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Molecular and Materials Science at TRIUMF 
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•  The Centre for Molecular and 
Materials Science (CMMS) 
provides cutting-edge μSR and 
βNMR facilities to a broad 
Canadian and international user 
community. 

•  Wide range of science: 
magnetism, superconductivity, 
semiconductors, free radical 
chemistry and soft matter. 



CMMS Assets: μSR Beamlines 
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M15: High intensity surface µ+ beam  

M20: High intensity surface µ+ beam 
with two experimental stations  

M9B: High momentum µ+/µ- beam 

M9A: High intensity surface µ+ beam 
Under construction 

✔ ✘ 

✘ ✔ 



M20 Beamline 
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M20 Beamline is operational  

•  25 experiments have been 
run on M20 since November 
2012. 

•  Kicker to be installed in 
Winter 2014 shutdown to 
allow simultaneous running 
and Muons On Request 
system (MORE). 

•  Only beamline in the world 
that combines full spin 
rotation and high fields with a 
long time window. 



Muons On Request (MORE) 
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•  Extract only one muon at a 
time out of a continuous 
beam using fast-switching 
kicker. 

•  Ultra-low background 
allowing measurements to 
much longer times.  

New Science with MORE 
•  Resolve small shifts in νD  
➜ small regions of 
superconductivity above Tc 

•  Deduce correct functional 
form ➜ physical origin of 
relaxation 

? 



Next Generation μSR Spectrometers 
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•  New spectrometers with 
improved time resolution 
based on SiPMT 
detectors being designed. 

•  7 T replacement for 
HiTime with improved field 
homogeneity. ($150k 
awarded for magnet from 
NSERC RTI - J. Sonier 
SFU) 

•  Dedicated 3 T general-
purpose spectrometer for 
M9A beamline. (Magnet 
on site, detector designs 
being tested) 

Muon detector with active 
collimation 

Positron detectors 



CMMS Assets: βNMR 
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High Field (9 T) 
Spectrometer 

Low (20 mT) and Zero Field  
Spectrometer 

Oven being designed for 
measurements up to 600 K 

300 mK cryostat ready for 
installation 



Helium Recovery System 
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•  L. He required for magnets 
and cryostats is a large 
expense for CMMS. 

•  $14 per litre (¼ paid by 
users) ➜ $400K annual 
expenditure. 

•  Quality and availability. 
•  Helium recovery system 

being built ~$1.45M budget. 
•  Recovered liquid helium 

produced last weekend.  
•  Essential to reduce costs to 

attract new users. 
Linde L1610 liquefier with a 

reconditioned used RSX compressor 

Helium gas bag Helium recovery 
lines 



Outreach 
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•  CMMS is seeking new users 
to make use of our expanded 
facilities. 

•  Advertise the µSR and βNMR 
techniques and the science.  

•  Lectures were given at 14 
leading Chinese (May 2013) 
and South Korean institutions 
(Nov 2013) 

•  Further outreach planned in 
North America, especially with 
neutron facilities. 

KIST 
Seoul National 
Chung-Ang 

Korean 
Physical 
Society 

Sung Kyun Kwan 

KAIST 

POSTECH 

Fudan 

Zhejiang 

Nanjing 
UTSC 

Peking 
Tsinghua 
IOP 
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Recent Chemistry and 
Soft Matter Highlights 
Using µSR and βNMR 



The Muon, Muonium and Muoniated Radicals  
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µ+ 

e− 

•  Mμ = 1/9 Mp 

•  Spin = ½ 
•  γμ = 3.183 γp 
•  τμ = 2.2 μs 

B 

µ+ 

•  MMu = 1/9 MH 

•  IPMu = 0.9956 IPH
 

•  Bohr radius = 1.0044a0  

C C
Mu

H3C
H

H3C
H

Structure determined 
by measuring 
hyperfine coupling 
constants: Aµ, Ap 

Mu 



Supercritical-Water-Cooled Reactor 
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•  Canada + 9 countries + Euratom 
(Gen IV) are cooperating on 
development of fourth 
generation nuclear reactors. 

•  Supercritical-Water-Cooled 
Reactor operates above the 
thermodynamic critical point of 
water (374°C, 22 Mpa) 

•  Priority R & D area for Canada 
is understanding radiolysis in 
SCW (H2O  H, OH, e-

aq). 

Easier to study Mu in SCW 
instead of  H  

© AECL 
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Reactions in Supercritical Water – Gen IV 
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H + CH3OH 
Mezyk and  

Bartels, 1994 

Mu + CH3OH 
Percival et al., 2007 

•  Non-Arrhenius 
behaviour at high 
temperature. 

•  Current models using 
extrapolations from 
low temperature data 
are incorrect. 

? 



Reactions in Supercritical Water – Gen IV 
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Mu + H2O → MuH2O+ + e- 

Mu + H2O → MuH + OH C. Alcorn et al. Accepted 
Chem. Phys. 2013 

•  H + H2O reaction is 
proposed to be a key 
step in oxidation of water 
at high temperature 

•  Temperature 
dependence of reaction 
rate successfully 
modeled assuming two 
competing reactions. 



Reactivity of Mu / Novel Muoniated Radicals 
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•  Determining what 
radicals are formed 
provides information 
about how molecules 
react with Mu, the 
simplest free radical. 

•  Determine the structure 
and dynamics of novel 
radicals. 

•  Study radicals under 
conditions not possible 
with conventional 
spectroscopy. 
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chemically equivalent to H but has only one-ninth the mass.13

Lacking a dipole moment, an atom such as H or Mu is an
unbiased probe of alternative reaction sites. Muon spin spec-
troscopy can be used to identify the muoniated radical(s)
formed by Mu addition to an unsaturated molecule, allowing
one to determine the relative reactivity of different sites within
a molecule toward radical attack. This paper describes such an
investigation of silylene 4 and its NHC complex 5. Likely sites
of Mu addition are the Si atom and the exocyclic methylene
carbon, but the other carbons in the butadiene moiety are also
possibilities. (The possibility of Mu addition to the aryl group is
discounted on the basis of previous results.12d) The carbene in
5 offers additional sites for Mu addition, and it is not clear a
priori whether the complex will remain bound when Mu adds,
particularly if this occurs at the Si.

! MUON SPIN SPECTROSCOPY
A solution of 4 (0.7 M in tetrahydrofuran) was irradiated with
positive muons, and transverse-field muon spin rotation (μSR)
spectra were recorded at several temperatures in the range 4!
58 °C. An example is shown in Figure 1. The strongest peak in

the spectrum (truncated in this display) is due to muons which
end up in a diamagnetic environment (roughly 65%) and which
therefore precess at the muon Larmor frequency (104.5 MHz
for 7.71 kG applied field). The remaining four peaks arise from
muons incorporated in free radicals. This is evident from the
pattern of precession frequenciespairs symmetrically placed
about the diamagnetic peak. Quadrature detection and complex
Fourier transformation allows us to distinguish between posi-
tive and negative precession frequencies; this is important for
the correct assignment of the 248 MHz precession frequency,
which is negative and complements the +469 MHz signal.

(The low amplitude of the latter peak is a consequence of the
limited time resolution of the apparatus.)
The presence of two pairs clearly signals the existence of two

distinct muoniated radicals, and the separation of precession
frequencies gives their muon hyperfine constants (150.7 MHz
for the inner pair and 717.1 MHz for the outer pair of peaks).
The results are summarized in Table 1 (a detailed list of

precession frequencies used in the analysis is given in the
Supporting Information). The smaller hfc is consistent with Mu
addition to the terminal carbon of a butadiene group;14 the larger
value is in line with expectations for Mu addition to the silicon.12

Equivalent μSR investigation of 5 (0.25 M in tetrahydrofu-
ran) also reveals the generation of two muoniated radicals
(Figure 2 and Table 2), but both with smaller muon hyperfine

constants (19.0 and 132.8 MHz at 25 °C). Does this mean that
NHC complexation protects the Si atom from attack by Mu?
If so, what is the identity of the radical with the small hfc?
A computational investigation was undertaken to answer
these questions. In addition, a second muon spin spectroscopy
technique, avoided-level-crossing resonance (μLCR), was
applied to test the provisional assignment of the other radical
to Mu addition at the exocyclic methylene.
In μLCR each resonance is due to the mixing of spin levels

which arise from the muon and one other magnetic nucleus.
The resonance field position therefore depends on the muon

Chart 2. An Isolable NHSi with a Six-Membered Ring and Its
NHC Adducta

aAr = 2,6-diisopropylphenyl.

Figure 1. Fourier power transverse-field μSR spectrum at 7.71 kG
obtained from 4 (0.7 M in THF at 4.2 °C).

Table 1. Muon Hyperfine Constants Determined for
Radicals Formed from 4 (0.7 M in THF)

temp/°C hfc 1/MHza hfc 2/MHza

4.2 150.67(3) 717.13(7)
23.2 148.77(2) 715.74(5)
41.8 147.07(3) 714.54(6)
57.7 145.66(3) 713.44(6)

aThe numbers in parentheses represent statistical uncertainties.

Figure 2. Fourier power transverse-field μSR spectrum at 8.68 kG
obtained from 5 (0.25 M in THF at 25.4 °C).

Table 2. Muon Hyperfine Constants Determined for
Radicals Formed from 5 (0.25 M in THF)

temp/°C hfc 1/MHza hfc 2/MHza

7.2 134.16(5) 19.43(6)
25.4 132.78(2) 18.97(3)
40.6 131.60(16) 18.78(12)

aThe numbers in parentheses represent statistical uncertainties.

Organometallics Article

dx.doi.org/10.1021/om200966p | Organometallics 2012, 31, 2709!27142710

hfc and the hfc of the interacting nucleus. Since the muon hfc is
already known (from μSR), the other nuclear hfc can be calcu-
lated from the resonance field. Figure 3 shows spectra obtained

from 4; analysis of the resonance field positions is summarized
in Table 3. The spectrum shown in Figure 3a is clearly attributed

to a pair of close-lying resonances (each signal has a differential-
like shape due to field modulation). The situation is less clear
for Figure 3b. However, as discussed later, there is good reason
to expect a pair of signals, and indeed the fit is slightly better
with this premise.

In principle, there is ambiguity in the assignments, since
there are two radicals and two possible types of spin-active
nuclei. In practice, there is little doubt, since alternative
assignments would produce unreasonable values for the nuclear
hfcs. For example, assignment of the 26.3 kG resonance to
protons would require a proton hfc in excess of 220 MHz
for a 716 MHz muon hfc or !340 MHz if associated with the
149 MHz muon hfc. Similarly assignment of the 6.1 kG
resonances to nitrogen would imply a negative hfc, inconsis-
tent with previous work. Furthermore, our assignment of these
resonances to protons is consistent with radical structure
assignments, temperature dependence of hfcs, and computa-
tional predictions, as explained below.
Spectra similar to Figure 3a were obtained from 5 (0.25 M

in tetrahydrofuran); the analysis is summarized in Table 4.

No μLCR resonances were assigned to nitrogen nuclei in the
case of 5; subsequent analysis based on computational pre-
dictions shows that such resonances would lie close to zero
field and would be undetectable.
In addition to the two abundant radicals evident in Figure 2,

there is some indication of weaker μSR signals from 5, as
shown by the inset in Figure 4. These features are discussed

below, after the prominent signals have been unambiguously
assigned.

! COMPUTATIONAL RESULTS AND DISCUSSION
Inspection of the structure of 4 reveals five potential sites for H
atom addition. Apart from the silylene site, there are four
carbon atoms in the butadiene moiety, although the normal
expectation is for preferential radical attack at the ends of a
conjugated bond system.14,15 However, since C(3) has a methyl

Figure 3.Muon avoided-level-crossing spectra obtained from 4 (0.7 M
in THF at 23.3 °C): (a) a pair of close-lying resonances attributed to
protons; (b) a pair of resonances attributed to 14N nuclei. The vertical
lines denote data points and their statistical errors; the curves through
the data represent the best fits of field-modulated Lorentzian line
shapes.

Table 3. Analysis of μLCR Data Obtained from 4 (0.7 M in
THF)

T/°C Aμ/MHz BLCR/kG
a nucleus Ak/MHz

3.3 150.67 6.162(3) 1H 35.5(1)
6.282(4) 1H 33.3(1)

23.3 148.77 6.070(3) 1H 35.3(1)
6.179(3) 1H 33.3(1)

58.0 145.66 5.917(2) 1H 35.0(1)
6.015(3) 1H 33.2(1)

23.3 715.74 26.261(2)b 14N 15.6(1)b

26.297(2) 14N 16.5(1)
aThe numbers in parentheses represent statistical uncertainties derived
from fits. bA single resonance fit gives BLCR = 26.279(4) kG, from
which Ak = 16.1(2) MHz.

Table 4. Analysis of μLCR Data Obtained from 5 (0.25 M in
THF)

T/°C Aμ/MHz BLCR/kG
a nucleus Ak/MHz

7.4 134.16 5.515(3) 1H 31.1(1)
5.621(5) 1H 29.1(1)

25.4 132.78 5.441(2) 1H 31.1(1)
5.529(3) 1H 29.4(1)

40.0 131.60 5.388(2) 1H 30.9(1)
5.472(4) 1H 29.3(1)

aThe numbers in parentheses represent statistical uncertainties derived
from fits.

Figure 4. Fourier power transverse-field μSR spectrum at 19.3 kG
obtained from 5 (0.25 M in THF at 40.6 °C).

Organometallics Article

dx.doi.org/10.1021/om200966p | Organometallics 2012, 31, 2709!27142711

TF-µSR µLCR 



Radical Intermediates in Catalysis 
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Zeolites are porous frameworks 
used in catalysis 

µSR has shown how radicals  
(reaction intermediates) bind to zeolite. 

D. G. Fleming et al. J. Phys. 
Chem. C 2013, 115, 11177 

Na+ 

11180 dx.doi.org/10.1021/jp202104u |J. Phys. Chem. C 2011, 115, 11177–11191

The Journal of Physical Chemistry C ARTICLE

Fast uniaxial motion about a particular axis partially averages
the (θ, !) hyperfine anisotropy, leaving only a θ-depen-
dent axial hyperfine tensor, with muon components Dzz =
D ) = !2D^ = !6.8 MHz for the unperturbed C6H6Mu
radical.17,27,30 In this case, the powder pattern superposition of
resonant fields for a polycrystalline environment gives rise to an
asymmetric cusp-like ALC line shape for both the Δ0 and Δ1
lines, from which the isotropic and dipolar muon (or nuclear)
hfcc can be determined from a fit to the line shape.15,17,30,31,33,35

At the higher temperatures in the present study of C6H6Mu in
NaY, there is evidence for such an axial shape for the B resonance,
as discussed below. Additional motion can further average the
tensor and broaden the Δ1 resonance, which disappears in the
case of a random isotropic reorientation of the radical, on a time
scale of τc, τALC =

1/2 πD^ (!50 ns for C6H6Mu), leaving only
theΔ0 resonance as an observable.

17,27 This is an important feature
seen in the data that follow.
Example background-corrected ALC spectra (from fitting the

general trend of the field dependence to a polynomial, as
described in ref 15) are shown in Figure 2, for C6H6Mu in bulk
benzene over a range of temperatures, which also serve as
reference data for the discussion in zeolites to follow. Two clear
resonances due to the !CHMu group are seen at temperatures
below the bulk melting point (278.5 K), down to about 200 K: a
Δ1 resonance around 19 kG and a somewhat narrower Δ0
resonance around 21 kG. The solid lines shown are fits to three
Lorentzians, including a very weak Δ2 resonance that is most
clearly seen in the scan at 277 K near 18.2 kG (blue arrow), which
gives, within errors, the same proton hfcc as found from the Δ0
resonance. A similar spectrum can be seen at 263 K in refs 15 and
27. Note that, above the melting point, theΔ1 andΔ2 resonances
disappear because of isotropic reorientation in the liquid phase,
leaving only the Δ0 resonance. At temperatures near and below
170 K in Figure 2, multiple resonances are seen that could not be
fully analyzed, although the Δ1 resonance seen at the higher
temperatures appears to split into a pair of Δ1 lines, consistent
with FT spectra and indicated by the red arrows on the 170 K
scan in the figure. Similar features are seen in the HSY/USY data
at higher benzene loadings, as discussed below.
The muon, Aμ(T), and proton, Ap(T), hfcc values are found

from the fitted positions of these resonances and eqs 4 and 3,
respectively. Errors from the least-squares fits to such well-
separated LCR resonances are typically !0.5 MHz, although
they are larger for broader lines and systematic errors could also
be !1 MHz, as indicated earlier. It is convenient to define the
muon hfcc in terms of reduced units, A0

μ = (γp/γμ)Aμ = Aμ/
3.1833, which corrects for the ratio of muon and protonmagnetic
moments,27 allowing for a direct comparison then with similarly
expected proton hfcc for C6H7.

3. MU-CYCLOHEXADIENYL RADICAL IN NAY

3.1. Results for C6H6Mu. Figure 3 shows background-cor-
rected (determined in this case from results obtained with a cell
filled with pure zeolite) but unfitted ALC-μSR spectra for NaY at
a near-saturation benzene loading of 4!5 molecules/SC,21

which extends the previous results of ref 15 to both higher
loadings and higher temperatures. The alphabetic labeling distin-
guishes different site locations and orientations of the !CHMu
group of the C6H6Mu radical seen as different Δ1 and Δ0
resonances. It is noteworthy that these data agree very well with
the results of ref 15, at a loading of 2!3 molecules/SC, with

samples that were prepared by quite different loading proce-
dures, as described above. It is also worth noting that these
spectra are very different from the reference spectra shown for
pure benzene in Figure 2.
It is well-known that there are two binding sites for benzene

(and hence C6H6Mu) in NaY, the extraframework SII Na cations
within an SC and thewindow (W) sites between supercages,3,37!40

leading to a nominal saturation loading of 6 benzenes/SC,
although, in practice, this is more like 5 molecules/SC.38 The
peaks (dips) labeled B andD in Figure 3 areΔ1 resonances due to
the binding of C6H6Mu to cations, but of two different orienta-
tions arising from distortion of the radical from its normal planar
geometry, with the C!Mu bond orientation “exo” and “endo”,
respectively, with respect to the cation.15,41 This is shown
schematically for C6H6Mu in a zeolite framework section of
NaY in Figure 4. The C label is also for a Δ1 resonance but from
W sites. This is stronger near room temperature at the higher
loadings of Figure 3 than in the data of ref 15 at lower loadings.
The identification of these peaks asΔ1 resonances was confirmed
by the observation of FT spectra, as in ref 15.
The A peak in Figure 3 is a Δ0 resonance, the endo proton

partner of the exo muon of peak B. From the analysis reported in
ref 21, the weak peaks labeled E and G are also believed to beΔ0
proton resonances, with peak E likely the exo proton of the DΔ1
resonance, also tentatively identified earlier in ref 15. Resonance
Gwas obscured in ref 15 by a doublet structure associated with A,
but it appears more clearly in Figure 3. Its origin is unclear, but it
cannot be the proton partner of the muon peak C at the W site,
which would be at a much lower field. The origin of peak F, seen

Figure 3. ALC-μSR spectra of the C6H6Mu radical in NaY over a range
of temperatures and at a loading of 4!5 benzenes/SC, taken from ref 21.
The data have been corrected for background from a pure zeolite sample.
The labels B!D are muon Δ1 resonances from !CHMu for different
site locations or orientations; those labeled A and E are the proton Δ0
resonances corresponding to theΔ1 lines for B and D. The G resonance
is also believed to be a proton resonance but its origin is unclear. The
weak resonance labeled F at 296 K is not clearly identified at other
temperatures and might be an artifact.



Glass Transition in Polystyrene Thin Films 
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“Future experiments should not aim at the determination of a 
single Tg, but at a distribution of Tg’s.” 

Region near free surface with 
faster dynamics compared 
with bulk 
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βNMR of Polystyrene Thin Film 
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•  Spin-lattice relaxation 
rate (1/T1

avg) ~ τ-1, the 
polymer fluctuation 
rate.  

•  1/T1
avg increases 

near free surface as 
polymer chain are 
more mobile.  

•  Surface thickness δ ~ 
3 nm and increases 
with temperature. 
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8Li+ 



Lithium-Ion Batteries 
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Understanding microscopic dynamics of Li+ in cathode and 
polymer electrolyte essential to optimize materials.  

Solid Polymer Electrolyte 

βNMR used to study Li+ diffusion 
in poly(ethylene oxide) 

PEO = (CH2CH2O)n 

C 
O 



βNMR Study of 8Li+ Diffusion in a Polymer 

November 13, 2013 IPR November 2013 20 

3.0 3.5 4.0 4.5 5.0 5.5

-1

0

1

2

333 286 250 222 200 182

 T (K)

 PEO
 PEO:LiCF3SO3

ln
(T

1av
g )

1000/[T(K)]

•  Activated hopping 
observed in rubbery 
phases of PEO and 
PEO with 30 wt% 
LiCF3SO3. 

•  Lithium ion hopping 
much faster in pure 
PEO but with a larger 
energy barrier.  

•  Determine how polymer 
structure and additives 
affect Li+ diffusion. I. McKenzie et al.  

Preliminary results 2013 



•  Exploit new muon beamlines with unique 
capabilities. 

•  Develop new μSR spectrometers. 
•  New isotopes for βNMR (11Be, 31Mg). 
•  Increased temperature and pressure ranges 

for μSR and βNMR 

Future Goals 
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Better 

Easier 
•  Lower costs to users. 
•  Improved automation and control and data 

analysis software. 
•  Increased &exibility to respond to needs of 

both expert and less experienced users.  
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