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photo-µSR experiments in ISIS 

Light-pump muon-probe experiment 
 … simple principle 
 … applicable to many cases 

•  Time scales are just right: 
 Muon 70 ns, Laser 10 ns 

•  Arbitrary pulse timing 
-  wide range of dynamics 

-  High intensity & large stimulation 
 è small disturbance on the system 

100 ns 
Laser 

Muon 
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HiFi 

•  Laser beam transported through tubes 
•  “Beam Entry Chamber” is mounted for 

photo-µSR experiments 

•  Laser cabin in the down stream of HiFi 
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HiFi Laser system 

nanosecond Nd:YAG & harmonic generation units  
optical parametric oscillator (OPO) 

1064 nm
(2100 mJ)

532 nm
(1200 mJ)

266 nm
(160 mJ)

355 nm
(415 mJ)

Signal: 405 ~ 710 nm
Idler:    710 ~ 2400 nm

215 nm
(51 mJ)

OPO
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Project history 
•  Started in Dec. 2012 for 5 years 
•  Dr. Alan Drew in QMUL led the ERC funded project 
•  Main objectives: to probe excited states of molecules with ALC 

K. Yokoyama, J. S. Lord, P. Murahari, K. Wang, D. J. Dunstan, S. P. Waller, D. J. 
McPhail, A. D. Hillier, J. Henson, M. R. Harper, P. Heathcote, and A. J. Drew,  
Review of Scientific Instruments 87, 125111 (2016). 
 
K. Wang, P. Murahari, K. Yokoyama, J. S. Lord, F. L. Pratt, J. He, L. Schulz, M. 
Willis, J. E. Anthony, N. A. Morley, L. Nuccio, A. Misquitta, D. J. Dunstan, K. 
Shimomura, I. Watanabe, S. Zhang, P. Heathcote, and A. J. Drew, 
Nature Materials 16, 467 (2017). 
 
K. Yokoyama, J. S. Lord, J. Miao, P. Murahari, and A. J. Drew, 
Phys. Rev. Lett. 119, 226601 (2017). 

•  So far experiments done mainly in semiconductors 
•  Making steady progress: 

… and more improvements/developments … 
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ARGUS 

•  Installed in 2008 
•  Similar laser setup (YAG + OPO) 
•  Excellent field homogeneity 
•  Ideal for experiments in gas 

P. Bakule et al. J. Phys. Chem. Lett. 3, 2755 (2012). 
P. Bakule et al. J. Phys. B: At. Mol. Opt. Phys. 48, 045204 (2015). 
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Traditional lifetime spectroscopy 
measures: 

Muon spin 
relaxation rate 
can be a measure 
of Δn because 
muonium 
interacts with the 
carriers 

carries information 
e.g., impurity density 

•  Muon is a bulk probe 
•  Can directly measure τbulk 

•  Applied to other 
semiconductors? e.g. new 
solar cell materials 

photo-µSR can characterise carrier 
recombination dynamics in 
semiconductors (Silicon) 
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Illumination effect in the ALC 
spectrum 

ARTICLES
PUBLISHED ONLINE: 12 DECEMBER 2016 | DOI: 10.1038/NMAT4816

Temporal mapping of photochemical reactions and
molecular excited states with carbon specificity
K.Wang1,2†, P. Murahari2†, K. Yokoyama2,3, J. S. Lord3, F. L. Pratt3, J. He1, L. Schulz1, M. Willis1,
J. E. Anthony4, N. A. Morley5, L. Nuccio6, A. Misquitta2, D. J. Dunstan2, K. Shimomura7, I. Watanabe8,
S. Zhang1, P. Heathcote9* and A. J. Drew1,2,3*

Photochemical reactions are essential to a large number of important industrial and biological processes. A method for
monitoring photochemical reaction kinetics and the dynamics of molecular excitations with spatial resolution within the active
molecule would allow a rigorous exploration of the pathway and mechanism of photophysical and photochemical processes.
Here we demonstrate that laser-excited muon pump–probe spin spectroscopy (photo-µSR) can temporally and spatially map
these processes with a spatial resolution at the single-carbon level in a molecule with a pentacene backbone. The observed
time-dependent light-induced changes of an avoided level crossing resonance demonstrate that the photochemical reactivity
of a specific carbon atom is modified as a result of the presence of the excited state wavefunction. This demonstrates the
sensitivity and potential of this technique in probing molecular excitations and photochemistry.

Dynamics of molecular excited states govern photochemical
reactions that are key to a phenomenal number of important
industrial and biological processes. For example, molecules

in living organisms are often exposed to solar radiation, and
in the case of photosynthesis this light energy is captured to
provide the energy that supports almost all life. Moreover, the
e�ect of this solar radiation on biomolecules such as DNA plays
an important evolutionary role1,2. In the chemical engineering field,
stereoselective synthesis enables the construction of a vast array of
organic molecules with precise control over their three-dimensional
structure3,4, which is important in a variety of fields ranging
from drug discovery to materials engineering. Photochemical
reactions have a substantial impact on these fields by a�ording
direct access to certain structural motifs that are otherwise
di�cult to construct5. For example, the malaria drug artemisinin
is commercially produced with a key photochemical step6. In
organic electronics, the complex physics of excitations is critical to
device function7–13. High e�ciencies have been reached for both
organic light-emitting diodes (OLEDs) and organic photovoltaics
(OPVs)14–17, yet a major barrier to the deployment of organic
semiconductors is their functional lifetime17. For example, a recent
study of the chemical reactivity of derivatives of anthracene and
tetracene in the OLED environment indicates that free-radical
chemistry is initiated after photo-excitation by homolytic bond
dissociation reactions, which result in hydrogenation reactions18.

We have developed the experimental technique photo-µSR19

so that it can now measure the spatial distribution of electron
density in the molecular excited state at any given time. Whilst
this technique has previously been used to study excitations
predominantly in semiconductors19,20 and a limited number of

solutions of organic molecules21, no spatial information has been
gained up until now. By making use of avoided level crossing
(ALC) spectroscopy, whose resonance positions are specific to
individual carbons, we demonstrate that crucial information
on the fundamental photochemical and excited state processes
can be obtained. We demonstrate this new application of the
technique in a 10mM solution of the organic semiconductor
6,13-bis(tri(isopropyl)silylethynyl) pentacene (TIPS-Pn) (Fig. 1a),
dissolved in O2-free dichloromethane (DCM). We present
convincing evidence that muonium is able to map the time
evolution of the excited state wavefunction on the pentacene
backbone of the molecule, as a direct result of its sensitivity to
electron density when reacting. We demonstrate that reaction of
muonium with this extended aromatic system probes the relative
levels of chemical reactivity of carbon atoms after excitation with
light, and that this can be tracked as a function of time.

Photo-µSR
In our photo-µSR experiment, a 25Hz, ⇠10 ns pulsed Nd:YAG
laser was used to excite the TIPS-Pn molecules in solution with
a wavelength of 532 nm and a pulse energy of 91mJ. The light-
pump muon-probe measurements were carried out on the HiFi
spectrometer at the ISIS pulsed muon source, with the light flash
triggered to arrive TL before the muon pulse, to excite the TIPS-Pn
molecules prior to the arrival of the muons, as depicted in Fig. 1b,c.
The changes to the photochemical reaction rates as a result of the
excitation can then be probed with muonium, a chemical analogue
of hydrogen (see below). The 25Hz laser in combination with
the 50Hz muon pulse enabled light-on/o� data to be gated to
alternate histograms, thus averaging out any long-term changes to

1College of Physical Sciences and Technology, Sichuan University, Chengdu, Sichuan 610064, China. 2School of Physics and Astronomy, Queen Mary
University of London, Mile End, London E1 4NS, UK. 3ISIS Muon Facility, Rutherford Appleton Laboratory, Didcot OX11 0QX, UK. 4Department of
Chemistry, University of Kentucky, Lexington, Kentucky 40506, USA. 5Department of Materials Science and Engineering, University of She�eld,
She�eld S1 3JD, UK. 6University of Fribourg, Department of Physics and Fribourg Centre for Nanomaterials, Chemin du Museé 3, CH-1700 Fribourg,
Switzerland. 7Materials and Life Science Division, J-PARC Center, Tokai, Ibaraki 319-1195, Japan. 8RIKEN-RAL, Nishina Centre, 2-1 Hirosawa, Wako,
Saitama 351-0198, Japan. 9School of Biological and Chemical Sciences, Queen Mary University of London, Mile End, London E1 4NS, UK. †These authors
contributed equally to this work. *e-mail: P.Heathcote@qmul.ac.uk; A.J.Drew@qmul.ac.uk
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Figure 2 | The time-dependent ALC measurements. a, ALC spectra with light o� (red) and light on (blue) with a pump–probe time delay of 130 ns. There is
a clear light-induced change in shape of the two ALCs corresponding to sites 1 and 2, manifesting itself predominantly as a shift in position and an increase
in amplitude/area, with the largest changes evident for site 2. The arrows correspond to the fixed fields that were measured as a function of TL. b, Predicted
lineshapes from DFT calculations (see Supplementary Information), from which site assignments can be made. The ALC at around 310 mT corresponds to
site 4, whereas there are two ALCs that partially overlap at around 710 mT, corresponding to sites 1 and 2. c, The pump–probe delay time dependence of
the change in amplitude of the ALC at 710 mT, Adi� =Ao� �Aon. There are two timescales present, one at ⌧f = 1µs and a second at ⌧s =6.5µs, with
opposite signs to the amplitudes Af and As. Lines are guides to the eye, with the lifetimes fixed to values from transient photoabsorption measurements at
1.6 eV and 1.25 eV for ⌧f and ⌧s, respectively35. We note that the statistical error bars as plotted are significantly larger than any systematic errors in this
measurement, which is reinforced by the similarity between the two lifetimes derived from the photo-µSR data, and those extracted from the transient
photoabsorption data. Inset: Corresponding data on the ALC at 314 mT, where there appears to be no change in the ALC as a function of time. Where
shown, in all panels, errors were calculated by taking the square root of the number of events for each detector group, and propagated using standard error
analysis under the assumption of the normal distribution.

Light-induced changes to the ALC spectra can take many
forms—for example, additional resonances could appear or ALC
positions could shift, due to the presence of a distribution of
unpaired spin on the molecule19. There could be a change in
hyperfine coupling constant due to a structural or conformational
di�erence31, an increased electron spin relaxation or exchange32–34,
or a modification of the muonium reaction rate for a given
carbon31. It is extremely unlikely that a conformational change or
unpaired spin can account for this data, as the ALC at around
300mT for site 4 is identical for the light-on and light-o� cases.
Either conformational or unpaired spin changes would modify
the muon–electron and/or proton–electron isotropic hyperfine
coupling (HFC) for all adducts31. For the same reasons, we also
discount localized heating as a result of absorption of the light, since
a relatively small change in temperature is known to significantly
alter the position of the ALC for site 4 (see Supplementary Fig. 4).
We also believe that electron spin relaxation and/or spin exchange
cannot account for these changes—as it is known to a�ect all ALCs
in a similar fashion in the solid state32,33, there is no associated
increase in relaxation rate and it cannot account for all of the features
in the time-dependent data (see the Supplementary Information).
To explain our observations, one must invoke the mechanism of
radical formation from the solvated muonium. Muons thermalize
very quickly, in less than 1 ns (ref. 22), with the final result in fully
saturated organic solvents being a mixture of solvated muonium
and unresolved diamagnetic muon states. The muonium then
chemically reacts with the unsaturated or aromatic solutemolecules,
and if this final stage is not su�ciently prompt, then a number of

features are observed in the data, which evolve with the reaction
rate. These features, discussed below, are not present in the other
candidate mechanisms mentioned above.

Interpreting the ALC spectra
In a weak transverse field (WTF), the energy di�erences between
the two triplet transitions

|mµ,mei=|1/2, 1/2i! (|1/2,�1/2i+|�1/2, 1/2i)/p2

and

(|1/2,�1/2i+|�1/2, 1/2i)/p2! |�1/2,�1/2i
are equal and relatively small, resulting in low-frequency Rabi
oscillations22,27. The WTF spectra shown in Fig. 3a,b demonstrate
a clear triplet precession signal (fast oscillation) superimposed on
the precession from the diamagnetic muons (slow oscillation).
The triplet precession results from muonium that stop in the
unbound state, either in the SiO2 window or the solvent. For
muoniated radicals, the magnetic field at which the Zeeman
splitting becomes nonlinear (that is, the two triplet transitions
have a di�erent energy) is significantly lower and the proton
coupling splits the triplet energy di�erence. Given there aremultiple
radical states with di�erent muon–electron and proton–electron
HFC, the resulting signal is rather more complex, comprising of a
superposition of multiple beating signals. We note that this will be
also true for muonium addition to the triple bond of the sidegroup,
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DFT calculation supports the 
observation: more electron 
density in its ends 
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Figure 1 | A schematic illustration of the molecule under investigation and
the experimental set-up. a, The molecular structure of TIPS-Pn. The labels
are referred to in the text. Sites 1, 2 and 4 can support muonium bonding.
All similarly numbered sites are equivalent, by symmetry. The arrows
correspond to the muonium bonding positions that are probed as a function
of delay time, in Fig. 2c. b, The pump–probe pulse structure in our
experiments. The laser pulse (dark green) is triggered to arrive prior to the
muon pulse (blue), and the delay time between the pulses, TL, is
controllable. The muon pulses are separated by 20 ms, which is determined
by the ISIS synchrotron intrinsic frequency of 50 Hz, whereas the laser is
fired at 25 Hz. The data are then gated to di�erent histograms, depending
on whether a laser pulse directly preceded the muon pulse or not. c, The
di�erent stages of the molecule during the experiment. TIPS-Pn starts out
in the ground state, without a muon probe present. Upon excitation with
light, an excited state is formed, as indicated by the green and pink shading,
which is subsequently probed with a muonium that bonds to one of
the carbons.

the sample and accelerator profile. Further technical details can
be found elsewhere19,22, in the Methods and in the Supplementary
Information.

When implanted intomanymaterials including organic solvents,
the positively charged muons can either thermalize as diamagnetic
species or form hydrogen-like muonium atoms, Mu (ref. 22). Mu is
thought of as a light pseudo-isotope of the hydrogen atom, in which
an electron orbits a muon (µ+) nucleus, which is 0.11 the mass of H
and behaves chemically like a H atom22–26. Due to the unsaturated
bonds and aromatic rings that are present, muonium can react
with TIPS-Pn with almost identical chemistry to a hydrogen atom,
creating an electrically neutral radical. There are three species of
muon in our sample, a diamagnetic and two types of paramagnetic
species: the unbound solvated species with a hyperfine coupling

(HFC) constant of order 4.4GHz, and a number of muoniated
radicals, which have a significantly lower HFC constant for the
muon and other nuclei in the molecule that are dependent on their
local environment.

Indeed, it is these di�erences in HFCs that depend on the muon’s
local environment which give us spatial sensitivity. The unpaired
electron wavefunction in a radical overlaps with the nuclei and
gives a series of hyperfine coupling constants for all the nuclei
with non-zero spin, which are generally much lower than for the
individual free atoms. In the simpler case of gases, liquids or
solutions, only the isotropic parts of the coupling constants need
be considered. When a magnetic field is applied parallel to the
muon’s initial spin polarization, the spin energy levels are split by the
Zeeman interaction. At certain fields, the combination of Zeeman
and hyperfine interactions cause cross-relaxation between themuon
and one of the other nuclei, and a so-called ALC resonance22,27–29.

These resonances are usually plotted as the ‘integral
asymmetry’—the average muon polarization weighted by the
muon lifetime, and take the form of relatively sharp dips. The
amplitude of the integral ALC resonance depends on the hyperfine
coupling of both muon and nucleus. In many aromatic molecules
each radical species has one dominant resonance due to the
↵-proton. The amplitude and width are also a�ected by relaxation
and other dynamics, and the formation rate and probability of that
species. ALCs from di�erent radical species caused by di�erent
addition sites of the muonium will generally be at quite di�erent
fields, so they can be measured individually. Importantly, one
of the main drivers of the relative amplitude of the various ALC
resonances is the reaction kinetics associated with muonium
bonding. That is itself driven by the electrostatic potential, which
of course can be quite di�erent when the molecule is in the ground
state compared to an excited state. We show that our photo-µSR
experiment can spatially probe the molecular excited state and its
role in determining reactivity of the molecule, all at an individual
atom level. Moreover, by changing the pump–probe delay time, TL,
temporal information is obtained as the transient excited species
evolves with time.

Light-induced e�ects on ALC spectra
Figure 2a shows the ALC spectra taken for muonium bound to
carbons 1, 2 and 4 in TIPS-Pn at TL = 130 ns. The laser and muon
pulse are su�ciently separated to ensure that photo-ionization
of muonium or muoniated radicals could not occur30. Figure 2b
shows the ALC from muon–electron and muon–proton (↵-proton)
HFCs predicted from ab initio density functional theory (DFT)
calculations, which can be used to assign the bonding site for
each ALC resonance. The site assignment is in the inset. Further
details of these DFT calculations can be found in the Supplementary
Information. It is immediately clear that photo-excited changes to
the spectra are evident for sites 1 and 2 but not site 4. The largest
changes are evident at site 2, with a clear increase in amplitude,
or area of the ALC, as well as a small shift in the ALC minima
(potentially as a result of a HFC change). There could be an increase
in the width of the lines for both sites 1 and 2, although this is
di�cult to quantify since these ALCs overlap. Figure 2c inset shows
the light-induced change in asymmetry, Adi�, as a function of TL, at
two fixed fields (indicated by the arrows in Fig. 2a), corresponding
to sites 2 and 4 (indicated by the arrows in Fig. 1a). There are
two components present corresponding to ALC spectral changes at
site 2, with di�erent signs and timescales, that are not present at site
4. The 6.5 µs lifetime of the triplet molecular excited state is clearly
evident in the slower component—strong evidence that muonium
is directly detecting the presence of triplet excited states. The ALC
amplitude of this component is reduced in the triplet state. The faster
component, with an increased ALC amplitude, has a timescale of
approximately 1 µs.
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•  Organic semiconductor 
molecule (TIPS-Pentacene) in 
photoexcited state 

•  Excited molecule has a different 
electron wave function 

•  Should change the ALC signal 
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Optical pumping also available 

•  Electronic spin can be injected with optical spin orientation 
•  Uses circularly polarised light  
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Parallel:   less depolarisation 
Anti-parallel:  more depolarisation 

•  Originally developed in 
ARGUS 

•  This setup is also 
available in HiFi 



Experimental support 

•  ISIS is now maintaining/developing the setup 
•  KY supports laser experiments 
•  Two proposals per Round 
•  Normally one experiment per Cycle 

*** Open to new ideas & welcoming proposals *** 


