 and ϕ0 values have been reported in the
following section. The anisotropic rotational motion of each
radical dispersed in PMMA can be potentially described by a
Markov process (when a molecule undergoes numerous
collisions accompanied by small and random angular
reorientations).56

The line shape is expressed by a Voigt function, which is
defined by the Gaussian broadening (convolution) of a
Lorentzian line.52,53,57 We have considered the full width at
half-maximum (FWHM) as the line width parameter. The

anisotropic rotational diffusion in the nanospace was
determined following the protocol outlined in previous reports,
which reported the results obtained by studying the NO and
IN radicals.25,52,53

3. RESULTS AND DISCUSSION

3.1. ESR Spectra of TEMPO and TEMPOL Radicals
Dispersed in PMMA Matrices. Figure 2a,b shows the ESR
spectra recorded at room temperature with 1 (TEMPO; Figure
1a) and 2 (TEMPOL; Figure 1a) dispersed in PMMA. The
results were reproduced as shown in Figure 2a,b. The
maximum peak height was used to normalize both spectra
(the same procedure was followed to normalize other spectra).
The reproduced spectra could be obtained by superposing the
rotational diffusion (green, Figure S5) and rigid-limit
components (purple) of the dispersed NO radical. The
following fractions were reported: 87 and 13% for 1 and 48
and 52% for 2, respectively. These results revealed that a
fraction of 1 (or 2) dispersed in the PMMA matrix underwent
anisotropic rotational diffusion in the nanospaces formed by
folded or entangled polymer chains at room temperature. The
origin of the rigid-limit component cannot be attributed to the
radicals on the surface of PMMA (Section 2.3). The results
indicated the presence of at least two types of nanospaces: (1)
a cylindrical nanospace with a diameter of approximately 1 nm
in consideration of the van der Waals volume of 1 (or 2) (here,
radical 1 (or 2) can undergo rotational diffusion) and (2) a
nanospace with a comparatively smaller diameter where the
molecular motion (in the ESR time scale) of the dispersed 1
(or 2) radical is restricted. The absence of molecular motion
can be attributed to the influence of the folded or entangled
polymer chains or the intermolecular interactions between the
radicals and the PMMA chains. The PALS technique was
previously used to report the existence of a space with an
average diameter of 0.6 nm in the PMMA (average molecular
weight = 94,000) at room temperature.51 The rigid-limit
radicals of 1 (or 2) present in the vicinity of the small space
can potentially disturb the inclusion/desorption of the solvent
molecules into/from PMMA. As the rotational diffusion of 1
(or 2) is not isotropic but anisotropic, the probing radicals are
expected to be present in the naturally existing space in the
PMMA matrix and not in the space templated around the
radical (because 1 (or 2) is approximately spherical).

Figure 2. ESR spectra for (a) 1 (TEMPO; Figure 1a) and (b) 2 (TEMPOL; Figure 1a) dispersed in PMMA (black; left). The red-colored spectra
(right) represent the reproduced spectra. The spectra were recorded at room temperature. Green and purple components (right) indicate rotational
diffusion and rigid-limit components, respectively.
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The spectra depicted in Figure 2a,b were reproduced using
the g and A tensor components (Table 1; the rigid-limit
components of the dispersed radical 1 (or 2)). The gzz values
corresponding to radical 1 (or 2) dispersed in PMMA shifted
to the high g-value region (low field side). These values were
higher than the gzz values previously reported for 1 (or 2)
dispersed in various matrices.55,58−62 These results indicated
that the PMMA chains were located close to radical 1 (or 2).
This potentially leads to the generation of the interactions
between the PMMA chains (e.g., the π electrons present in the
CO groups in the PMMA chains) and the unpaired electron
on the NO group of the radicals.
The rotational diffusion components determined from the

ESR spectra (Figure 2a,b) were simulated following a model
used to determine the anisotropic rotational diffusion of
dispersed NO radicals. The motion was observed in the slow-
motion regime (relative to the ESR time scale; 10−6 s > τR >
10−9 s). It was assumed that rotational diffusion was achieved
along an axis tilted at an angle ((θ, ϕ) = (49°, 51°) for 1 and
(θ, ϕ) = (47°, 58°) for 2; relative to the principal system of the
g tensor using appropriate line width components). These
results indicated that the θ and ϕ values recorded for the
rotational diffusion of the TEMPO (or TEMPOL) radicals
dispersed in the PMMA matrix were different than the average
θ and ϕ recorded with several 4-substituted TEMPO radicals
dispersed in the nanochannels of 2,4,6-tris(4-chlorophenoxy)-
1,3,5-triazine (CLPOT) ((θ, ϕ) ≈ (63°, 38°)).55 The
rotational diffusion correlation time (τR) corresponding to 1
was similar to that corresponding to 2 (in PMMA). The values
were estimated to be 4.4 × 10−8 and 4.6 × 10−8 s, respectively.
Therefore, the dynamics of 1 in PMMA were similar to the
dynamics of 2 in PMMA. These indicated that the substituents
at the 4-position of TEMPO did not influence the dynamics of
the radical. These τR values were compared with the τR values
of the 4-substituted TEMPO in CLPOT at temperatures below
250 K and the τR values of the 1D nanochannels of (o-
phenylenedioxy)cyclotriphophazene (TPP).59,60 The walls of
CLPOT or TPP were formed by the π electrons of the phenyl
ring.63,64 The strength of the interaction between the dispersed
1 (or 2) radicals and the PMMA matrices can potentially be
larger than the strength of the interaction between the
dispersed 1 (or 2) and the organic 1D nanochannels
(exception: 2 in TPP).59−61 The extent of steric hindrance
faced during rotational diffusion was more when radical 1 (or
2) was dispersed in PMMA than the extent of steric hindrance
faced during rotational diffusion when radical 1 (or 2) was
dispersed in organic 1D nanochannels.
3.2. ESR Spectra of 2-X-NN Radicals Dispersed in

PMMA Matrix. Figure 3a−c shows the ESR spectra recorded

for 2-X-NN (X = Ph (3), p-NO2Ph (4), or CH (5); Figure 1b)
dispersed in PMMA at room temperature. The reproduced
spectra were also recorded at room temperature. The spectra
could be well reproduced based on a rigid-limit powder pattern
of a rigid NN radical dispersed in the matrix.24,25,55 The
spectra obtained for the 2-X-NN radical dispersed in the
PMMA matrix (Figure 3a−c) were simulated using the g and A
tensor components (Table 2). The results agreed well with the
results obtained by studying 2-X-NN dispersed in various
matrices.24,25,32,33,55 The typical spectra of the dispersed NN
radicals were recorded (Figure 3). It was confirmed that these
NN radicals were adequately dispersed in the PMMA matrix.
The interactions between the PMMA matrix and dispersed
radicals (3−5) are ignored. The g and A tensor components of
5 were similar to those of 3 or 4, indicating that the extent of
spin delocalization into the phenyl ring from the NN group
was small. The molecular motion of the NN radicals was
potentially hindered and restricted by the folded or entangled
PMMA chains. This potentially led to the confinement of the
NN radicals in the PMMA matrix (approximately cylindrical;
Section 3.1) nanospace with a diameter of approximately 1 nm.
This can be attributed to the steric hindrance exerted by the
PMMA chains on the NO moieties present in the NN group
(Section 3.4). As the inclusion/desorption of CHCl3 in the
PMMA matrix is influenced, some space may be present near
the space observed using the PALS technique (Section 3.1).51

As previously reported, when compound 3 (or 4) was
dispersed in the CLPOT nanochannels, the rotational diffusion
of the NN radicals was observed at temperatures higher than
room temperature. This could be attributed to the increased
number of host−guest interactions and significantly high

Table 1. G and a Tensor Components of 1 and 2 in Various Matricesa

radicals matrices gxx gyy gzz Axx/mT Ayy/mT Azz/mT

1 grassy tolueneb 2.0098 2.0062 2.0022 0.6 0.7 3.45
TPPc 2.0100 2.0070 2.0024 0.60 0.55 3.35
CLPOTd 2.0102 2.0062 2.0023 0.73 0.60 3.35
PMMA (this study) 2.0091 2.0080 2.0044 1.09 0.50 3.18

2 TPPe 2.0092 2.0061 2.0026 0.83 0.30 3.33
CLPOTd 2.0098 2.0062 2.0021 0.73 0.50 3.35
TEMP-OHf 2.0099 2.0061 2.0024 0.53 0.70 3.50
PMMA (this study) 2.0095 2.0070 2.0035 0.87 0.62 3.20

aSpacer molecules in the case of footnotes c−e were abbreviated. bRef 58. From 20 to 70 K. cRef 59. At 112 K. dRef 60. At 55 K. eRef 61. fRef 62.
At room temperature. TEMP-OH = 4-hydroxy-2,2,6,6-tetramethylpiperidine.

Figure 3. ESR spectra of 2-X-NN (X = (a) Ph (3), (b) p-NO2Ph (4),
or (c) CH (5); Figure 1b) dispersed in PMMA and the reproduced
spectra (black and red). The spectra were recorded at room
temperature.
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molecular moment of inertia.24,55 The rotational diffusion of
the 2-X-NN radicals in the PMMA matrices could also be
observed at elevated temperatures. However, at elevated
temperatures, the PMMA matrix can potentially melt and
undergo structural changes.
3.3. ESR Spectra of 4-Y-PhBzNN Radicals Dispersed in

PMMA Matrix. Figure 4a,b shows the ESR spectra recorded

for 4-Y-PhBzNN (Y = H (6) or NO2 (7); Figure 1c) dispersed
in PMMA (black) and the reproduced spectra. They could be
reproduced on the basis of a rigid-limit powder pattern of the
PhBzNN radical dispersed in a matrix. The superhyperfine
coupling between the unpaired electron on the BzNN group
and the hydrogen in 4-Y-PhBzNN (Figure 1c) led to the
perturbation of the characteristic rigid-limit powder pattern
exhibited by the PhBzNN radicals. The extent of perturbation
was less in the case of the NN radicals (Section 2.4; Figures 3
and 4). These results revealed that the 4-Y-PhBzNN radicals
were adequately dispersed in the PMMA matrix. The folded or
entangled PMMA polymer chains restricted the molecular
motion of 4-Y-PhBzNN. This can potentially lead to the
confinement of the PhBzNN radicals in the (approximately
cylindrical; Section 3.1) nanospaces (diameter: approximately
1 nm) present in the PMMA matrices. This can be attributed
to the steric hindrance exerted by the PMMA chains on the 4-
Y-PhBzNN radical, the extent of which is relatively larger than
the extent of steric hindrance exerted on the 2-X-NN and 2-Z-
IN radicals (Sections 3.2 and 3.4).
The spectrum recorded with 6 (or 7) dispersed in the

PMMA matrix was simulated using the components of the g
and A tensors (Table 3). The giso, (A(N))iso, and (A(Hj))iso (j
= α, β, o, m, and p) values for the radicals (Table 4) estimated
from the solution-state ESR spectra of 6 (or 7) (Figure 5a,b,
respectively; Garlic program in EasySpin (Section 2.4)) were
used to determine the g and A component values (Section

2.4). The calculated giso, (A(N))iso, and (A(Hj))iso values
(estimated from the tensor components; Table 3) agreed well
with the previously reported giso, (A(N))iso, and (A(Hj))iso
values calculated for 6 and other BzNN derivatives such as p-
pyridinyl-BzNN.35 The value of Azz(N) corresponding to the
4-Y-PhBzNN radical was smaller than that of the 2-X-NN
radical (Table 2). The value of Axx(Hj) was comparable to the
value of Azz(Hj) and originated from the spin delocalization
into the annulated aromatic moiety and the protons present in
the aryl moiety in PhBzNN. The superhyperfine coupling
between the unpaired electron and the protons in the aryl
moiety in PhBzNN also influenced the values of the
components.35 The rotational diffusion of the 4-Y-PhBzNN
radicals in the PMMA matrices can be potentially recorded at
elevated temperatures, although the PMMA matrices can melt
and undergo structural changes at elevated temperatures. The
molecular shape (Figure 1d) of 4-Y-PhBzNN makes it a
suitable spin probe molecule that can be used in two-
dimensional nanospaces. The suitability can be attributed to
the planarity of the structure.

3.4. ESR Spectra Recorded with 2-Z-IN Radicals
Dispersed in PMMA Matrix. Figure 6a,b shows the ESR

Table 2. Tensor Components of g and A of 2-X-NN (X = Ph (3), p-NO2Ph (4), or CH (5)) Radicals in Various Matricesa

radicals matrices gxx gyy gzz Axx(N)/mT Ayy(N)/mT Azz(N)/mT

3 Duco cementb 2.0127 2.0068 2.0028 0.52 0.52 1.80
grassy toluenec 2.0100 2.0065 2.0021 1.86
CLPOTd 2.0118 2.0075 2.0031 0.34 0.12 1.74
TPPe 2.0107 2.0086 2.0031 0.01 0.01 2.13
PMMA (this study) 2.0105 2.0072 2.0031 0.33 0.04 1.74

4 CLPOTd 2.0116 2.0076 2.0030 0.32 0.16 1.77
PMMA (this study) 2.0111 2.0071 2.0031 0.23 0.19 1.74

5 PMMA (this study) 2.0105 2.0070 2.0030 0.34 0.01 1.75
aSpacer molecules in the case of footnotes d and e were abbreviated. bRef 32. cRef 33. dRef 24. eRef 25. Co-inclusion with PhIN.

Figure 4. ESR spectra recorded for 4-Y-PhBzNN ((a) X = H (6) or
(b) NO2 (7); Figure 1c) dispersed in PMMA (black) and reproduced
spectra (red). The spectra were recorded at room temperature.

Table 3. Tensor Components of g, AN, and Akk(Hj) (j = α, β,
o, m, and p; k = x, y, and z; Figure 1c) of 4-Y-PhBzNN (Y =
H (6) or NO2 (7)) Dispersed in PMMA

states

tensor components 6 in PMMA 7 in PMMA

gxx 2.0121 2.0118
gyy 2.0071 2.0068
gzz 2.0032 2.0028
Axx(N)/mT 0.11 0.07
Ayy(N)/mT 0.03 0.02
Azz(N)/mT 1.17 1.20
Axx(Hα)/mT 0.10 0.09
Ayy(Hα)/mT 0.00 0.07
Azz(Hα)/mT 0.14 0.09
Axx(Hβ)/mT 0.11 0.09
Ayy(Hβ)/mT 0.00 0.02
Azz(Hβ)/mT 0.09 0.09
Axx(Ho)/mT 0.09 0.06
Ayy(Ho)/mT 0.00 0.05
Azz(Ho)/mT 0.06 0.06
Axx(Hm)/mT 0.05 0.01
Ayy(Hm)/mT 0.00 0.02
Azz(Hm)/mT 0.03 0.01
Axx(Hp)/mT 0.07
Ayy(Hp)/mT 0.00
Azz(Hp)/mT 0.05
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spectra recorded at room temperature with radicals 8 or 9
dispersed in PMMA and the reproduced spectra. The spectra
could be reproduced on the basis of the rotational diffusion
component of the dispersed IN radical (Figure S5).25 The
spectra recorded with 8 and 9 in the PMMA matrix (Figure
6a,b, respectively) were simulated using the g and A tensor
components (Table 5). The values of the g and A tensors
agreed well with the values reported previously for 8 and other
IN derivatives (in various matrices; Table 5).25,33,55 These
results revealed that most of the IN radicals in the PMMA
matrix underwent anisotropic rotational diffusion in the
cylindrical nanospaces described in Section 3.1 (diameter:

approximately 1 nm) formed by folded or entangled polymer
chains at room temperature. These results indicate that 8 (or
9) can be readily included in the cylindrical spaces in the
PMMA matrix.
The rotational diffusion components estimated from the

ESR spectra (Figure 6a,b) were simulated following a model
used for simulating the anisotropic rotational diffusion of
dispersed IN radicals (a slow-motion regime (relative to the
ESR time scale); 10−6 s > τR > 10−9 s). It was assumed that
rotational diffusion was achieved along a tilted axis ((θ, ϕ) =
(79°, 90°) for 8 and (θ, ϕ) = (78°, 90°) for 9; relative to the
principal system of the g tensor with appropriate line width
components). These results indicated that the rotational
diffusion of 8 and 9 dispersed in PMMA could be observed
along the molecular long axis. The θ and ϕ values were
comparable to the θ and ϕ values recorded for 8 dispersed in
TPP nanochannels ((θ, ϕ) ≈ (90°, 73°)). The τR values
corresponding to 8 were similar to those corresponding to 9,
dispersed in PMMA. The values were estimated to be 1.4 ×
10−7 s for 8 and 1.5 × 10−7 s for 9. Therefore, the dynamics of
8 and 9 (in PMMA) were similar to each other. The
substituent at the 4-position of the phenyl group present in the
skeleton structure of radicals 8 and 9 did not influence the
molecular dynamics. These τR values were compared with the
τR values recorded for 8 in TPP 1D nanochannels at
approximately 200 K.25 These results can be attributed to
the steric hindrance exerted by the PMMA chains on the NO

Table 4. giso, (A(N))iso and (A(Hj))iso (j = α, β, o, m, or p; Figure 1c) for 6 and 7 under Various Conditions

state giso (A(N))iso/mT (A(Hα))iso/mT (A(Hβ))iso/mT (A(Ho))iso/mT (A(Hm))iso/mT (A(Hp))iso/mT

6 benzene solutiona 2.007 0.437 0.093 0.065 0.049 0.022 0.041
benzene solution (this study) 2.0078 0.437 0.078 0.065 0.049 0.022 0.040
the average of the principal axis
components shown in Table 3 (this
study)

2.0075 0.438 0.081 0.066 0.052 0.029 0.041

7 in benzene solution (this study) 2.0068 0.432 0.078 0.064 0.057 0.010
the average of the principal axis
components shown in Table 3 (this
study)

2.0072 0.434 0.083 0.067 0.058 0.012

p-pyridinylBzNNa 2.0072 0.426 0.091 0.073 0.041 0.020
aRef 33.

Figure 5. ESR spectra recorded for 4-Y-PhBzNN ((a) X = H (6) and
(b) NO2 (7); Figure 1c) dissolved in benzene (black) and reproduced
spectra (red). The spectra were recorded at room temperature.

Figure 6. ESR spectra recorded for 2-Z-IN ((a) Z = Ph (8) and (b) p-
NO2Ph (9); Figure 1d) dispersed in PMMA (black) and the
reproduced spectra (red). The spectra were recorded at room
temperature.

Table 5. Tensor Components of g, a(N1), and a(N2)
Corresponding to Radicals 8 and 9 under Various
Conditions

states

8 9

tensor
components

in glassy
toluenee in TPPe

in
PMMA
(this
study)

PMMA
(this
study)

PhIN
derivative in

glassy
toluenee

gxx 2.0093 2.0103 2.0098 2.0098 2.0098
gyy 2.0060 2.0050 2.0067 2.0063 2.0059
gzz 2.0022 2.0028 2.0023 2.0022 2.0023
Axx(N1)/mT 0.02 0.33 0.29
Ayy(N1)/mT 0.01 0.00 0.01
Azz(N1)/mT 2.32 2.36 2.43 2.45 2.17
Axx(N2)/mT 0.01 0.08 0.06
Ayy(N2)/mT 0.02 0.00 0.00
Azz(N2)/mT 1.28 1.16 1.18 1.15 1.14

aRef 33. The methyl groups at the 4 and 4′ positions were substituted
with the phenyl and methoxy groups in the ″PhIN derivative in glassy
toluene″. bRef 25.
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groups present in the IN and NN moieties (Section 3.2) and
the strong interactions present between the dispersed 8 radical
and the PMMA matrix or TPP nanochannels.
When 1 (or 2; Section 3.1) was the radical of choice, the

complex spectra were reproduced using the rotational diffusion
and rigid-limit components. The simple ESR spectra recorded
with 8 and 9 dispersed in PMMA were reproduced using the
rotational diffusion components. These results indicated that
the nanospaces in the PMMA matrix could be studied using 8
(or 9) as the ESR spin probe. Suitable organic radicals (such as
TEMPO derivatives, 2-Z-IN, 2-X-NN, and 4-Y-PhBzNN) can
be potentially selected as probes to be used in the ESR spin
probe technique. The choice of the radicals depends on the
structure and shape of the nanospaces in the matrices. It also
depends on the type and strength of the interactions present
between the matrices and the guest radicals.

4. CONCLUSIONS

TEMPO derivatives and non-TEMPO radicals (such as 2-X-
NN, 4-Y-PhBzNN, and 2-Z-IN) were dispersed in the PMMA
matrices. The structures, sizes, and shapes of the nanospaces in
the PMMA matrix were examined using the ESR spectroscopy
technique. The spectra recorded with the TEMPO derivatives,
dispersed in the PMMA matrix, were complex. The complex
nature of the spectra could be attributed to the mixed rigid-
limit and rotational diffusion state of the probe radicals. The
spectra corresponding to 2-Z-IN were reproduced using the
uniaxial rotational diffusion components. These results
demonstrated that 2-Z-IN radicals could be potentially used
as spin probes for studying the characteristics of PMMA. The
sign of the molecular motion in 2-X-NN and 4-Y-PhBzNN
(dispersed in PMMA) was not determined using ESR
spectroscopy. This method could also be used to study the
structures, sizes, and shapes of the nanospaces in the matrices
of various organic polymers in the presence of 2-X-NN and 4-
Y-PhBzNN radicals. These results revealed that the ESR spin
probe technique could be used to study samples using non-
TEMPO derivatives to study the chemical and biological
structures of nanosized materials (such as nanosized cavities,
polymers, membranes, and dental materials). The existence of
the nanosized spaces containing the imino or nitronyl nitroxide
groups has been reported in recent years.34,65,66 The results
reported herein can be used to develop such novel systems.
The radicals used may be introduced inside the preformed
pores in the polymer samples by exposing in a sealed test tube
to conditions of reduced pressure or penetrating in the radical
solution. Further investigations on this topic are currently
underway in our laboratory.
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