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Multifrequency (X-, Q-, and W-band) electron spin resonance (ESR) spectroscopy has been used to characterize
the phenoxyl radical produced from(3,5-ditert-butyl-4-hydroxyphenyl)N-tert-butylnitrone, which is a new
spin-trapping reagent. The X-band measurement did not resolve the powder-pattern ESR spectrum. Because
of its higher resolution witlgy value, the Q-band ESR study revealed thattfector has an axial-like symmetry

and that the observed hyperfine structure in Zhdirection is caused by the nitrogen nucleus at the para-
position. Furthermore, the results of the W-band ESR experiment more clearly distinguished the perpendicular
components from the parallel component, resolving the perpendicular componentaimty components.

The X-band powder spectrum was similar to the X-band ESR spectrum of the radical in a frozen solution of
toluene. The computer simulation spectra performed using the obtained parameters fitted the experimental
spectra well. A comparison of the amplitude®igx, gy) with that of g, showed that the unpaired electron

is delocalized over the-conjugated framework. Considering the hyperfine coupling constant, it was concluded
that about 16% of the unpaired electron distributed over the nitrogen nucleus at the para-position. This study
thus showed the significant potential of a multifrequency ESR approach to a powder sample radical in terms
of its high resolution withg value.

Introduction SCHEME 1: Spin-Trapping Scheme ofa-(3,5-di-tert-

Over the past 2 decades, the spin-trapping technique hasPutyl-4-hydroxyphenyl)-N-tert-butylnitrone
become a popular tool for the detection and study of a variety
of short-lived free radicals that could not have been observed RO- H 0
directly by continuous-wave (CW) electron spin resonance .0 (';=§;4§
(ESR) spectroscopy. In spin-trapping experiments, a free radical /

reacts with a spin trap, that is, an ESR-silent diamagnetic

o

ent dian H .
compound, to form a generated stable free radical, a spin adduct,
that can be easily detected by ESRne spin-trapping technique
has been applicable to detect short-lived radicals, e.g., hydroxy I N\ k- )
and superoxide radicals at low concentratidhese experi- "o
ments are usually carried out with CW ESR spectroscopy at HO
the conventional frequency, 9.5 GHz (X-band), because of the
good sensitivity in concentration (18-10-7 M) and widespread
availability of X-band facilities. o

Pacifici and Browning first reported a novel protee(3,5- N

di-tert-butyl-4-hydroxyphenylN-tert-butylnitrone, which is ~ constants ofmH, and H and N at the para-position were
characteristic in the differentiation between oxy radicals and resolved in the literatufeas well as in the present work.
carbon radicals in spin-trapping reactions (shown in Scheme However, these ESR parameters should be confirmed by the
1) with a CW X-band ESR spectrum of the phenoxyl radfcal. analysis ofg-tensors or hyperfme tensors, and those anisotropic
The short-lived oxy radicals abstract the phenolic hydrogen of ESR parameters are required for the study of molecular structure.
the nitronel to produce the stable phenoxyl raditial whereas First of all, for the anisotropic spectral analysis, the CW
the short-lived carbon radicals preferentially add todtmarbon ~ X-band spectra of the phenoxy! radical in the toluene frozen
of the nitronel to yield a stable nitroxidéll . This reaction ~ solution were measured. However, anisotropic spectral analysis
mechanism shows that the reaction with the nitroneill was impossible on the X-band because many anisotropic peaks
distinguish between short-lived oxy radicals and carbon radicals. overlapped due to the small difference of the components of

Through CW X-band ESR research on the phenoxyl radical theg-tensors. Second, the polycrystalline phenoxyl radical in a
in a solution, the isotropi@ value and hyperfine spliting  diamagnetic crystal was produced, and the CW ESR was carried

out. A powder-pattern similar to the frozen solution spectrum
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SCHEME 2: Oxidation Scheme of the Sample solution in a vacuum at room temperature (shown in Scheme
2). The produced phenoxyl radicall Y was diluted in a
diamagnetic crystal, the primary nitromewith a molar ratio

L9 < |} { of 1/10. Finally, it was sealedhia 5 mmgESR sample tube in
HO C=N e -0 C=N
a vacuum.
PbO,
. Experimental and Simulations
I

X- and Q-band ESR experiments were carried out using JEOL

Historically, most commercial spectrometers have always FE1XG and JEOL FE-3X ESR spectrometers, respectively. The
operated around 10 GHz at magnetic fields around 0.3 T usingW-band ESR measurement was performed using a Bruker
electromagnets. However, over the last 10 years, there has beelv-band ESR spectrometer at Tohoku University. The computer
an increasing interest in achieving the ability to make multi- simulations of the ESR spectra were conducted using Bruker
frequency measurements at much larger magnetic fields usingSimfonia V.1.25 (sharewaréy.
superconducting magnetst’” A higher-frequency operation
potentially offers much greater absolute sensitivity as well as
higher g-factor resolution. More generally, multifrequency
measurements often allow the field-dependent and field- the cw X-band ESR spectrum df in a toluene solution
independent terms of the spin Hamiltonian to be separated andiom room temperature to 123 K and the polycrystallihe
characterized. In this paper, using a multiirequency ESR gpecira in a diamagnetic crystal are shown in Figures 1 and 2a,

technique, we characterize the polycrystalline phenoxyl radical yggpectively. As expected, the powder spectra are very similar
generated froma-(3,5-ditert-butyl-4-hydroxyphenyl)N-tert- to the frozen solution spectrum.

i 18 i i in- i I - . . o . . .
butylnitrone,” which is a new spin-trapping reagent, by oxida-  xg i Figure 2a, it is very difficult or impossible to analyze

tion with PbQ. the ESR powder spectrum of the sample only through the result
of the X-band ESR measurement. Thus, a Q-band ESR
measurement was subsequently performed. The Q-band ESR
The new spin-trapping reagent(3,5-ditert-butyl-4-hydroxy- spectrum obtained is shown in Figure 3a. Because of the higher
phenyl)N-tert-butylnitrone (), was synthesized following the  resolution with ag value about four times that obtained through
procedure described in the literatdrewas oxidized in toluene  X-band ESR spectroscopy, the Q-band ESR spectrum enabled

173K
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Figure 1. X-band ESR spectra df in toluene solution from room temperature to 123 K. Experimental conditions: microwave frequency, 9.171
GHz; center field, 3280 G; modulation amplitude, 0.5 G; modulation frequency, 100 kHz; microwave power, 1 mW.
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Figure 2. Experimental (a) and simulated (b) X-band ESR powder
spectrum ofl . Experimental conditions: room temperature; microwave
frequency, 9.44 GHz; center field, 3370 G; modulation amplitude, 1
G; modulation frequency, 100 kHz; microwave power, 1 mW.
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Figure 3. Experimental (a) and simulated (b) Q-band ESR powder
spectrum ofl . Experimental conditions: room temperature; microwave
frequency, 35.86 GHz; center field, 12760 G; modulation amplitude,
10 G; modulation frequency, 100 kHz; microwave power, 1.5 mW.

Yamaiji et al.

Figure 4. Experimental (a) and simulated (b) W-band ESR powder
spectrum ofl . Experimental conditions: room temperature; microwave
frequency, 93.642789 GHz; center field, 33371.5 G; modulation
amplitude, 5 G; modulation frequency, 100 kHz; microwave power,
0.04 mWw.

through Q-band ESR spectroscopy, the W-band ESR results
more clearly distinguished between the perpendicular and
parallel components of the spectral peak (shown in Figure 4a)
and resolved the perpendicular components irt@nd y
components.

Finally, to confirm the experimental data, computer simula-
tions of the ESR spectra were carried out using the ESR
parameters obtained from the W-band ESR study and the
X-band ESR measurement on the radical in a toluene solution
at room temperature. X-, Q-, and W-band ESR simulation
spectra are shown in Figures 2b, 3b, and 4b, respectitely.

Discussion

The W-band ESR study enabled us to analyze the ESR
powder spectra ol generated fron that was unresolved by
the X-band ESR investigation. It was revealed that the powder-
pattern spectra consist of peaks from the perpendiculay) (
and parallel £ components with the parallel splitting of the
hyperfine structure caused by the nitrogen nucleus at the para-
position. As seeing the W-band experimental spectrum, there
are other peaks between the perpendicular region and the high
field g-feature. In additional investigations, it is concluded that
they come from the crystal part that has not been fully grinded,
comparing the spectrum not grinded with that grinded in the

us to analyze the powder-pattern ESR spectrum that wassame way as the present work. Thus, it may be concluded that
unresolved in the X-band measurement. Figure 3a shows thatpeaks from a very small amount of crystal part that cannot fully
the g-factor has axial-like symmetry and that the observed be powdered appear noticeably in a W-band spectrum or higher-
hyperfine structure consists of three equivalent peaks. As is frequency ESR data. These conclusions appear to be applicable
discussed in the following section, these peaks were assumedo a series of the phenoxyl radicals in our stdély.

to be caused by the nitrogen nucleus at the para-position and On the other hand, the isotropic ESR parameters had been
are the parallel components of the electron-nitrogen nuclear obtained by the X-band ESR measurementloin toluene

hyperfine interaction. In addition, because of the higher resolu-

tion with a g value about two and a half times that obtained

solution. The ESR data obtained from the W-band ESR powder
study and the X-band ESR solution spectrum are summarized
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TABLE 1: ESR Parameters Obtained from W-Band ESR Powder Spectrum and X-Band ESR Solution Measurement

gx gy gz gave giso AN,D (G) AN,H AN,iso Ap—H,iso Am—H,iso
2.007 45 2.006 60 2.002 12 2.005 39 2.006 1.57 12.35 5.16 2.66 154
5.08 2.60 1.50 (or 1.709

aReference 3.

H/ \N’O H SN

Figure 5. Resonance structure df. TTBP DTBN

Figure 6. Molecular structures and the principal axes of TTBP and
. . DTBN. The calculated spin densities on the oxygen atom of each

in Table 1.gay Was calculated using eq 1. radicals are 0.365815 (TTBP), 0.521473 (DTBN), respectively.

1 tensors areg,0y,,9,) = (2.00718, 2.00428, 2.00239) (TTBP)2.00872,

Oay = §(9x +g,+0) 1) 2.00616, 2.00270) (DTBN}

transforms for theg-tensors of DTBN are given by
The perpendicular component of the hyperfine structure with
the para-nitrogen nucleus is not visible, disappearing in the line T > ., ,
width. ThereforeAs(=Aw; (i = X, y)) was calculated following ~ 9oten = \/ Ooreny SIN“0 + Gorgny” COSH (I' =X, y) (4)
eq 2.

Obtenz = YoTBEN,Z )]

1
Avo = §(3AN,iso — A 2 with angled between theg-axis and thea'-axis. Consequently,
JDTBN,X (9 = 300) and dpTBN,y (9 = 1200) are 2.00680 and
As shown in Figures 2b, 3b, and 4b, the computer-simulated 2.0088, respectively.
X-, Q-, and W-band ESR spectra obtained using these ESR As a result, they-tensors can be calculated by the following
parameters result in a good fit to the experimental spectra. As equations, eqs-68.
shown in Table 1
_ spin density on phenoric oxygen atomlbf

9:(9.9)) > 9, 3) a spin density on oxygen atom of TTBP (6)
therefore, the unpaired electron is delocalized over sthe — spin density orp-oxygen atom ofl )
conjugated framework. In addition, considering the magnitude spin density on oxygen atom of DTBN
of Anz, it was revealed that the density of the unpaired electron ag; + b,
is distributed over the nitrogen nucleus at the para-position. _ 99rrepj BN (o

The radical structure was calculated using the Gaussian03 “cali at+b (1) = xx), 0y, (22)) (8)

prograni® to estimate the isotropic hyperfine splitting constants
ano! spin dens[ty at the nitrogen nucleus. The structure of the  The calculation results agax = 2.00700gealy = 2.00612,
radical was optimized, and the parameters were calculated. They ,, = 2.00254, an@jcy o= 2.00522 and are in good agreement
B3LYP method and the 6-31G(d) basis set were used for theseyjth the experimental data, confirming the analysis result of
calculations. The obtained spin density was 0.1999, giving the this study.
isotropic hyperfine coupling constant 4.341 G. Consequently,
the validity of t_his experim_ental study was confirmed by the cqnclusions
guantum chemical calculation.

g-tensors were analyzed in terms of the resonance structure The multifrequency ESR technique enabled us to analyze the
of Il. The resonance structure bf is shown in Figure 5. In powder-pattern ESR spectra of the phenoxyl radical derivative
terms of the resonance structure, it may be assumed that thegenerated from a novel probe;(3,5-ditert-butyl-4-hydroxy
g-tensors ofll are estimated as the superposition of those of a phenyl)N-tert-butylnitrone; as a result, we were able to
phenoxyl and a nitroxy radical. For the qualitative calculation, characterize the new spin-trapping substitute in terms of the
the 2,4,6-tritert-butyl phenoxyl radical (TTBP) and deért-butyl ESR parameters, confirming the electronic structure of the
nitroxy radical (DTBN) were chosen as model phenoxyl and phenoxyl radical. This study thus shows the significant potential
nitroxy radicals, respectively. The molecular structures and of a multifrequency ESR approach to powder sample radicals,
principal axes of these radicals are shown in Figure 6. The in particular, samples that are difficult to be acquired as single
structures of these radicals were optimized, and the spin densitiesrystal, in terms of a high resolution withvalue.
on the oxygen atom of these radicals were obtained using the
Gaussian98 prograft.The B3LYP method and the 6-31G(d) Acknowledgment. We thank the Academic Center for
basis set were used for these calculations.gFtensors of these Computing and Media Studies, Kyoto University, and Mr.
radicals are referred to in the literati¥#?® The coordinate Yoshiaki Ozawa for the Gaussian program.
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Supporting Information Available: Supporting Figure 1,
X-band powder-pattern ESR spectrum of the phenoxyl radical
derivative generated from a novel prolee(3,5-ditert-butyl-
4-hydroxyphenyl)N-tert-butylnitrone, Supporting Figure 2, Q-
band powder-pattern ESR spectrum of the phenoxyl radical
derivative generated from a novel prolee(3,5-ditert-butyl-
4-hydroxyphenyl)N-tert-butylnitrone, and Supporting Figure 3,
W-band powder-pattern ESR spectrum of the phenoxyl radical
derivative generated from a novel prolee(3,5-ditert-butyl-
4-hydroxyphenyl)N-tert-butylnitrone. This material is available
free of charge via the Internet at http://pubs.acs.org.
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