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Abstract: The positive muon (4 ) can be regarded as a light
isotope of proton and has been an important tool to study
radical reactions of organic compounds. Recently, muons
have been applied to produce short-lived paramagnetic
species from the heavier unsaturated organic molecules
including the p-block elements. This article overviews recent
muon spin rotation/resonance (uSR) studies on the
phosphorus analogs of alkenes, anthracenes, and cyclo-
butane-1,3-diyls together with the fundamentals of pSR. The
acyclic phosphaalkene of P=C and phosphasilenes of P=Si can
accept muonium (Mu={[u*e]) at the heavier double bonds,
and the corresponding radicals have been characterized. The
phosphorus atom in 9-phosphaanthracene, whose P=C
double bond is stabilized by the peri-substituted CF; groups,

~

predominantly captures muonium to provide the correspond-
ing paramagnetic fused heterocyclic system. The peri-
trifluoromethyl groups are functional to promote the unpre-
cedented light isotope effect of muon providing the planar
three-cyclic molecular structure to consume the increased
zero-point energy. The formally open-shell singlet 1,3-
diphosphacyclobutane-2,4-diyl unit can accept muonium at
the (ylidic) phosphorus or the skeletal radicalic carbon, and
the corresponding paramagnetic phosphorus heterocycles
can be characterized by uSR. The findings on these
muoniation processes to the unsaturated phosphorus-con-
taining compounds will contribute not only to development
of novel paramagnetic functional species but also to progress
on muon science.
J

1. Introduction

The positive muon is a subatomic particle and is classified as a
lepton. In nature, the muons are produced by the reaction of
cosmic rays with high energy protons and molecules in the
earth’s upper atmosphere. For materials science, using accel-
erators such as cyclotrons and synchrotrons is appropriate
because beams of muons of sufficient intensity to analyze the
physical characteristics (within a reasonable amount of time)
can be produced. Both positive and negative muons can be
produced from accelerators, but in most cases positive muons
are employed for muon spin rotation/resonance (uSR) experi-
ments for materials research. As described in the previous
publications,"™ the uSR technique can be utilized as a powerful
analytical method for radical reactions of organic molecules.
The spectroscopic technique using the spin-polarized muon is
similar to nuclear magnetic resonance (NMR) and electron-spin
resonance (ESR).

A nuclear reaction of a high-energy beam of proton from
accelerator facilities providing the pi meson (pion, 77) is shown
in Equation (1). The average lifetime of pion is 26 ns, and
subsequently the positive muon (1) is produced together with
muon-neutrinos (v,). The muon is a particle with a mass one
ninth that of proton (0.113 amu), spin of 1/2, and average
lifetime of T,=2.2 us. The muon spin must be opposite to the
neutrino spin to conserve momentum from pions of zero spin,
and accordingly the muons obtained in accelerator factories are
almost 100% spin-polarized. The polarization of the ensemble
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of u* is quite useful for the magnetic spectroscopic studies
with high time resolution because there is no need to first
create spin coherence using a high frequency preparation pulse.
Typical properties of proton, muon, and electron are summar-
ized in Table 1. Besides the light mass of muon compared with
proton, it is important for discussing the spectroscopic param-
eters, notably hyperfine coupling (hfc) constants, that the
magnetic moment of muon is 3.1833 times that of proton.

at - ut+, )

Muons, produced by accelerators, are implanted into the
material with an energy of 4 MeV, and lose energy in 0.1-1 ns
to a few keV by ionization of atoms and scattering with
electrons. The stopping range of the 4 MeV muon energy is
0.15+0.01 gcm™, corresponds a penetration depth of ca.
0.2 mm in copper, 1.5 mm in water, or 1 m in helium gas at STP
(standard temperature and pressure).*? Figure 1 illustrates the
nature of the final muon states. In contact with insulators (solid,
liquid, and gas) or semiconductors, the positive muon can
capture an electron and become a muonium (Mu={[u"e]) that
can be regarded as a light isotope of neutral hydrogen atom.
The muonium can be stable at the energy below 13.54 eV of
the ionization energy, and the hfc is 4463.3 MHz. The H-atom
surrogate can add to the unsaturated molecular units and
provide the corresponding transient paramagnetic species. In

Table 1. Properties of proton, muon, and electron.

H* (p) ut e
charge +e +e —e
spin 1/2 1/2 1/2
mass 1.6726x 107 0.1126m, m,/1836.2
kg=m,
gyromagnetic  4.2577 kHzG™' 13.55342 kHzG™' 2802.421 kHzG™'
ratio/(2)
magnetic 14106x10°%)  3.1833u, —658.21u,
moment T'=
g factor 5.5857 2.0023 —2.0023
lifetime >2x10%y 22%x10°%s >4x10%y
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Figure 1. The nature of the final (positive) muon states of a) muon and b)
muonium.

most cases, the hfc constants of the muoniation products are
rather smaller compared with muonium itself.

The spin-polarized muons can be monitored by observing
the muon’s radioactive decay. When a muon decays, a positron
e and two neutrinos (v) are emitted via the reaction of
Equation (2). In this process, the positron is emitted preferen-
tially along the direction of the muon spin at the moment of
decay. Therefore, each muon decay gives rise to a positron
whose direction contributes to a data point at a particular time
t. By acquisition of millions of muon decay events (up to 109), it
is possible to build up a histogram. The experiment data set is
obtained as the collection of measured average spin polar-
ization as a function of time after implantation.

ot £, 2)

The muonium has been useful for characterizing the radical
addition reactions of organic compounds that are mostly
difficult to observe by the ordinary chemical analysis. Muonium
is formed by irradiation of a sample with muons, so there is no
need for complicated mixtures necessary to produce H radical.
The radicals are formed within 10 ns of implantation of the
muon, which allows for the determination of the products
formed solely by muonium addition. In the field of main group
chemistry, West and Percival have demonstrated uSR studies for
low-coordinated silicon compounds and the related group 14
element derivatives.” By using uSR, we have successfully
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characterized the radical reactions of several phosphorus
heterocycles including unique unsaturated molecular structures.
Besides the heterocycles, relevant low-coordinated phosphorus
compounds have been studied by pSR. In this paper, the
muoniation processes of the unsaturated phosphorus com-
pounds are reviewed and discussed. Before that, some
fundamentals of uSR techniques which will help understanding
USR are also described.

2. Fundamentals of uSR Experiments

In the application of uSR to organic compounds, transverse-
field muon spin rotation (TF-uSR) and muon level-crossing
resonance (ULCR) are frequently used. This section illustrates
fundamentals of these two techniques concisely with reviewing
the pSR studies of 1,3,5-tri-t-butylbenzene (Mes*H, 1) and 2,4,6-
tri-t-butylthiobenzaldehyde (Mes*CH=S, 2). Both 1 and 2 are air-
tolerant crystalline compounds, but it is possible to study air-
sensitive compounds under the inert atmosphere conditions.

2.1. Transverse-field muon spin rotation (TF-uSR)

Figure 2a displays experimental set-up of a typical TF-uSR
experiment. A magnetic field is applied to the sample in a
direction perpendicular to the beam polarization. Muons are
stopped in a sample and the elapsed time between individual

a)
Electronic
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Spin-Polarized /’ Positron
Muon Beam ~ Detector
f ¢
e
Muon Sample
Detector
b)

‘ \ /‘exp(—t/-:p)

Figure 2. a) A schematic representation of the TF-uSR experiment. b) The
elapsed time between the muon arrival and decay is recorded in a
histogram. The average lifetime of muon is denoted as 7,.
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muon stops and the detection of their decay positrons (see
Eq 2) is recorded. Since the probability of detecting a decay
positron in a particular direction depends on the orientation of
the muon spin at the moment of its decay, the positron count
oscillates in time as the muon spins past the detector. These
oscillations are imposed on the lifetime histogram of the muon
(Figure 2b). The time spectrum is Fourier transformed to display
a frequency spectrum.

Muons in free radicals are subject to the local field of the
unpaired electron — the hyperfine interaction. Figure 3 displays
a Breit-Rabi diagram for isotropic muonium with a hyperfine
constant appropriate for free (vacuum) muonium. At the high
fields, only the 12 and 3<4 transitions can be observed.
Accordingly, the muon precession frequency in a free radical
can have two values (Egs. (3) and (4)), corresponding to the two
spin orientations of the unpaired electron:

EIA (mg, my,)
(112, 1/2)

(12, <1/2)

0.5

0.0 . 210’ BIBy

S (=1/2,-1/2)
(-1/2,1/2)

-1.5-

Figure 3. Sublevel energies of the Mu hyperfine interaction as a function of
external magnetic field. Transitions 12 and 34 at the high field correlate
with the precession frequencies of the radical signals vg, and vy,.
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Figure 4. TF-uSR spectrum from a THF solution (1.0 M) of 1,3,5-tri-t-
butylbenzene (Mes*H, 1) at 298 K and 1.45 T. The v, peak is due to muons in
diamagnetic molecules showing precession at the muon Larmor frequency.
The hyperfine splitting constant A, is given by vg,~vg,. Adapted with
permission from Ref. [5]. Copyright 2018, Wiley-VCH.
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Up = Vo — _A/l (3)

Upy =

where vy is the precession frequency of muons in diamagnetic
environments, and the muon hyperfine coupling constant, A, is
readily found from the difference of the two precession
frequencies of the paramagnetic muoniums (radical signals v,
and vg,).

Figure 4 shows a TF-uSR spectrum of 1,3,5-tri-t-butylben-
zene (Mes*H, 1).”' In this measurement, a 1.0 M solution of 1 in
tetrahydrofuran (THF) was placed in a beam of positive muons
from the TRIUMF cyclotron. The TF-uSR spectrum was collected
at 298 K in a magnetic field of 1.45 T by using the Helios
spectrometer. Muoniated radicals are characterized by a pair of
precession frequencies, equally spaced about the diamagnetic
signal (vp: 196 MHz in this case). The difference between the
radical precession frequencies is equal to the muon hfc, A,. The
hyperfine splitting constant is obtained by vg,-vg, [vg, (high):
430.2 MHz, vz, (low): -38.2 MHz], and the A, parameter of
468.4 MHz is comparable with cyclohexadienyl radical gener-
ated from muoniation of benzene (514.4 MHz). It is noteworthy
that only one radical species is generated by the regioselective
addition of muonium to 1. The smaller intensity of the higher
precession vy, correlates with the time resolution of the
spectrometer.

Figure 5 displays a TF-uSR spectrum of crystalline 2,4,6-tri-t-
butylthiobenzaldehyde (Mes*CH=S, 2).%” Similarly, the muoni-
ated radicals are assigned by a characteristic pair of precession
frequencies, equally spaced about the diamagnetic signal (vp:
136 MHz in this case). The hyperfine splitting constant is
obtained by vg,~vg; [vg: 164.7 MHz, g2 107.5 MHz], and A, of
57.2 MHz is determined, which enables to characterize the
regioselective addition of muonium affording the carbon-
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Figure 5. A TF-uSR spectrum of a powder sample of 2,4,6-tri-t-butylthioben-
zaldehyde (Mes*CH=S, 2) collected at 298 K in a magnetic field of 1.0 T. The
sample was prepared as a pellet of 1-2 mm thickness covered with
aluminum foil (11 pum thickness). Adapted with permission from Ref. [6].
Copyright 2019, Taylor & Francis.
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centered radical species 2Mu. The hyperfine splitting constant
A, of 2Mu is considerably smaller compared with the cyclo-
hexadienyl radical, indicating that the muon hfc parameters are
quite informative to characterize the structures of the muoni-
ated paramagnetic species. It should also be mentioned that
the aromatic group in 2 does not capture muonium, which is
consistent with the rate constants for the reaction of muonium
(ky) with thioacetamide [MeC(=S)NH,, ky=3x10""M's")®
and benzene (ky=23.3x10°M's7").”! In addition, the 1-substi-
tuted 2,4,6-tri-t-butylphenyl group might be difficult to accept
muonium due to the extreme steric congestion.

2.2. Muon level-crossing resonance (uLCR)

In muon avoided level-crossing resonance (uLCR) technique, the
magnetic field is oriented parallel to the muon beam polar-
ization, and the positron rate is measured in the forward and
backward directions (Figure 6a). The difference in the rates is
the muon asymmetry A(t), which is proportional to the
longitudinal muon spin polarization (Eq. (5)). N is the total
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Figure 6. a) A schematic of pLCR experimental geometry. b) Top panel:
Energy diagram for a three-spin system [muon (u), electron (e), I=1/2
nucleus (k)]. Bottom panel: LCR resonances occur when states with opposite
muon spin become near-degenerate in energy. A transition with AM= +2, a
muon-nucleus spin flip-flip transition, is usually very weak and rarely
observed.
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number of positrons detected in the forward counters and N is
the total number of positrons detected in the backward
counters.

_ Ng— N )
Ng + N

A(t)

For the coupled spin system of a muoniated free radical,
there are some fields where mixing of a pair of spin states
results in an avoided crossing. Therefore, uLCR technique is
frequently described as avoided level-crossing muon spin
resonance (ALC-uSR). If the mixed states involve different muon
spin orientations, there is partial loss of spin polarization at the
resonance field. In Figure 6b, M is the sum of the spin quantum
numbers of the muon (u), electron (e), and /=1/2 nucleus (k).

For A, (AM=0) transitions, the resonant state involves an
exchange between the muon spin and a nuclear spin. The level-
crossing is avoided by indirect coupling of both Zeeman states
to a third one. This avoided resonance occurs at a magnetic
field according to Equation (6):

g _ 1[A A AtA
es 2 Vﬂ — Yk Ve

(6)

where y,, v, and y, refer to the gyromagnetic ratios of the
muon, nucleus of /=1/2 spin, and electron, respectively. A, is
the hyperfine coupling constant of /=1/2 nuclei.

Figure 7 shows a pLCR spectrum obtained from a 1.0 M
solution of Mes*H (1) in THF at 298 K, obtained from the
TRIUMF beamline with Helios spectrometer. The spectrum of
differential-type line shape is due to field modulation. Since
protons ('H, p) are the only spin-active nuclei with large enough
abundance to generate the spectrum, the resonance can be
assigned to TMu. The uLCR signal at 1.95 T and the A, constant,
determined by the TF-uSR spectrum of Figure 4, gives the
hyperfine coupling constant between the electron and proton

Corrected Asymmetry (%)
o

o
o
-

-0.015

0.02 . . . L -
1.82 1.87 1.92 1.97 2.02 207
Magnetic Field (T)

Figure 7. A uLCR spectrum of a 1.0 M THF solution of Mes*H at 298 K.
Formula 1Mu denotes the cyclohexadienyl radical generated by the
regioselective addition of muonium to 1. Only A, (AM=0) resonance was
observed in the isotropic condition, and A; (AM= =+ 1) resonance disap-
peared. Adapted with permission from Ref. [5]. Copyright 2018, Wiley-VCH.
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(A,) of 116 MHz® The A, (AM=0) transitions are normally
promoted by isotropic motion of the muoniated radicals.

The A, (AM= +1) transitions arise from mixing between
spin states with the same electron and nuclear spins but
different muon spin directions. These spin states are only mixed
in the presence of anisotropy, and thus the A, resonance can
be considered to be diagnostic of a frozen state or of
anisotropic motion in such as crystalline and amorphous states.
In this case, A, can be obtained according to Equation (7).

1 1 1
B = 5A. {Z - Z} )

Figure 8 shows a uLCR spectrum of 2 obtained by ARTEMIS
spectrometer at the J-PARC synchrotron facility. The resonance
at 0.21T (2100 G) means 57.2 MHz of muon hfc, which is
identical to the TF-uSR of 2Mu (see Figure 5).

It is noteworthy that the A, (AM= 4 1) transition of TMu is
not observable in the solution, whereas a powder sample of 1
showed the pLCR signal at 1.71 T.®!

-0.01 +
-0.012

-0.014

Integrated Asymmetry
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Magnetic Field (T)

0.25

Figure 8. A pLCR spectrum of a powder sample of 2 at J-PARC equipped
with ARTEMIS spectrometer. The resonance signal of 2Mu was fitted with
the Lorentzian curve. The sample was prepared as a pellet of 1-2 mm

thickness covered with aluminum foil (11 pm thickness). Mes*=2,4,6-
tBusCoH,.
a)
TMS TMS T™MS Mu
M M
si-TMs = s+ 5i-TMS
TMS
T™S TMS T™MS Tms ™S TMS
b)

TBS, TBS, Mu
TBS TBS

Figure 9. a) Muonium addition to a cyclic silene. TMS = SiMe;. b) Muonium
addition to a bulky acyclic silene. TBS =SiMe,'Bu.
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3. uSR Studies of Phosphorus Congeners of
Acyclic Alkenes

The progress of main group chemistry has provided a number
of isolable multiple bonds of heavier main group elements
below the 2nd row. The heavier congeners of alkenes have
been of interest from the views of radical reactivity with
muonium. Silenes including Si=C double bonds can afford two
muoniation (=addition of muonium) products via muonium
processes at the C and Si atoms, and Figure 9a illustrates the
example of a cyclic silene providing two muoniated radicals."”
Steric bulkiness can control the regioselectivity, and Figure 9b
displays single muoniation product.””

Multiple bonds of phosphorus should be of interest for uSR
studies. In this section, the recent studies on radical reactivity of
a phosphaalkene and phosphasilenes are reviewed.

3.1. Muonium addition to an acyclic phosphaalkene

Phosphaalkenes are P=C analogs of alkenes and can be
employed as monomers for radical polymerizations.""” The
discovery of an unexpected microstructure for the polymerized
phosphaalkenes" suggested the importance of clarifying the
free radical initiation step. In 2019, Gates and Percival and co-
workers reported PSR studies for elucidating free radical
reactivity of phosphaalkenes by using 3."* Figure 10a displays
muonium additions to 3 providing two radicals 3-PMu and 3-
CMu. The muonium mainly generated 3-PMu bearing the
carbon-centered radical, and the muon hfc of 304 MHz was
determined by TF-uSR. The minor P-centered radical 3-CMu
showed the smaller muon hfc (135 MHz) compared with 3-PMu.
Characterization of 3-PMu and 3-CMu was supported by using
the alkene tautomer 4 which could afford the isotopologue of
3-PMu, and the predominant formation of 4Mu of A, =254 MHz
was observed by TF-uSR (Figure 10b). It would be meaningful to
mention that the Fourier transform signal intensity varies with
respect to the muon arrival time. Although this behavior has

a)
Mes  ~ Me Mu Mes ~ Me Mes ~ Me
P=C /P—C\~ + P—Q—Mu
Me Mu Me Me
3 3-PMu 3-CMu
major minor
A, =304 MHz A, =135MHz
b)
Mes  CH, Mu Mes ~ CH,Mu Mes ~ CH,
P-C P-C- P-C-Mu
H Me H Me H Me
4 4Mu not observed
A, =254 MHz

Figure 10. a) Muonium addition to phosphaalkene 3 affording 3-PMu and 3-
CMu. Mes = mesityl (2,4,6-Me;C¢H,). b) Muonium addition to alkene 4
affording 4Mu.
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not been fully understood, it seems to indicate delayed
formation of a radical.“” uLCR was employed for confirming the
muonium radicals generated from 3 and 4, because the A,
(AM=0) transitions could determine hfcs of the /=1/2 nuclei
('P and 'H). The assignment of *'P hfc of 3-CMu required
checking temperature effects on pLCR spectra. Assigning the
CH; and CH,Mu proton nuclei was based on the temperature-
dependent (CH,Mu) and temperature-independent (CH;) pLCR
signals.™ The resonance field positions and the corresponding
*'P and 'H hfcs for 3-PMu, 3-CMu, and 4Mu are shown in
Table 2. It should be mentioned that the predicted muon hfc of
ca. 230 MHz for 3-PMu by scaling A,=71.4 MHz of P-H proton
nucleus in 4Mu with the ratio of magnetic moments of muon
and proton (3.1833) is substantially smaller compared with the
experimental A, of 304 MHz. This could be due to an isotope
effect leading to increase of zero-point energies. The density
functional theory (DFT) computations indicated that the Me-
C—P-Mu dihedral angle in 3-PMu changed by 4.6° compared
with the Me-C—P-H in 4Mu, whereas the vibrationally averaged
P—Mu distance was slightly longer (1.4 %).

3.2. Muonium addition to phosphasilenes

The heavier double bond units can be stabilized and isolable at
the ambient temperatures by utilizing sterically demanding

Table 2. Analysis of pLCR spectra obtained from 3 and 4 in THF (0.5 M) at
25°C.
Radical Resonance field [kG] Hyperfine constant [MHz] ~ Assignment®
3-PMu  5.986 +0.005 160.34+0.2 PMu
13.173£0.003 57.8+0.1 —C(CH,),
3-CMu  6.407 +£0.008 285.1+0.6 P—CMu
4Mu 4.779 +£0.004 139.55£0.09 P—H
9.778 £0.004 71.404+0.08 P—H
10.481+£0.002 58.37+0.04 CH,
10.772+£0.002 52.98+0.04 CH,Mu
[a] The nuclear spin is denoted by italic font.
a)
R [Tipp Mu R [Tipp R Tiep
P=Si /P*S|\- + _P—S\1~Mu
Si* Mu Si* Si*
5 5-PMu 5-SiMu

Si* = Si(Tipp)NMe;
R = Mes (a), Tipp (b), Dur (c), NMe;, (d)

b)
M
d . Tipp M.u .
b P65
. % R SI* * Tipp
si* R
5-PMu 5-SiMu

Figure 11. a) Muonium addition to sterically encumbered and electronically
perturbed phosphasilenes 5. Tipp = 2,4,6-iPr;C¢H,, Dur =2,3,5,6-Me,CH. b)
Defining the dihedral angles 6, and 6, for 5-PMu and 5-SiMu, respectively.
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substituents and electronically perturbing units in synthesis.
The Si=P double bond in phosphasilene is extremely reactive,
but can be stabilized and isolated. Recently, Cai, Scheschkewitz,
and Percival and co-workers reported synthesis and puSR study
of silyl-substituted bulky phosphasilenes 5 (Figure 11a)." In
this study, TF-uSR and intensive DFT calculations including
potential energy surface (PES) scans were carried out.

The Mes- and Tipp-substituted phosphasilenes 5a and 5b
gave only the Si-muoniation products 5a-SiMu and 5b-SiMu,
whereas 5¢ gave both 5¢-PMu and 5c-SiMu. However, the
non-detection of Si-centered radicals 5a-PMu and 5b-PMu
does not completely rule out their formation, because the
predicted muon hfc of 17 MHz is possibly swamped by the
diamagnetic signal. Table 3 summarizes the assignments and
conformations for muoniation of 5a-c using dihedral angles 6
and 6, that was determined by PES scans (Figure 11b). The
single rotamer conformer of 5a-SiMu was detected, and
similarly the rotamers of P-centered radical 5¢-SiMu and Si-
centered radical 5¢-PMu were observed. On the other hand,
two rotamer conformations of 5b-SiMu were characterized,
suggesting that the presence of bulky Tipp group on the
phosphorus was effective to define potential minima clearly.
The two radicals 5b-SiMu, obtained by the Fourier transform
delay of 38 ns, indicate the substantially different energies, and
correspondingly the TF-uSR paramagnetic signals of A,=
149 MHz were considerably small. In contrast to the expect-
ation, muonium addition to 5d gave at least four muoniated
radicals. In all cases muonium addition to Si gives the lower
energy radicals (5-SiMu). However, only the scans for 5d
include equiergic minima, indicating pairs of radical conforma-
tions with the same energy. Table 4 summarizes the assign-
ments and conformations of 5d-SiMu and 5 d-PMu.

Table 3. Radical assignments and conformations generated from 5a-c.

Radical® Hyperfine constant [MHz] Assignment
Expt. Calcd. Dihedral angle  Energy™
0Si or OP [°] [kJmol "]
5a-SiMu® 19 22 30 —248.8
5b-SiMu? 30 31 34 —251.6
149 141 —66 —2329
5c-SiMu' 21 21 30 —250.8
5c-PMu 102 81 109 —226.6

[a] In THF (0.5 M). [b] At 53.5°C. [c] At 53.7°C. The two radicals were
characterized by the Fourier transform delay of 38 ns. [d] At 54.6 °C. [e]
Reaction energy, DE = E(radical)—E(parent)—E(H).

Table 4. Radical assignments and conformations generated from 5d.

Radical® Hyperfine constant [MHz] Assignment
Expt. Calcd. Dihedral angle Energy™
05 or 6, [ [kJmol™]
5d-SiMu 46 43 213/—147 —242.7
110 90 53 —241.6
5d-PMu 60 57 220/—140 —219.7
20 19 320/—40 —219.7

[a] In THF (0.5M), at 50.6°C. [b] Reaction energy, DE=E(radical)—E-
(parent)—E(H).
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Like the cases of phosphaalkene 3, the uSR spectra were
dependent on Fourier transform conditions, especially the time
delay between the muon stop and the data time window used
in the transform. The amplitudes of the precession frequencies
vary with delay time in a sinusoidal manner. It should be noted
that “standard” uSR display without Fourier transform delay can
result in missing a particular signal. Whereas the spectrum
derived from 5b revealed two radicals (see Table 3), adjustment
of the transform delay time to 53 ns revealed the (uncharac-
terized) precession signals of a third radical of hfc=62 MHz.

4. uSR Studies of a
peri-Trifluoromethyl-Substituted
9-Phosphaanthracene

Anthracene is a typical condensed aromatic hydrocarbon
showing several functional physical properties, and its radical
reactivity is of interest from the views of bioactivity, combustion
affording polyaromatic hydrocarbons, and oxidation in relation
to environment science."® Attempts to exchange the skeletal
sp? carbon atom with the heavier p-block elements have been
performed because, for example, the small bandgap of the
heavier double bonds would realize novel functional -
conjugated heterocyclic systems. 9-Phosphaanthracene is one
of the heavier congeners of anthracene. Whereas most of the
1,8-non-substituted 9-phosphaanthracenes are labile, use of the
trifluoromethyl (CF;) groups as the peri (1,8-positions) substitu-
ents is a promising method to synthesize air-tolerant 10-aryl-9-
phosphaanthracenes."”

We employed 10-mesityl-1,8-bis(trifluoromethyl)-9-phos-
phaanthracene (6) for the pSR study (Figure 12)."® Figure 12a
displays a TF-uSR spectrum of a THF solution (0.16 M) of 6 at
298 K. A transverse magnetic field of 1.45 T corresponds to the
diamagnetic signal (vp) of 196 MHz, and the difference between
the radical precession frequencies (vg,-Vg;) is equal to the
absolute muon hfc (A4,) of 221.8340.04 MHz. This TF-uSR
spectrum is compatible with the regioselective addition of
muonium to 6 affording single observable radical species,
which is in sharp contrast to the muoniation of anthracene
affording three (or four) paramagnetic species."” Taking the
potent high reactivity of P=C into account (see uSR of 3 in
Section 3.1),"¥ muonium would predominantly add to the
phosphorus atom, and the benzene rings are reluctant to
accept muonium. To confirm the regioselective muoniation, we
conducted pLCR experiments with an isotropic solution sample
of 6. As shown in Figure 6b and Equation (6), the nucleus
hyperfine constant (A,) of a half-integer nuclear spin (I=1/2)
can be determined by using the A, avoided level-crossing
resonance magnetic field and muon hyperfine constant (A,). A
ULCR spectrum obtained from a THF solution of 6 at 298 K is
displayed in Figure 12b. The highly plausible regioselective
addition of muonium at the phosphorus atom in 6 means that
the observable spin-active /=1/2 nucleus would be only *'P
with large enough abundance to generate the spectrum. The
avoided level-crossing resonance magnetic field at 5.18 kG and
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Figure 12. a) TF-uSR spectrum of 9-phosphaanthracene 6 (THF solution,
0.16 M) at 298 K and field of 1.45 T. A, =221.834-0.04 MHz. Mes = mesity!
(2,4,6-Me;CgH,). b) A uLCR spectrum of a 0.16 M solution of 6 in THF at

298 K. The resonance at 5.18 kG can be assigned as hfc of *'P nucleus
(98.0+ 1.1 MHz). The differential-type line-shape is due to the field
modulation. Adapted with permission from Ref. [18]. Copyright 2021, Wiley-
VCH.

the A, parameter determined by the TF-uSR spectrum in
Figure 12a provides the hyperfine coupling constant of *'P
nucleus [A,('P)] as 98.04 1.1 MHz. In combination with the TF-
USR experiment, the uLCR data strongly suggested that the
muonium added to the phosphorus in 6.

The TF-uSR and pLCR results of 6 are compatible with the
regioselective addition of muonium to the phosphorus atom
providing 6Mu (Figure 13a), and structure characterization was
the subsequent task. In the DFT calculations, the H atom was
employed in the place of Mu, and the muon hfc was calculated
by multiplying the relative gyromagnetic ratio to proton (y,/
y,=3.1833). The ordinary DFT structure optimization at the
UwB97XD/6-311G(d,p) level, where Mu was calculated as H
atom in optimizing the structures, provided the structure
showing remarkable envelope-type conformation of the 6-
membered phosphorus heterocycle (Figure 13b)."® The notable
butterfly-like tricyclic skeleton is promoted by both the P—Mu
unit and the flanking CF; group. However, the A,fa'c of the
optimized structure is considerably smaller (107 MHz) compared
with the experimentally determined A, (222 MHz), suggesting
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Figure 13. a) Formula of the muoniated radical 6Mu. b) A description for the
normally DFT-optimized structure of 6Mu under the conditions of
UwB97XD/6-311G(d,p). The P-containing 6-membered ring is butterfly-like,
and the calculated muon hfc is not consistent with the experimental data of
Figure 12a. ) A plot of the corrected DFT structure of 6Mu at the UnB97XD/
6-311G(d,p) level. The phosphorus-containing 6-membered ring, colored in
light blue, is almost flat, and the three-cyclic skeleton is nearly planar.

that the light mass of Mu accompanying larger zero-point
energy avoids formation of the theoretically most stable con-
former. In the muoniation to cyclic molecules, the isotope effect
could be normally characterized by elongation of the X—Mu
bond, where X is C atom or other main group elements, due to
higher zero-point vibration promoting increase of the average
bond distance.*** However, both elongation of the P—Mu(H)
bond and scanning the angles around the phosphorus based
on the rocking and wagging motions could not simulate the
experimental muon hfc. After many calculation trials, we
attempted modification of the butterfly-like tricyclic skeleton of
the normal DFT structure by considering the “concave” form of
the phosphorus heterocycle. Fortunately, the corrected struc-
ture shown in Figure 13c provided the estimated muon hfc of
242 MHz which was comparable with the experimentally
determined A, (222 MHz). The tricyclic skeleton of 6Mu in
Figure 13c is almost planar, and the sum of the internal bond
angles of the P-containing heterocycle is up to 723.6°. Whereas
the calculated *'P hfc for Figure 13c (74.4 MHz) was deviated
from the experimental hfc [A,('P)=98 MHz], modifying the
structure by increasing the pyramidalization around the
phosphorus atom could produce a *'P hfc of 96.4 MHz close to
the experimental A,('P). The successfully characterized isotope
effect causing the remarkable motion of the molecular skeleton
in 6Mu would be promoted by the flexible fused heavier
heterocyclic system and the fluorine-containing substituents.
Furthermore, TF-uSR measurements using a powder sample
of 6 were attempted, and resulted in determining the absolute
A, of 2547 +0.6 MHz."® The substantially different A, parame-
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ters between the solution and the powder samples (AA,=
33 MHz) would not be comparable with the A, data of the
exohedral muonium adduct on Cg, (AA, =6.5 MHz).*"! However,
the deviation of AA,=33 MHz is comparable with the temper-
ature A, dependence of such as cyclohexadienyl radicals on
SiO, surface® and the paramagnetic species in clathrate
hydrate of 2,5-dihydrofuran.”® Thus, the TF-uSR spectrum of 6
indicates effects of the environment promoting scalable
structural change of the muoniation product of 6 due to the
flexibility of the heavier anthracene-type framework. Also, the
solid sample of 6 was applicable to uLCR measurements, and
Figure 14 displays a pLCR spectrum of 6 in the solid state. The
weak A, resonance at 0.51 T is compatible with the hfc of *'P
nucleus in 6Mu (see Figure 12b). The A, resonance at 0.93 T
means muon hfc (254 MHz) of 6Mu, which is compatible with
the TF-uSR result described above. Correspondingly, the *'P hfc
[A,C'P)] would be 132 MHz in the solid state, indicating the
deviation from that of the solution up to 34 MHz. The
observation of both A, and A, of 6Mu should correlate with the
solid state properties of 6.5**?* Another A, resonance at 1.78 T
would be a small amount of the paramagnetic species via
muoniation to the meso-substituted mesityl group in 6, because
the muon hfc of 486 MHz is typical of a cyclohexadienyl radical
derived from a benzene derivative. The minor muoniation could
be observed by pLCR which enables experiments with small
amount (low concentration) of precursor molecule.”

5. uSR Studies of
1,3-Diphosphacyclobutane-2,4-diyl (BR)

A cyclobutane-1,3-diyl is the most fundamental cyclic organic
biradical species and is normally observable only under
cryogenic conditions because of its instability. However,
exchange of the skeletal elements in the cyclobutane-1,3-diyl
with the hetero-elements is an effective approach to reduce the
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-0.010

Ay

-0.015
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Figure 14. A pLCR spectrum of a powder sample of 6 at 298 K. The A,
resonance at 0.51 T is compatible with the hfc of *'P nucleus in 6Mu. The A,
resonance at 0.93 T is compatible with the muon hfc of 6Mu. The A,
resonance at 1.78 T would correlate with minor muoniation to the meso-
mesityl group in 6.
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open-shell character. A sterically encumbered 1,3-diphosphacy-
clobutane-2,4-diyl (Figure 15a) is one of such heavier congeners
of cyclobutane-1,3-diyl.”**® Our intensive studies have been
successful in developing highly air-stable 1,3-diphosphacyclo-
butane-2,4-diyls (hereafter abbreviated as BRs), which have
opened new avenues for applications.”” Several air-tolerant BRs
work as good electron-donors, and also are useful to fabricate
low-voltage p-channel transistors.”® Also, the presence of
tervalent phosphorus atoms enables to afford particular
phosphorus heterocycles via valence expansion, and until now
formal capture of dihydrogen®™ and sensing of hydrogen
fluoride®®3” have been developed. These functional aspects of
air-tolerant BRs should be promoted by the presence of
particular biradicalic electrons, which can be assessed by
chemical processes including radical additions. However, obser-
vation of paramagnetic species by radical addition to BR has
been quite difficult. For example, we tentatively observed a
regioselective interaction of BR with O, which might be
promoted by the strength of P-O linkage and the zwitterionic
canonical formula (Figure 15b). It has been unsuccessful to
obtain appropriate samples of the O, adduct for completion of
the structural analysis.

In the course of our studies on the particular phosphorus
heterocycle of biradicalic structure, we thought that one of the
effective approaches for investigating radical reactivity of the
sterically encumbered BR would be muon spectroscopy. Several
advantages using muonium enabled characterization of the
regioselective radical addition to N-heterocyclic carbene
(NHC).B" Also, it should be mentioned that West and Percival
and co-workers demonstrated use of muonium for characteriz-
ing radical reactions of the silicon analog of NHC.**? Although
it is likely that the presence of aromatic substituents is
undesirable for the probing with muon because benzene can
capture muonium, the result of West and Percival that a
sterically encumbered silylene bearing the 2,6-diisopropylphen-
yl groups provided the corresponding radical via regioselective
muonium addition to the silicon centre®® stimulated to utilize
USR for studies of BRs displayed in Figure 15a.

5.1. Muoniation at the P atom

Figure 16 illustrates the results of uSR for the bulky BR bearing
t-butyl and benzyl substituents on the phosphorus atoms (7).”!
Compound 7 is functional as a p-type organic field-effect
transistor (OFET) working with considerably small gate voltage-
s We first attempted TF-uSR experiments with 7, but
unfortunately a THF solution sample gave no clear information

a) b)
Bu 31 Bu |
P P+
Bu 2 B X
l‘D P
Bu Rz Bu !
Figure 15. a) Chemical formula of the air-tolerant 1,3-diphosphacyclobutane-

2,4-diyl (BR). b) A zwitterionic canonical formula of BR.
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Figure 16. a) uLCR spectra of powder samples of 7 (orange circles) and 1
(Mes*H, green squares) at 298 K. Field modulation is not employed. The
resonance in the range of 0.18-0.20 T corresponds A, of 46.2+0.3 MHz.

Bn =benzyl (CH,Ph). Mes* = 2,4,6-tBu;C¢H,. b) The DFT-optimized structure
of 7Mu showing the calculated muon hfc of 50.4 MHz [UrevPBE-D3(BJ)/TZ2P-
J//UBP86-D/TZ2P]. c) Possible isomers generated by muonium addition to 7.
The structures were optimized at the UBP86-D/TZ2P (ZORA =scaler), and the
total energies were calculated under the condition of ZORA =none. Absolute
muon hfc was obtained at the UrevPBE-D3(BJ)/TZ2P-J level. The isotope
effect is not considered. Adapted with permission from Ref. [5]. Copyright
2018, Wiley-VCH.

about muon hyperfine parameters. So, we decided to conduct
ULCR spectroscopy with a powder sample of 7. As mentioned
above, the radical in crystals and solids is undergoing aniso-
tropic motion or slow isotropic reorientation, and can show the
avoided level-crossing resonance due to only spin-flip of muon
(AM= +1, Figure 6b). As we expected, the resonance due to
the AM= +1 transition of radical species generated from 7 was
observed in the range of 0.18-0.20 T (Figure 16a). No resonance
was observed in the spectrum of Mes*H (1) in the same range,
indicating that the alkyl-substituted aryl substituents as well as
benzyl group were not responsible to provide the resonance
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signal of 0.18-0.20 T. According to Equation (7), the A, constant
of 46.2+0.3 MHz is determined for the muonium radical
produced from 7. The radical observed in uLCR spectroscopy of
7 was characterized by the DFT calculations. Figure 16b displays
the assigned structure 7Mu, where the muonium adds to the
tBu-substituted phosphorus atom showing the calculated muon
hfc of 50.2 MHz at the UrevPBE-D3(BJ)/TZ2P-J//UBP86-D/TZ2P
level.” It should be considered that the light mass of muonium
promotes higher zero-point energies than hydrogen leading to
significant isotope effects from conformational averaging.
According to the preliminary studies using the truncated P-
heterocyclic molecular structure, the light isotope effect could
appear as 4% extension of P-Mu distance compared with P—H.
The light isotope effect causes increase of the calculated muon
hfc to 59.7 MHz, indicating the deviation from the experimen-
tally determined A, is still compatible with the structural
characterization. The difference between the experimental data
and the computational result might be reduced by improving
the DFT conditions. For example, the absolute muon hfc of
443 MHz was estimated for 7Mu [including 4% P—Mu(H)
extension] at the UB3LYP/6-311G(d,p)//UM06-2X/6-31G(d) level.
The tBuP-selective addition of nucleophilic muonium®*% to the
sterically encumbered but positively charged phosphorus atom
in 7 might be comparable with the regioselective addition of
hydride of LiAIH,*" and fluoride ion®” to BRs.

Figure 16c shows the possible muoniations of 7. It is
obvious that addition of muonium to the skeletal radicalic
carbon providing 7-CMu (trans isomer) is thermodynamically
preferable. The muoniation at the benzyl-substituted
phosphorus atom leading to 7-PMu-2 shows the considerably
large deviation of muon hfc from the experimental result. One
of the reasons why addition of muonium to the tBu-substituted
phosphorus atom was predominantly observed would be
explained by the small activation energy compared with the C-
muoniation. In this case, the activation energy was roughly
estimated according to the trajectory of P—-Mu(H) bond of the
DFT-optimized structure. The finding that only uLCR enabled to
observe 7Mu would correlate with the small amount of the
muoniation process®’ probably because of the energetically
less favorable structure bearing the A’c*-phosphorus atom.

It should be mentioned that crystalline samples of air-
tolerant 8 which did not show the transistor behavior gave no
observable muoniation species. Figure 17 displays the crystal
structures of 7 and 8.%*9 Compound 7 constructs the effective
hole transfer pathways. On the other hand, 8 contains the
dimers showing the small hole couplings of 0.07 and 0.05 meV.
Although detailed studies are required, the crystal structure of
BR might correlate with the reactivity toward muonium.

5.2. Muoniation at the radicalic C atom

As described above, the observed radical 7Mu meant addition
of muonium to the phosphorus atom bearing the tBu group in
7. Probably due to the less steric hindrance, the muoniation
process to the tBu-substituted phosphorus in 7 might be
controlled kinetically. However, addition of muonium to the
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Figure 17. a) Crystal structure of 7 in the monoclinic space group. All dimers
(P, T,-T,) showed the hole couplings of 0.69 meV or more [PW91/TZ2P]. The
methyl groups and hydrogen atoms are omitted. Mes* = 2,4,6-tBu;C¢H,. b)
Crystal structure of 8 in the triclinic space group. Dimers T; and T, showed
the hole couplings of 0.07 and 0.05 meV, respectively. Adapted with
permission from Ref. [28c]. Copyright 2016, Wiley-VCH.

skeletal C atom in BR is thermodynamically favorable and
cannot be excluded. It is noteworthy that one of the N,P-
heterocyclic congeners of cyclobutane-1,3-diyl, namely [-P(u-
NTer),P-], can accept Et- radical at the radicalic P centre.’” As
described below, our recent pSR experiments succeeded in
finding the C-muoniation of BR.®%

In the series of uSR experiments for BR, we worked with a
powder sample of 2,4-bis-(2,4,6-tri-t-butylphenyl)-1-t-butyl-3-
(3,5-dichloro-2,4,6-triazinyl)-1,3-diphosphacyclobutane-2,4-diyl
(9).2% The electron-deficient N-heterocyclic substituent in 9
reduces the HOMO-LUMO gap, probably enabling easier access
to the triplet state. The muon beamline at the TRIUMF cyclotron
was used, and the LAMPF spectrometer was equipped. Fig-
ure 18a displays a TF-uSR spectrum collected at 298K in a
transverse magnetic field of 2 kG. Muonium radicals are
characterized by a characteristic pair of precession frequencies,
equally spaced about the diamagnetic signal of v,=27.2 MHz
in this case. The larger muon hfc of 6.5 MHz is obtained by vy,
and vg,,, and similarly the smaller muon hfc of 4.5 MHz can be
determined from wvg,, and vz,,. These muon hfc parameters
determined by the TF-uSR measurement of 9 are remarkably
smaller compared with 7Mu, indicating that muonium avoids
interacting with the t-butylated phosphorus atom in 9. In
addition, the experimentally determined muon hyperfine
parameters indicate that the aryl units in 9 do not capture
muonium. It was possible to conclude that muonium added to
the radicalic skeletal carbon atoms in 9 affording paramagnetic
9Mu as a mixture of trans and cis isomers (Figure 18b). Almost
no deviation of the theoretical muon hfc constants was
characterized even by elongation of the C—Mu(H) distances due
to the possible light isotope effect. The muoniation processes
toward the skeletal phosphorus atoms in 9 were also examined
by DFT calculations, and one of the P-muoniation products
showed similar muon hyperfine parameter to trans-9Mu.
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Figure 18. a) TF-uSR spectrum from a powder sample of 9 at 298 K and field
of 2 kG. A strong diamagnetic resonance of muon (v,) appears at 27.2 MHz.
Two muon hfcs [6.5 MHz (vg,,~Vgya blue) and 4.5 MHz (vg,p—Vgyp, red)] are
characterized. b) Formulas of the muoniated species generated from 9. The
calculated muon hfc parameters (absolute) are obtained at the UPBE-
MBD@rsSC/TZ2P-J//UwB97XD/6-311G(d,p) level. Mes* =2,4,6-tBusC4H,.
Adapted with permission from Ref. [36]. Copyright 2021, The Chemical
Society of Japan.

However, the relative total energy is considerably high,
probably because the chlorinated N-heterocyclic group largely
destabilizes the positively charged A°o* phosphorus unit.
Furthermore, the pair of two radicals by muoniation of 9
suggests the presence of geometrical isomers, which is
compatible with two radical species trans-9Mu and cis-9Mu.
The C-selective addition of muonium to 9 providing 9Mu might
correlate with the structural aspects of the reduced singlet-
triplet energetic difference and the increased open-shell
characters of the skeletal carbons.

6. Conclusion and Outlook

This paper has described fundamentals of pSR for studying
radical reactions with muonium of light hydrogen surrogate,
and has summarized recent uSR studies for elucidating the
radical reactions of organophosphorus compounds including
the unsaturated structures. Phosphaalkene 3 and phosphasi-
lenes 5 showed the predominant muonium addition to the P=C
and P=Si units, and the corresponding radicals have been
characterized by considering the isotope effect and the
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conformational properties. The 9-phosphaanthracene which are
trifluromethylated at the peri positions (6) showed the
regioselective addition of muonium leading to the single
paramagnetic species, and the organofluorine groups were
responsible to promote the unprecedented isotope effect
leading to the planar three-cyclic molecular unit. 1,3-Diphos-
phacyclobutane-2,4-diyls (BRs) 7 and 9 showed the predom-
inant capture of the muoniums at the phosphorus and the
carbon in the 4-membered phosphorus heterocycle providing
7Mu and two geometrical isomers of 9Mu. These regioselective
muoniations would correlate with the zwitterionic canonical
structure and the open-shell character of the P,C, cyclic unit as
well as the steric effect.

It is possible to confirm the usefulness of muon from
accelerators for intensive studies on organic radical reactions.
The pSR studies on the unsaturated phosphorus molecules
have clarified that radical additions occur at the heavier double
bonds and open-shell singlet heterocycle with the high
regioselectivity. In the muoniation process, the light isotope
effect causing unique molecular motions providing the higher-
energy paramagnetic species should be considered. Uncovered
physical phenomena caused by the light surrogate of proton
and hydrogen will exist and be fruitful to explore novel
paramagnetic molecular functionality produced by main group
chemistry.
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