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µSR and Chemistry
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We study Mu+ as a substitute for H+

1. Because Mu+ is different from H+: isotope effects.

2. Because Mu+ is similar to H+: tracer, spin label

Molecular structure
Properties of atoms 

or molecules 
containing a Mu+

Reaction rates

Molecular dynamics



Radiolysis Processes and Chemical Environments
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http://musr.ca/intro/ppt/DMF/img5.html

PD PM

PL

PR

J. Brewer
IUPAC: Use Mu+ instead of μ+ for thermalized muons.

http://musr.ca/intro/ppt/DMF/img5.html


Chemical States of Muons in Condensed Matter
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1) Diamagnetic muons – PD

2) Muonium – PM

3) Muoniated Radicals – PR

4) Missing Fraction – PL

The amount of diamagnetic and 
paramagnetic muoniated species (Mu or 
radical) depends on the material and the 

radiolysis processes. 

Material PD PM PR PL

Ag (s) 1.0 0 0 0
CCl4 (l) 1.0 0 0 0
H2O (l) 0.62 0.20 0 0.18
Ethanol (l) 0.59 0.20 0 0.21
SiH4 (l) 0.53 0.21 0 0.26
H2C=CHCN (l) 0.28 0 >0 -
C6H6 (l) 0.15 0 0.65 0.20

D. C. Walker, Muon and Muonium Chemistry, 1983



Diamagnetic Muons
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Chemical shift ranges 
similar for H, D and T.
• Suppose Δδ ~ 5 ppm

B = 3 T → Dnµ ~ 2 kHz
B = 7 T → Dnµ ~ 4.7 kHz

16 µs time window Dnµ ~ 5 kHz

 

Dn × Dt ³1 4p

J

Different chemical states are indistinguishable for diamagnetic muons
Precess at nµ [MHz] = 135.5 B [T]

Solvated muons (Mu+)
Diamagnetic states: Molecular ions (N2Mu+)

Compounds (MuOH)

No Unpaired 
Electrons

Muon spin interacts with nuclear spins.
J coupling ~ Hz



Muonium – A Light Hydrogen Isotope
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Chemically identical to H but has 1/9th the mass!

•Reduced mass = 0.995 mr(H)

•Ionization energy = 0.9956 R∞

•Bohr radius = 1.0044 a0

•Mass Mu = 0.1131 Mass H  

The chemistry of an atom 
depends primarily on the 
ionization potential and 

the radius. 

Muonium (Mu = [µ+,e-])



Reactions of Muonium
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H2C
CH3

OH

Mu + Mu-H + HC
CH3

OH

Abstraction

Addition C C
H

HH

H
Mu + C C

Mu

H
H HH

Oxidation - Reduction

Spin Exchange

Combination

Mu + Ag+ Mu+ + Ag

Mu(  ) + NO(  ) Mu(  ) + NO(  )

Mu + OH Mu
O

H

Acid-Base Mu + OH
Mu

O
H + esolvated



Problems Associated with Studying Atomic Hydrogen

8Multiple reactive species are formed with many possible reactions.
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AX =
µ0h
3p

gegX y 0( )2
Transmitted through bonds 

and proportional to unpaired 
electron spin density at 

nucleus

Isotropic 
Hyperfine 
Coupling

Hyperfine Coupling in Muonium
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• Muon spin interacts with electron spin.

• The strength of the interaction is the hyperfine coupling constant (hfcc).

• Much larger than muon – nuclear interactions and leads to measurable effects.

Mu H D T
Mass 0.1134 1.0073 2.0136 3.0155
Magnetic Moment (μp) 3.183 1 0.307 1.067
Larmor Frequency (MHz/T) 135.539 42.577 6.536 45.415
AX (MHz) 4463.3 1420.4 218.3 1516



Transverse Field Muon Spin Rotation
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µ+

Sample

Positron 
Detector

Spin-polarized 
muon beam

B

e+

Muon 
Detector

Electronic 
Clock



Spin States and Transitions in Muonium

11α = spin up
β = spin down

Breit-Rabi Diagram



Intra-Triplet Transitions of Muonium
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B = 2 G
Aµ = 4463 MHz
ne = 5.6 MHz

Aµ » (ne + nµ)

n12 and n23 are 
degenerate.

n12 = n23 = ½(ne - nµ)
= gMu/2p B

gMu/2p = 102.88 gµ /2p
(1.394 MHz G-1)

!" =
$%& − ()% % − $* + $"

%

2 $%& − ()%

B = 250 G
ne = 701 MHz

n12 and n23 are NOT 
degenerate.

Determine Aµ by 
measuring n12, n23

and nµ



TF-µSR of Muonium
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Intermediate field B ~ 250 G
n12 and n23 are not

degenerate.
Measure Aµ

Low field B ~ 2 G
n12 and n23 are degenerate.

gMu/2p = 102.88 gµ /2p
(1.394 MHz G-1)

Measure l

ν12

ν23

! - = !.cos 2"- + 3.

+!45cos 245- + 345 6789:;



Measuring Muonium Reaction Rate Constants
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incorporating it), and are unaffected by environmental
effects. In addition, it is possible to produce a beam of
muons with sufficient energy to penetrate a thick metal
window of a pressure vessel, avoiding the problems
associated with optical windows needed for conventional
pulse radiolysis.

In recent years we have demonstrated the ability to study
Mu atoms and muoniated free radicals in aqueous systems
up to 450 !C and 400 bar (Percival et al., 1999, 2000, 2005;
Ghandi et al., 2000, 2002, 2003a,b). In this paper we report
kinetic data for the reaction of Mu with methanol,
extending our earlier study (Ghandi et al., 2003a) to higher
temperatures, to characterize the non-Arrhenius behaviour
under near and supercritical conditions.

2. Muon spin rotation

In muon spin rotation (mSR), a beam of spin-polarized
muons is stopped in a sample which is in a magnetic field
perpendicular to the muon spin direction. The elapsed time
between the stop of each muon and the detection of its
decay positron is measured, and the data are collected in a
histogram of counts against time. The general form of a
mSR histogram is

NðtÞ ¼ B þ N0e
& t=tm ½1 þ AðtÞ(, (1)

where B represents a small constant background count, N0

is a normalization factor, tm ¼ 2:197ms is the muon lifetime
and AðtÞ describes the time evolution of the muon spin
polarization (equivalent to the ‘‘free induction decay’’ signal
obtained in NMR). The muon precession signals in AðtÞ
arise from the interaction of the muon spin with internal
(molecular) and external magnetic fields. In the low-field
experiments described here the signal has two components,
one from muons in diamagnetic molecules (characterized by
the subscript D) and one from Mu (subscript M):

AðtÞ ¼ AD cosðoDt þ fDÞ þ AMe& lt cosðoMt þ fMÞ. (2)

Both frequencies are proportional to magnetic field; oD is
determined by the muon Larmor frequency (13:55 kHzG& 1)
and oM by the ‘‘triplet’’ Mu precession, 1:4MHzG& 1). The
diamagnetic fraction is due to MuOH and MuH (Leung
et al., 1988) but it is the Mu fraction which is of interest here.
The amplitudes (AD and AM) vary with conditions and
favour D at low temperature (high density liquid water) and
Mu at high temperature (Percival et al., 1999). In the
presence of reactive species (concentration [X]), the Mu
signal decays with the first-order rate constant

l ¼ l0 þ kM½X(, (3)

where l0 is the rate constant for Mu decay in pure water, and
kM is the second-order rate constant for reaction of Mu with
X.

The various parameters which characterize the diamag-
netic and Mu signals are determined by computer fit of
Eqs. (1) and (2) to the mSR histograms. Examples of Mu
precession signals are given in Fig. 1. For clarity of display,

the slow diamagnetic muon precession has been subtracted.
By measuring the Mu decay rate for different concentra-
tions of reactant under identical conditions it is possible to
determine kM and l0 via Eq. (3). This can be seen from the
data displayed in Fig. 2. For this plot the nominal methanol
concentrations, as prepared under standard conditions,
have been corrected for the expansion of the sample
(lowering of density) at high temperatures. With knowledge
of l0 and the sample density ðrÞ, measurements of Mu
decay rates can be converted to rate constants via Eq. (4):

kM ¼
ðlexp & l0Þr0
½X(0rðT ;PÞ

, (4)

where ½X(0 and r0 refer to standard conditions.

3. Experimental

Experiments were performed at the M9B muon channel
of the TRIUMF cyclotron facility in Vancouver, Canada.
Details of the mSR spectrometer and pressure system can
be found in previous publications (Percival et al., 1999;
Brodovitch, 2006). The older, larger, pressure cell was
used, to accommodate the extended muon stopping
distribution in the lowest density samples ð0:1 g cm& 3Þ.
Five data sets were collected in two separate weeks of
experiment separated by over a year. Oxygen-free solutions
of methanol in water were prepared and stored under
argon before being transferred to the evacuated pressure
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Fig. 1. Examples of muonium spin precession signals obtained from
solutions of methanol in water at 378 !C: 0.011M at 222 bar (top);
0.250M at 262bar (middle); 0.225M at 316 bar (bottom).

P.W. Percival et al. / Radiation Physics and Chemistry 76 (2007) 1231–12351232

Chemical reaction causes 
dephasing and 

exponential damping of 
the Mu precession.

Increasing concentration
of reactant



Measuring Muonium Reaction Rate Constants
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l = l0 + kMu X[ ]

Pseudo-1st

order rate 
constant

Concentration 
of reactant X

Relaxation in 
pure solvent

Plot l versus [H2O2]

Ex) What is the rate constant for the reaction of 
Mu with hydrogen peroxide at 295 K and pH 7? 

Slope = kMu = 1.8(1) ´ 106 M-1 s-1



Kinetic Isotope Effects on Abstraction and Addition Reactions
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Abstraction Reactions 
kMu < kH

Isotope effect depends on the width and 
height of the activation barrier

I. D. Reid et al. J. Chem. Phys. 86 (1987) 5578

Mu

H

D

Addition Reactions 
kMu > kH

E. Roduner et al. Ber. Bunsenges. Phys. Chem. 94 (1990) 1224



Muonium Kinetics in Extreme Environments
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Supercritical water
P > 218 bar and 

T > 647 K ! 

Ghandi et al. PCCP 4 (2002) 586

70 MeV/c

µ+

Emax = 
52.8 MeVe+

Backward muons 
and decay 

positrons can get 
through pressure 

vessel

Temperature

P
re

ss
ur

e

Mu + C6H6

Mu + CH3OH

H + CH3OH

Extrapolated from 
low temperature 

data

Percival et al. Rad. Phys. Chem.  76 (2007) 1231



Longitudinal Field Techniques – Repolarization / RF-μSR / 
ALC-μSR / LF-μSR
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Electronic clock

Muon 
detector

y

'e

Backward (B) 
positron detector

P( = 0)t H'

Sample

x

z

Forward (F) 
positron 
detector

A B( ) = NF − NB

NF + NB

∝Pz B( )

Magnetic 
Field (B)



Repolarization of Muonium
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 N2 gas
 H2O liquid

• Muons are spin polarized but 
electrons are not so equal 
probability of |αμαe⟩ and |αμβe⟩.

• 50% of polarization lost in 
zero magnetic field..

• Magnetic field decouples 
muon and electron spins.

=> ? =
1 + 2 ?/?B %

2 1 + ?/?B %

?B =
!"

C* + C"

Vacuum Mu
B0 = 159.2 mT

• Hyperfine coupling to other 
nuclei results in the low-field 
Mu polarization being below 
50%.



What Are Radicals?
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• Radicals are atoms or molecules with 
one or more unpaired electrons.

7 valence electrons 
(2 from each bond and 
1 unpaired electron) C CH3C

H3C

Mu

H H

• Radicals are often highly reactive 
as it is usually energetically 
favorable for them to attain 
“closed shell configuration”



Difficulties of Studying Radicals
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• Production of radicals often requires nasty mix of chemicals (e.g. Fenton’s reagent) and/or 
irradiation (X-ray or e-). 

• Reactive radicals are difficult to study with traditional spectroscopic techniques (EPR, UV-
Vis, IR)

Signal ~ [R�]

R� + R� R−R Termination reaction

R� R�

Matrix Isolation

R� R

Spin Trapping

Convert initial radical to a less reactive radicalPrevent radical from reacting



Formation of Muoniated Radicals

22

• Radicals produced by addition of Mu to an unsaturated bond.

• Very few muons in the sample at one time, so no termination reactions.
• Radicals can be studied at any temperature and in any phase. 

C C

H

H

H3C

H3C

CC

Mu

H

H
H3C
H3C

Mu

H

H3C

C

H3C

O

Mu

Mu

Mu
H3C

C

H3C

O

Mu



Radical Nomenclature
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• α carbon: nucleus with significant 
unpaired electron spin density

• α proton: attached to an α carbon
• β carbon: one removed from α 

carbon
• β proton: attached to an β carbon
• γ carbon: one removed from β

carbon
• ………….



Hyperfine Interactions in Muoniated Radicals
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• Unpaired electron can interact with 
the muon and other nuclear spins.

• AX is the strength of the interaction 
between the spin of the electron 
and the magnetic dipole of the 
nucleus X (I ≥ ½). 

C C
H

H

H

H
Mu + C C

Mu

H
HH

H

AµAp
(1)

a-protons

b-protons

b-muon

Ap
(2)

By measuring all of the hyperfine coupling constants one 
can map out the distribution of the unpaired electron and 

infer the structure of the radical.



Electron Density Versus Spin Density
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Blue: ρα > ρβ

Positive spin density`

• Electron has a spin of 1/2

€ 

α :ms = +1 2

β :ms = −1 2

  

€ 

ρ
 r ( ) = ρα

 r ( ) + ρβ  r ( )   

€ 

ρSPIN  r ( ) = ρα
 r ( ) − ρβ  r ( )

Electron density Spin density

The hfcc is directly proportional to the 
unpaired spin density at the nucleus  

€ 

AX =
2µ0
3h

geµB gXµX
" 

# $ 
% 

& ' 
ρSPIN  r = 0( )

Green: ρα < ρβ 

Negative spin density



Identification of Muoniated Radicals
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TF-µSR
Precession frequencies

ALC-µSR
Resonance fields

Hyperfine Coupling 
Constants

Temperature 
Dependence of 

HFCs

Muon hfcc (Am)

Distribution of unpaired 
electron

Nuclear hfccs 
(H, D, 13C, 14N….)

• 3D radical structure
• Intramolecular motion

Δ1 (solid)

Δ0



TF-µSR of Muoniated Radicals
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Allowed transitions

E. Roduner The Positive Muon as a Probe in 
Free Radical Chemistry 1988

High field
νe > Aμ

$)% = $. −
)
%DE

$F& = $. +
)
%DE

Breit-Rabi diagram for a 
muon-electron-proton system



TF-µSR of C6H6Mu Radicals
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The lower amplitude of ν43
compared with ν12 is an artefact 
due to the time resolution of the 
spectrometer (0.39 ns). 

TF-μSR spectrum of benzene at 
280 K and 2.2 T.
∴ νD = 300.1 MHz

ν43 = 559.1 MHz
ν12 =   43.3 MHz

Aμ = 515.8 MHz



TF-µSR of CH2Mu Radicals
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• The radical frequencies will 
shift position with magnetic 
field.

• Important check of whether 
signals are real or noise.

• Combination of low field and 
large Aµ can result in negative 
frequency (i.e. opposite 
direction to Mu+).

• Can be distinguished using 
two orthogonal pairs of 
detectors.



Limitations of TF-µSR
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• Requires high concentration (~1 M) of precursor to prevent loss of polarization.

P12
R ≈ 1

2 hM
λ 2

λ 2 +Δω12
2

#

$
%

&

'
(

1/2 • hM is the initial fraction of muon polarization in Mu
• λ is the first-order reaction rate
• Δω12 is the change in precession frequency 

between Mu and the radical

kMu = 1010 M-1 s-1

= 108 M-1 s-1

0.01M 0.1 M 1 M 10 M
1 M 10 M - -



Repolarization of Muoniated Radicals
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Magnetic Field (mT)

Prompt Formation

Slow Formation

• Similar repolarization curve to Mu except 
with lower critical field due to smaller Aμ.

• Lower polarization at low magnetic fields 
due to hyperfine coupling with other nuclei.

• Two components in repolarization curve: low-
field repolarization due to muoniated radical 
and high-field repolarization due to Mu.

• Does NOT indicate simultaneous presence of 
Mu and muoniated radical.

• Curve shape depends on conversion rate 
between Mu and muoniated radical.



RF-µSR of Muoniated Radicals
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νRF = γµBres −
1
2 Aµ

nRF = 10 MHz
H3C

C

H3C

OMu

• Measure Aμ of slowly-formed muoniated 
radicals.

• Resonance when the RF frequency 
matches the ν12 or ν43 transitions (high 
field limit).

!" = 2 C"?H*I − $JK

C"?H*I = 25.0 MHz

!" =

$JK = 10.0 MHz

30.0 MHz



ALC-µSR of Muoniated Radicals
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Narrow and weak.
Rarely observed.

• One ΔM = 1 resonance per radical
• Sensitive indicator of reorientation 

dynamics on timescale of 20 - 50 ns.

DM=0 Resonance

DM=1 Resonance

DM=2 Resonance

Observed in solids, 
liquids and gases.
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H(6)

H(2,4)

H(1,5)

H(3)

Nucleus Aμ (MHz) Bres (T) Ap (MHz)
H(6) 514.47 2.0774 126.11

H(2,4) 514.47 2.7176 7.47
H(1,5) 514.47 2.8936 -25.14
H(3) 514.47 2.9532 -36.19

C C

C

CC

C H

H

H

H

H

Mu

H

(1)

(1)

(6)

(6)
(5)

(5)

(4)

(4)

(3)
(3)

(2)

(2)

Nucleus Aμ (MHz) Bres (T) AC (MHz)
C(3) 512.28 1.8261 53.95

C(1,5) 512.28 1.8840 39.57
C(6) 512.28 2.1803 -34.08

C(2,4) 512.28 2.1849 -35.21

ALC-μSR of C6H6Mu and 13C6H6Mu



McConnell’s Law for α-Hydrogens
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More probable

(a)! (b)!

C H H 
H C H H 

H 

• α-nuclei lie in nodal plane but have negative spin density due to spin polarization of the 
bond

€ 

AX =QXρ
π

• ρπ is the π-electron population at the adjacent 
carbon atom

• Qp ~ -75 MHz

McConnell 
equation 

for α-nuclei 

• The hfccs of the α-hydrogens are used to determine the spin density distribution in the π 
system.



Spin Density Distribution in the Muoniated Cyclohexadienyl Radical
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Para (1H α)
Ap = -36.8 MHz

ρ ~ +0.49

Meta (2H α)
Ap = +7.5 MHz

ρ ~ -0.10

Ortho (2H α)
Ap = -25.5 MHz

ρ ~ +0.35

Methylene (1H β)
Ap = 125 MHz

Muon (β)
Aμ = 514.6 MHz

Spin density around ring
2(0.35)+2(-0.10)+1(0.49)

~1

Mu

H

H

H

H

H

H



Spin Density Distribution in the MuC60 Radical

37
P. W. Percival et al. Chem. Phys. Lett. 1995, 245, 90



Identification of Radicals: Quantum Calculations
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• μSR spectra do not give direct access to the radical structure. This must be inferred from 
the magnitude and temperature dependence of hfccs.

• Magnetic properties of a radical often depend on the subtle interplay of several different 
effects.(e.g. conformation, vibrational averaging, solvent effects, substituent effects….)

• Quantum calculations are used to:
• Support and compliment the experimental results to determine the electronic and 

geometric structure of the radical starting from its spectral properties.
• Evaluate the role of different effects on the magnetic properties of a radical.
• Eliminate possible structures that have different hfccs than experimental values.
• Calculate relative energies of possible structures. Lower energy structures are more 

likely to form.



How to Perform Quantum Calculations on Radicals
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• Commercial ab initio packages such as Gaussian 16 or Amsterdam Density Functional.
• Use unrestricted method (treats α and β electrons separately) to correctly account for spin 

polarization.
• Density functional methods (such as B3LYP or PBE0) give isotropic hfcc that are in good 

agreement with experimental values and are practical for larger radicals.
• The larger the basis set, the more accurate the wavefunction but the computational time is 

much longer. EPR-II and EPR-III basis sets optimized for calculating hfccs.
• Benchmark your calculations against closely-related, known systems.
• Include vibrational averaging effects. 

• Gaussian includes vibrational averaging (Fermi keyword).
• Empirical treatment in cyclohexadienyl radicals: increase C-Mu bond length by 4.9% 

and decrease the methylene C-H bond length by 0.3%.



How Does a Radical React with a Carbene?
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Aμ 278.8 MHz

AC(C2) 136.0 MHz

AN(N1) 8.3 MHz

AN(N3) 8.3 MHz

Ap(CH3C5) -

Aμ 401.0 MHz

AC(C2) 7.4 MHz

AN(N1) 0.5 MHz

AN(N3) 4.0 MHz

Ap(CH3C5) 53.1 MHz

B3LYP/6-311G**//B3LYP/EPR-III
N

13C

N

i-Pr

i-Pr

H3C

H3C
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13C
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i-Pr

i-Pr

H3C

H3C
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i-Pr
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H3C

H3C
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DFT Calculations
μSR Measurements

Similarities between measured and calculated hfccs
suggests Mu adds to the carbeneic carbon.

I. McKenzie et al. J. Am. Chem. Soc. 2003, 125, 11565



Competing Reaction Pathways
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Reactants

Mu-Y

Mu-X

E
nergy

LD
(N)

LD
(P)

Products

=P =
Q45
(P) R

Q45
(N) S + Q45

(P) R

Q45
(N) = !(N)6

7
TU
(V)

WXY

Rate Mu-X formed 
= Q45

(N) S

Q45
(P) = !(P)6

7
TU
(Z)

WXY

Rate Mu-Y formed 
= Q45

(P) R

Relative yield of Mu-Y

=N =
Q45
(N) S

Q45
(N) S + Q45

(P) R
Relative yield of Mu-X

Q45
(N)

S

Q45
(P)

R

= 3´108 M-1 s-1

= 4´109 M-1 s-1

= 2 M

= 0.1 M

PX = 0.6

PY = 0.4

Mu

X
Y

Mu-X

Mu-Y

Mu can react in multiple ways. You can control where 
it ends up by altering the composition of the sample.

∆\(N)

∆\(P)



Predicting Reaction Products: The Bell-Evans-Polanyi Theorem
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The activation energy (EA) is 
linearly related to the reaction 
enthalpy (ΔH) for a series of 
related single-step reactions.

More exothermic reactions are 
generally faster. 

where α is a measure of 
“lateness” of the transition state 
(0 >  > 1).

LD = LB + ]Δ\

Addition reactions are 
exothermic, i.e. ΔH < 0 



Competing Reaction Pathways: Reaction of Mu with Fluoranthene
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Radical ΔH (kJ mol-1) ΔΔH (kJ mol-1)
Mu-3a -97 139
Mu-10c -129 107
Mu-C6b -164 72
Mu-C6a -178 58
Mu-C7 -193 43
Mu-C2 -194 42
Mu-C8 -201 35
Mu-C1 -219 17
Mu-C3 -236 0

J.-C. Brodovitch et al. Can. J. Chem. 2003, 81, 1



Competing Reaction Pathways: Reaction of Mu with Fluoranthene

44

Radical ΔH (kJ mol-1) ΔΔH (kJ mol-1) Yield
Mu-3a -97 139 -

Mu-10c -129 107 -

Mu-C6b -164 72 -

Mu-C6a -178 58 -

Mu-C7 -193 43 13.7
Mu-C2 -194 42 9.5
Mu-C8 -201 35 26.8
Mu-C1 -219 17 14.2
Mu-C3 -236 0 35.8

J.-C. Brodovitch et al. Can. J. Chem. 2003, 81, 1

Mu-C3

Mu-C8

Mu-C1
Mu-C7 Mu-C2

Mu-C3 Mu-C8
/Mu-C1

Mu-C2
Mu-C7



Free Radical Reactivity of a Phosphaalkene
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• Free radical polymerization of 
phosphaalkenes (P=C) to produce 
new functional polymers.

• Initiation step of polymerization 
involves radical addition to 
phosphaalkenes.

How does a simple free radical, 
muonium (Mu), react with 

phosphaalkenes?

• Radicals 1b and 2a are isotopomers produced by 
different routes. Identity of radicals confirmed by 
comparing hyperfine coupling constants.

• Highly selective addition of radicals to the P-atom of 
the P=C bond gives a C-centered radical 
intermediate. 

1b

1a

2a

L. Chandrasena et al. Angew. Chem. Int. Ed. 2019, 131, 303



Isotope Effect on Bond Stretching
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Asymmetric bond stretching 
potential results in C-Mu bond 
being longer than C-H bond.  

E. Roduner and I. D. Reid, Isr. J. Chem. 1989, 29, 3

rC-Mu ≈ 1.049 rC-H

Hfccs becomes increasingly 
positive with increasing bond 

length (although |Aμ| 
decreases if Aμ is negative).



Hyperfine Coupling of β-Nuclei
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• L: orientation independent mechanisms (~0 – 10 MHz)
• M: spin density arising from hyperconjugation (~140 MHz)
• θ is the angle between C-X bond and SOMO
• ρπ is the spin density on adjacent carbon

RC

H
H

H

R

θ"

More
overlap with 

SOMO

Less overlap 
with SOMO

€ 

Ap
β = L +M cos2 θ[ ]ρπ

• The preferred configuration of the radical can be determined from 
measuring the magnitude and temperature dependence of the hfcc.

R RC

R1

R2R3

R RC

R1

R2

R3
AR1

= L +M( )ρπ

AR2 (3)
= L + 1

4M( )ρπ

AR1(2 )
= L + 3

4M( )ρπ

AR3
= Lρπ

dAR1

dT
< 0

dAR2 (3)

dT
> 0

dAR1(2 )

dT
< 0

dAR3

dT
> 0

AR = L + 1
2M( )ρπAt high temperatures the methyl group is freely rotating:



Isotope Effects on Intramolecular Dynamics

48C-Mu bond aligns with SOMO at low temperatures



Measuring Radical Reaction Rates with ALC-µSR

49

Δ0 resonance width

 

l = l0 + kR X[ ]

 

DB1/ 2 =
wALC
2 + l2

2p gµ -g p( )
Slope = kR

Units = M-1s-1

Chemical reaction broadens ALC resonances.

E. Roduner The Positive Muon as a Probe in 
Free Radical Chemistry 1988



Dipolar Hyperfine Coupling
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• Judge whether the unpaired electron (or SOMO) is mostly in the 
positive or the negative sector of a double cone with opening angle 
θ = 54.7°

B || z

θ

r

Point dipole

3cos2θ −1
r3

θ < 54.7o Positive
θ = 54.7o Zero
θ > 54.7o Negative

Delocalized electron

B || z

θ
3cos2θ −1

r3

Integrate over the 
singly occupied 
molecular orbital 

(SOMO). 



Dipolar Hyperfine Coupling of α-Nuclei
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Dipolar Hyperfine Coupling of β-Nuclei
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Motional Averaging of Hyperfine Tensors
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• Hyperfine tensor can be 
represented as an ellipsoid

• Dipolar coupling is traceless

€ 

Bxx + Byy + Bzz = 0General

Axial symmetry `∥ + 2`b = 0

`b = −)%`∥

`∥
d = `b = −)%`∥



Rotational Averaging of Dipolar Hyperfine Coupling
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Byy ≈ 0
Bxx = 8.6 MHz
Bzz = - 8.6 MHz

Bzz Bxx

Hyperfine Tensor

Byy

 

Bxx + Byy + Bzz = 0
Hyperfine tensor is traceless so

 

Dµ
^

 

Dµ
^

 

Dµ
||

 

Dµ
^

 

Dµ
^

 

Dµ
||

Rapid rotation around an axis 
produces an axial hyperfine tensor

 

Dµ
|| = -2Dµ

^

"̀
∥ = −6.8 MHz

"̀
b = +3.4 MHz

"̀
∥ = +5.8 MHz

"̀
b = −2.9 MHz



ALC Lineshapes
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Δ1 lineshape depends on magnitude 
of dipolar hfc and the angle between 
unique axis and magnetic field (θ).

 

P z B,q( )= 1-
0.5q2Pz

0

l 2p( )2 + q2 + gµ
2 B - Bres

D1( )2

 

P z B( )= P z B,q( )
0

pò f q( )2p sinqdq

 

q =
3
2
Dµ
^ sinq cosq

In a powder the Δ1 lineshape is 
obtained by integrating over all 

angles and weighting by the angular 
probability f(θ). 



ALC Lineshapes
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= -6.8 MHz

= +3.4 MHz

= +5.8 MHz

= -2.9 MHz

Preferred rotation axes can be determined 
from the shape of ALC resonances. 

Simulations using Quantum Spin Simulation program by J. S. Lord Physica B 2003, 29, 337



Dynamics of Mu Adduct of Norbornene
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303 K

234 K

183 K

173 K

Δ1 resonance
• Asymmetric lineshape

indicates negative Dμ
||

• Preferred rotation around 
indicated axis.

• Decreasing |Dμ
||| with 

increasing temperature due to 
wobbling of rotation axis. 

E. Roduner Chem. Soc. Rev. 1993, 29, 337



Dynamics of C60 Versus C70
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Δ 1
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Δ

1 narrow
s w

ith 
increasing tem

perature

Isotropic rotation Wobbling around preferred axis

C60 C70

K. Prassides Hyp. Int. 1997, 106, 125



LF-μSR Studies of Dynamics
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Provides information about motion of free 
radicals.
Measure time dependence of muon spin 
polarization. 
Relaxation of the diamagnetic muons in 
longitudinal fields is negligible on the μSR
time scale.
Relaxation of the muon spin in radicals 
may be caused by:
• fluctuating isotropic hyperfine 

interactions
• fluctuating anisotropic hyperfine 

interactions
• the spin–rotation interactions of the 

electron and the muon
Dominant mechanism depends on the 
magnetic field.

by DM
2 , DE

2 , and DME
2 , respectively. In the present model,

only a few matrix elements represent the various possible
transitions causing relaxation.

1. Direct
For direct processes, contributing matrix elements are of

the form dA^SzI6&, arising from hyperfine anisotropy, and
CI^J&I6 arising from modulation of the muon spin through
its nuclear coupling with the rotational angular momentum
of the molecule. For example, dA^1uSzI1u2&5 1

2c dA , and
since the transition probability Wij is proportional to the ma-
trix element squared, we expect contributions to the muon
relaxation } 1

4c2(dA)2, or simply 1
4(dA)2 for the fields of

interest ~B*500 G!, where c51. Similarly, from the nuclear
spin–rotation ~SR! interaction, with a matrix element
1
2CI^J&^1uI1u2&, we can expect contributions } 1

4CI
2 in high

fields. The relevant transition frequency is n125
1
2Am2nm

@Eqs. ~14! and ~15!#. The transition between states u3& and u4&
is analogous, with n345

1
2Am1nm . Both of these transitions

can be observed in TF-mSR, as discussed earlier @Eq. ~5! and
Fig. 1#. Thus, including both contributions in the parameter
DM , we can write the expected direct contribution to the
muon relaxation as

1
T1

m ~direct!5DM
2 tmS 1

11~pAm2vm!2tm
2

1
1

11~pAm1vm!2tm
2 D . ~18!

It is worth noting the ‘‘resonance’’ in the direct muon relax-
ation rate that could occur in the first term of this expression
~when pAm5vm!, which is essentially due to the muon–
electron dipole–dipole ALCR term given in Eq. ~8!, occur-
ring at a field of 12.2 kG for Mu ethyl. This effect has been
seen as a relaxation-rate peak in other studies of muonium-
substituted radicals, notably in solids,14 and, in principle,
could occur under appropriate conditions in other phases as
well. However, it is difficult to see such a peak for the typical
conditions of fast fluctuation that prevail in the gas phase
~i.e., rapid collisions average the hyperfine anisotropy!,
though there may be some residual effect in the present data,
as mentioned above and discussed later.

2. Indirect
Transitions between the pairs of states u1&–u4& and u2&–

u3& correspond to electron spin flips, which produce ‘‘lifetime
broadening’’ of ESR lines. In mSR these affect the muon
only indirectly through its isotropic hyperfine coupling.
Thus, as with the case of muon spin flips discussed above,
we expect transitions of the form ^1uS1Izu4& with strength
}(dA)2 in high fields arising from the muon–electron aniso-
tropic hyperfine coupling, or with strength }CS

2 from the
same type of matrix element but involving the appropriate
part of the electron SR interaction, ^1uS1Jzu4&. These terms
correspond to transverse fluctuations of the local field, and
being proportional to c2 are induced strongly in the high
field. In ESR, these would contribute directly to the T1 re-

laxation. In mSR, however, unlike the matrix elements for
direct muon spin flip, they carry little change (s2) in muon
polarization in a high longitudinal field, and hence contribute
little to the observed T1 relaxation.54 In a transverse field,
there is no decoupling and these terms do contribute directly.
The dominant contribution to T1 ~and likely T2! relaxation
comes from transitions between levels u2& and u4&, induced by
terms such as ^J&Sz , i.e., by longitudinal fluctuations of the
effective local field. The square matrix element is given by
W245(2scCs^J&)2}1/(11X2). This ‘‘decoupling factor’’
in the strength of the transition introduces a field dependence
in addition to that arising from the spectral density term
J(v24), where v2452p(ne1nm)'ve at high fields. Thus,
we expect indirect contributions to muon relaxation caused
by relaxation of the electron to have the form

1
T1

m ~ indirect!5
1

11X2
1
T1
e 5

DE
2

11X2 S 2te
11ve

2te
2D . ~19!

3. Coupled (‘‘flip–flop’’ and ‘‘flip–flip’’)

The muon–electron flip–flop transition u2&!u4& also
contributes directly to muon spin relaxation. It is induced by
the hyperfine interaction ~both anisotropic and isotropic
parts!, the relevant matrix elements being ^2uI1S2

1 I2S1u4& 5 2^2uI–Su4& 5 c22 s25X/A11X2. Thus,there-
laxation rate is proportional to X2/(11X2), predicting an
increase with the field, at weak fields.23 However, in the
present study X.5, so this factor is effectively unity and can
be ignored in the fits.

In addition, if fluctuation of the anisotropic part of the
hyperfine interaction is more important than modulation of
the isotropic part, then a muon–electron flip–flip term
(DMm ,e562) should be included, and in fact outweighs
the flip–flop contribution from hyperfine anisotropy
(DMm ,e50) by a factor of 6. This is evident from consider-
ation of the terms in the dipole–dipole interaction, and cor-
responding effects are manifest in ESR and ENDOR.24,56
The relevant matrix element is dA^1uI1S1u3&5dA , which
predicts a relaxation rate }(dA)2. The transition frequency
that occurs in the spectral density function, J(v), is
v1352p(ne2nm);ve at our fields, just as for v24 . Since
these two contributions, DM50 and DM562, enter with
the same spectral density response at high fields, they are
combined in the parameter DME in our model, giving a con-
tribution to the muon relaxation rate of

1
T1

m ,e ~coupled!5DME
2 S 2tm ,e

11ve
2tm ,e
2 D . ~20!

C. T1 spin relaxation

On the assumption that we can treat the processes above
as independent contributions to the measured relaxation
rates, as implied by Eq. ~12!, we can simply sum all terms to
give a model describing the gas phase relaxation rates of a
Mu radical.57 Although, in principle, each process could be
identified with a different correlation time, as indicated by
Eqs. ~18!–~20! above, in practice it would be difficult to

7523Fleming et al.: Spin relaxation of muonium-substituted radicals

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996

Downloaded¬24¬Jan¬2005¬to¬129.69.100.230.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp

In low magnetic fields:

C6H6Mu in benzene
300 K



Soft Matter

60

• Predominant physical behaviors 
occur at an energy scale 
comparable with room temperature 
thermal energy

• Materials that are easily deformable 
by external stresses, electric or 
magnetic fields, or even by thermal 
fluctuations

• Soft matter can self-organize into 
mesoscopic physical structures; the 
structure and dynamics at the 
mesoscopic scales determine 
macroscopic physical properties



Muoniated Probes in Soft Matter
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• Introduce spin label in soft matter 
system (liquid crystal, polymer)

• Similar to spin labeling with stable 
nitroxides except smaller 
perturbation.

• Radical sensitive to:
– Orientation of probe
– Polarity of local environment
– Fluctuations on the ns to μs

timescale
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Lyotropic Liquid Crystals with Cosurfactants
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C12E4

DHTAC

polar head 
groups

non-polar 
alkyl chains

aqueous 
layer

Phenylethanol
Cosurfactant



ALC-μSR of Phenylethanol Cosurfactant
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ALC-μSR of Phenylethanol Cosurfactant in DHTAC Bilayer
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Spin-Exchange Reaction Between Mu Adducts of PEA and Ni2+
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ALC-μSR of Phenylethanol Cosurfactant in C12E4
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ALC-μSR of the Nematic Liquid Crystal PCH5
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Overlapping Δ1

Magnetic field aligns director in nematic
phase, which shifts the Δ0 resonance.

Mu-2-PCH5 Mu-3-PCH5

φ
Δ?H*I = o `N

∥ p

Wobbling within a cone 
of angle φ

`N
∥ = q

r
`N
∥ cos s + cos% s

s% ≈
Quvw
x

y
p%



Muoniated Spin Probes in a Cholesterolic Liquid Crystal
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Chiral nematic phase (N*) I. McKenzie et al., J. Phys. Chem. B 115, 9360 (2011)
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Muoniated Spin Probes in a Cholesterolic Liquid Crystal
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LF-μSR Studies of Phenyl Ring Dynamics in Polystyrene
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Spin relaxation due to muoniated 
cyclohexadienyl radicals formed by Mu 
addition to phenyl side chains.

= - = =. + =J67 ⁄; Yq
E { Change at Tg

Distribution of local 
environments

Rapid backbone motion 
leads to uniform environment



LF-μSR Studies of Phenyl Ring Dynamics in Polystyrene
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Change in phenyl ring dynamics at the 
glass transition.

5

preceding equation is 0.814 at 8.5 mT. Equation 4 indi-
cates that the electron spin flip rate should be approx-
imately the same as the muon spin flip rate (given by
1/2Tµ,avg

1 ), which ranges from ⇠ 0.02� 0.25 µs�1. This
is at the lower range covered by the simulations of the
ALC-µSR spectra.

There are several processes that can contribute to 1/T e
1

of a radical in a solid [44].

1

T e
1

= KdirB
4T +KRam

✓
T

✓D

◆9

J8

✓
✓D
T

◆

+Kloc
e�loc/kBT

(e�loc/kBT � 1)2
+Korb

�3
orb

e�orb/kBT � 1

+Ktherm

"
⌧

1 + (!e⌧)
2 +

4⌧

1 + (2!e⌧)
2

#
(5)

The first term in the preceding equation describes the di-
rect process where there is an exact match of the Zeeman
energy with a lattice phonon energy; the second term is
due to the two-phonon Raman process, which depends
on the Debye temperature (✓D); the third term is due
to “local” vibrational modes; the fourth term describes
the two-phonon Orbach process, which involves an ex-
cited electronic state; the fifth term was introduced by
Bloembergen, Purcell and Pound [45] and accounts for
thermally-activated dynamics. It is this last term that
dominates in polystyrene above Tg and it is due to the
modulation of the anisotropic muon hfcc. In the slow
fluctuation limit (!2

e⌧
2 >> 1) this gives:

1

T e
1

=
1

6

✓
[Aµ : Aµ]

!2
e

◆
⌧�1 (6)

where

[Aµ : Aµ] =
X

i=x,y,z

�
Ai

µ �Aµ

�2
(7)

This result is from Redfield theory and is technically
only valid for !e >> Aµ, which is not the case here,
but has been applied to low magnetic fields. There are
more rigorous derivations for low fields but the di↵erences
with Eq. 6 are small [46]. [Aµ : Aµ] is estimated to be
⇠198 MHz2 based on the dipolar muon hfccs reported in
Table I. Eqs. 4 and 6 were combined to convert 1/Tµ,avg

1
above Tg to the correlation time, ⌧ , and this is shown in
Fig. 7 along with correlation times determined from other
methods. The values of the correlation time match very
closely with the correlation times of the the �-relaxation
process determined by neutron scattering [23], which in-
dicates that the muon spin-lattice relaxation above Tg is
dominated by this process.

The correlation time of the �-relaxation process is as-
sumed to have an Arrhenius temperature dependence:

⌧ = ⌧0 exp (EA/kBT ) (8)

FIG. 7. (Color online) Relaxation map of PS from dif-
ferent analytical techniques: Mechanical (light blue points:
Schmieder and Wolf [1], hexagon; Illers and Jenckel [2], right
triangle; Wall et al. [3], half-filled square; Kono [4], half-filled
circle; Illers [5], circle; Sinnott [6], up triangle; Crissman and
McCammon [7], left triangle; Kastner et al. [8], diamond;
Baccaredda et al. [9], star; Hirose and Wada [10], pentagon;
Frosini and Woodward [11], down triangle; Yano et al. [12],
square); dielectric (green points: Saito and Nakajima [13], up
triangle; Kastner et al. [8], circle; McCammon et al. [14],
square); NMR (grey points: Odajima et al. [15], diamond;
Hunt et al. [16], down triangle; Pschorn et al. [19], square;
Kulik and Prins [20], up triangle; Zhao et al. [21], circle);
neutron scattering (orange points: Kanaya et al. fast compo-
nent [23], circle; Kanaya et al. slow component [23], square;
Arrese-Igor et al. [24], solid and dashed orange lines); �NMR
(brown points: McKenzie et al. [47], circle); µSR (purple
circle: this work).

where EA is the activation energy for the relaxation pro-
cess, kB is the Boltzmann constant and ⌧0 is the pre-
exponential factor. Combining Eqs. 4, 6 and 8 and gives:

ln [Tµ,avg
1 ] = ln


!2
e⌧0

0.14[Aµ : Aµ]

�
+

✓
EA

kB

◆
T�1 (9)

An Arrhenius plot of the LF data is shown in Fig. 9;
ln [Tµ,avg

1 ] is linear versus T�1 above Tg and there is
a change in slope at Tg. The activation energy above
Tg was determined from the slope of ln [Tµ,avg

1 ] versus
T�1 and found to be 0.609(9) eV, which is slightly larger
than the values determined for bulk PS by both �-NMR
(0.43 eV [47]) and neutron scattering (0.52 eV [23]).
The temperature dependence of the stretch exponent

provides information about the local environment of the
spin probe. The stretch exponent is ⇠0.6 below Tg and
becomes approximately exponential at ⇠Tg + 60 K. A
stretched exponential with  < 1 is used when there is
a broad distribution of correlation times. NMR exper-
iments on bulk PS showed that this is the case for the
PS backbone motion (↵-relaxation) around Tg [19]. This
is a common feature of glassy materials; the 2H NMR
spin-lattice relaxation of several molecular glass-formers

EA = 0.61(1) eV

Relaxation map of polystyrene.
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Biological Systems: Mu Addition to Nucleobases

I. McKenzie, J. Phys. Chem. B 123, 4540 (2019)



Biological Systems: 4 of 21 Amino Acids Have Unsaturated Side Groups
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Histidine – 2 radicals Phenylalanine – 3 radicals

Tryptophan
5 radicals

Tyrosine – 2 radicals



Biological Systems: µSR of Cytochrome C Protein
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• Temperature and field dependent muon 
spin relaxation.

• Spin relaxation due to multiple types of 
radical (Mu addition to amino acids and 
heme group).

• Localized spin density: fitting with 
Risch-Kehr not meaningful.

• Nearly impossible to deconvolute.

12 kDa protein 
consisting of a 

single 104 amino 
acid peptide with a 

heme group

K. Nagamine, Eur. Phys. J. A 13, 189 (2002)
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• Muonium is a light hydrogen of hydrogen. Kinetics studies of Mu are performed to learn 
about isotope effects or to study reactions under conditions not amenable to other 
techniques. 

• The structure, conformation and dynamics of muoniated radicals can be determined by 
measuring the magnitude and temperature dependence of the muon and nuclear hfccs
using techniques such as TF-µSR, RF-µSR, ALC-µSR and repolarization.

• Muoniated radicals can be used as local probes in soft matter. They provide information 
about the local environment and dynamics on timescales between that accessible by 
NMR and neutron scattering. 
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