CCLRC Library & Info Services
MAWDINNMID  rechnicat report
7 RAL-TR-2004-035

ééCCLRC

=

Presentations given as part of the
radiofrequency collabaratlon project
meeting

C. Johnson (Editor)

13 December 2004

e.ntral,_‘Laboratory of the Research Co



© Council for the Central Laboratory of the Research Councils

Enquiries about copyright, reproduction and requests for additional copies of this report should
be addressed to:

Library and Information Services

CCLRC Rutherford Appleton Laboratory
Chilton Didcot

Oxfordshire OX11 0QX

UK

Tel: +44 (0)1235 445384

Fax: +44 (0)1235 446403

Email: library@rl.ac.uk

CCLRC reports are available online at:

http://Awww.clrc.ac.uk/Activity/ACTIVITY=Publications;SECTION=225;

ISSN 1358-6254

Neither the Council nor the Laboratory accept any responsibility for loss or
damage arising from the use of information contained in any of their
reports or in any communication about their tests or investigations.



Presentations given as part of the

Radio Frequency Collaboration
Project Meeting

CCLRC LiBRARY
17 JAN 2005

RUT] HERFORD APPLET,
LABORATORY N

C. Johnson (Editor)

October 2004






Overview

The Radio-Frequency collaboration project meeting brought together facility staff and
visiting fellows who have contributed to the EPSRC Grant ‘Development of Scientific
Applications of Radio-Frequency Muon Spin Resonance’ (GR/R53067/01). A variety
of talks were presented on the day covering investigations using radio-frequency
excitation and pulsed illumination techniques to study molecular systems and
semiconductor materials. This document contains the slides that accompanied each of

these presentations, a brief summary, written by the editor, provides a context for the
talk.
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RF Collaboration Project Meeting

10:30am, Friday 24" September 2004 Conference Room 3, R61,
Rutherford Appleton Laboratory

A variety of talks on investigations using radio-frequency
excitation and pulsed illumination to study molecular
systems and semiconductor materials.

Page Title Speaker
) S.P. Cottrell
1 Introduction RAL
) K. Ghandi
9 Mu reactions probed by RF-uSR UBC
37 Review of RF measurements in S.F.J. Cox
semiconductors RAL
49 Muon implantation studies of U. Jayasooriya
organometallics: Ferrocene UEA
77 RF-pSR of the cyclohexadienyl radical C. Johnson
RAL
93 Ferrocene, siloxanes and radicals - recent R.M. Macrae
results from computational chemistry Marian College
A Strategy for the Measurement of the F L Prait

123 Vibrations of a Muoniated Radical Centre: "
. . RAL

Experimental Evidence

141 Muonium laser chemistry: some K. Ghandi
experimental results UBC

Meeting organiser: S.P. Cottrell and C. Johnson






Introduction

S.P. Cottrell (RAL)

Summary

In 1997, an EPSRC grant was awarded to RAL to enable the commissioning of an RF
spectrometer on the DEVA beamline. In addition to allowing the construction of the
instrument, funding was also provided for a cryo-furnace, special sample holders and
the RF signal generator and amplifier kit still in use today.

The end of 2001 saw the award of a follow-up EPSRC grant to a collaboration
comprising the Rutherford Appleton Laboratory (Cottrell, King, Cox, Lord) and the
Universities of East Anglia (Jayasooriya, Clayden), Leicester (Davis) and Manchester
(Conner). The emphasis of this new award was to enable the scientific
commissioning of the RF spectrometer by funding 48 days of beamtime over three
years, with work concentrated on four key areas, namely semiconductors, gas phase
studies, radical chemistry and ionic materials. The grant provided a PDRA to support
the experimental programme, funding for research fellows (Fleming, Macrae) to make
extended visits to bring unique expertise to the project and money for publicising the
RF technique at home and overseas conferences. Limited funds were also available
for consumables to support the experimental programme.

Over the last three years the grant has provided new equipment that has facilitated
experiments in the gas phase up to 50 bar and also liquid phase experiments where the
degassing rig has been particularly important. Novel techniques have also been
developed to study semi-conducting materials and RF methods have offered new
insights into the shallow donor states recently discovered in [I-VI materials.

Encouraged by these developments, interest in pulsed techniques from the wider user
community has risen sharply over recent years, with a significant number of ISIS
users now employing RF techniques in their own particular areas of research. The
future for the RF-puSR technique at RAL, therefore, seems bright although further
EPSRC funding, whether for technique development in general or focussed towards a
particular theme, is clearly needed and was the subject of discussions during the
meeting.






S[R1ISJBW JOIONPUOIIWAS PUB SWII)SAS JB[NIJ[OW APMYS 0
uoryeurwIN([I pasynd pue UorL}IdXd Aouanbaij-orper
3uIsn SuUONeINSIAUL UO SY[B] JO AJoLIeA Y

SUnNIPIA 139dloag uoneroqe[od 1A




‘s19p[oy Jrdures [eroads
pue Iy Y ‘90rUINJ-0AId ®
sn Jy3noq os[e Aduour 9y J,

"QUITWEq Y AH Y} U0 I91wo1)ddds Iy
e UOISSTUWIIOD 0} /661 PapIeme (0L 7F~) uels DYSdd

(D 4SY-1Y 10) Sutpuny




-onbruyo9) a1p) as101[qnd 01 $90UIGJUOD PUYIE O} SUIPUN,] =

‘sjuotunrodxs poddns 01 31 pue S9[qRWINSUOD 10 SUIPUN =

S Y3 01 (ABIDBIA POY puUB SUIWI[ UO(])
SMO[[9] SunisiA om) 3uriq 0) Surpun,

‘(uosuyof 9A1]D)) VYA ® 10J SuIpun,j =
‘SIBQA € JOA0 wnwiraq JO sAep gt 10y surpun, =
"(I0UU0))) IAISAYOSUBIA “(STAB(]) 191590197 ‘(UdpAR[) ‘BA1I0OSRAR()

vdN {(p1oT x0) ‘Sury ‘[[e1mo)) TV UeamIdq UOHRIOGR[[0)) =

:10)0UI00109ds T 9y} SUTUOISSTWITIOD JIJNUSIIS (00T Areniqa 9
PalIeIS) [ 00T 19qUIada(] papleme (JOO8F~) Iuerd 5 YSdd dn-mofjo]

(ID YSN-1Y 10] surpun g




urpeo] pue I9Jsuer) nys-uj

pey)-dumd-az921g, Aq
prnbiy Jo uoneudadAxoa(

* Surppuey pinbiy pue s[ed pmbry

18q 0S - 01 MHAHd

*** SuI[puey SE3 pue S[[IJ seo
** Judwdmbyy maN




"(1781d/pI07T/FULH/UOSUYO[/X0)/[]IN0D)

TV pue (p1oFx(Q) [[epung ‘(epeue)) pueyn ‘(epeue)) Surwoy] ‘(JeSmio ) soduwe)
3p sIAY (VSN) BYorT ‘(sduei) 10109y 9p sewfe/ouenoeX (vAN) wepAe[d (vdn)
eAL100SRAR[ ‘(JoRIS]) UAISY ‘(A1e1]) BHALIR)) ‘(PUB[IOZIIMS/RISSIIY) OYOUSYISH/MRYIIO0IS

:sonbruyo91 Y Suisn mou d1e sdnois Auey

pajsanbau sAep |ejo} jJo9,
0) 4 ge oe T4 0c Sl oL ] 0

2/66
/00
¢/00
L/10
Z/io
L1eo
2/eo
L/ED
2/e0
Liv0
Zivo

uadx3 sis|

sjuowIddxd

A Qe 383y JO
uonoel As1e Vv

punoy jusw

 snnuns pasind e SurAjdde sjsanbar swnureaq Jo 98e1ud019J

coo m@ﬂm&ﬁﬂ@@w PosS|Nnd Ul }S3J3)U] MIN



'KISIOATU() B AQ P 1899 A[qeqolid ST jueI3 Mau

's3ury) 9sayy 103 Ajdde 03 SIS J0F JNOLJIP Mou ST 31 Ing “jo9(oxd ay)
01 Asuow pue (VY (d) 1omoduewr 3uriq 0) papaau SI jueis MU y

sjueig [BNPIAIPUL SV m

(S9sB3/ANSTIIAYD ‘S1010NPUOI ITUOL/SIOIONPUOIIIS “3°9)
SJUBI3 QAN)BIOGR[[0D PAWAY) JO JOqUNU B SV u

(yueisd juasaxd oy} oY1)
JI0M JO Seale [[e 19(1230)1 JUI3ULIq ‘UOTIBIOQR[[0D 93I[ € SV =

{11 IN)0NISs am Eﬁoﬁ MOy ‘08 JT ¢1uead DOYSJH MU Y
NJI0M STY) PIBM.IOJ ALIBD 0) MOY ***
T a.dmny 9y) jnoge Nuiyj 0) padN




Mu reactions probed by RF-uSR

K. Ghandi (University of British Columbia)

Summary

The study of muonium (Mu) chemistry has a long and distinguished past but there is
still much which remains unknown. The mechanism of Mu formation, for example,
along with its chemical dynamics relative to H and its chemistry in the excited state
all present areas for future study.

Hydrogen abstraction reactions are important from both an industrial and mechanistic
perspective and were the first examples of reaction dynamics chosen for investigation
by RF-puSR in the present study. It was shown for the case of propane that Mu data
obtained by either transverse field (TF) or RF measurements gave the same value for
the rate constant. In addition, the application of the delayed RF technique allowed the
build-up of the diamagnetic product of the reaction to be observed directly — its rate
consistent with the Mu data. However, in the case of isobutane, delayed RF
measurements showed no change in the diamagnetic signal over time even though the
Mu data was consistent with that obtained by TF measurements showing that Mu was
reacting. Such a result suggests that the Mu atom is selecting a different reaction
channel to that of H.

Future directions for this work include the study of muonium with Br; (an initial TF-
KSR experiment suggests the presence of a radical for which several structures can be
proposed) along with a range of Mu/hydrocarbon and Mu/Halogen reactions.
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Review of RF measurements in
semiconductors

S.F.J. Cox (RAL)

Summary

Early TF-uSR work using muonium (Mu), a model for hydrogen, in semiconductors,
has revealed the presence of an atomic-like state in quartz and two Mu species in
silicon with very different hyperfine couplings. More recently, evidence for a shallow
donor state in ZnO has been detected and subsequently confirmed for H by ENDOR.

The application of RF-uSR to the study of both quartz and silicon has confirmed the
results of TF measurements. However, the power of this technique lies in its ability to
analyse final state species providing new information on muonium dynamics in these
materials. It can also been combined with the application of an electric field in order
to analyse the resulting final state after initial state modification.

The development of a double-resonance ESR-uSR technique has allowed g-factors
for the shallow-donor states in a range of semiconductors to be determined in good
agreement with literature values. However, for a determination of the sign of this
value a rotating RF field is required. Initial results of experiments using circular RF
polarisation were presented.

In addition, the double-resonance RF technique can decouple Mu from neighbouring
spins allowing the study of diffusion, trapping and final state formation in a range of
oxides and halides. Finally, the possibility of modifying the hyperfine coupling of
interstitial Mu by lattice vibrations induced by acoustic resonance was introduced as
an area for future work.
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Muon implantation studies of
organometallics: Ferrocene

U. Jayasooriya (University of East Anglia)

Summary

Unlike the muon study of organic compounds, that of metallocenes (an important
class of polymerisation catalysts) has seen little development. Such compounds
would seem ripe for study by pSR as correlation times for ring rotations, etc, are
accessible and hydrogen addition to the metallocene is an important step in
polymerisation termination.

Reaction of muonium with ferrocene may result in either addition to Fe or the
cyclopentadiene (Cp) ring. Data obtained in the high temperature phase indicates the
presence of both species with results for the Cp-Mu adduct in good agreement with
previous measurements by NMR and QENS. In the case of muonium addition to a
ring carbon it acts as a “passive observer” of the system since the extra electron enters
a non-bonding orbital causing little effect on the electronic structure of the
metallocene. However, if muonium adds to the iron atom the extra electron enters an
anti-bonding orbital causing a weakening of the metal-organic bond. In such a case it
is an “active observer” of the system.

If a number of assumptions are made regarding the electronic configuration of the
Mu-Fe adduct (in particular the d-orbital angular momentum and spin orbit coupling)
the level crossing data obtained for ferrocene can be interpreted. It was found that
when no quenching of the orbital angular momentum was assumed the crystal field to
spin-orbit ratio defined a unique set of level crossings for a particular temperature.
Using this model, good agreement was found between experimental and calculated
values for the fields at which level crossings were observed allowing interpretation of
the zero-field splitting diagram. In addition, the presence of four peaks in the high-
field region of the LC diagram suggests the presence of two Mu-Cp radicals, which
are assigned to the Mu-endo and Mu-exo forms.

Future work in this area will be to use the combined uSR/pulsed illumination
technique in order to measure the vibrational frequency of Mu-Fe and Mu-Cp in order
to confirm the presence of these radicals.
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RF-uSR of the cyclohexadienyl
radical

C. Johnson (RAL)

Summary

The presentation began with an outline of the equipment purchased under the Grant to
allow the study of muon implantation in liquids using the RF-puSR technique.
Dissolved oxygen is a particular problem in such studies leading to rapid
depolarisation due to spin flips. A liquid handling system is now available allowing
for the degassing of up to three samples by either freeze-pump-thaw of inert gas
bubbling. In-situ loading of the clean liquids is also available using this system into a
ceramic sample holder. Commissioning of the system was carried out using hexane
where a decrease in the depolarisation rate of muonium, measured in 2 G transverse
field (TF), was observed as more cleaning cycles were used. An RF field-sweep
resonance curve for the diamagnetic component at 13 MHz was obtained. Delayed on
resonance, 959 G, scans demonstrated no change in either the amplitude or
depolarisation rate with time. An RF field-sweep resonance curve for muonium at
13 MHz showed a broad resonance consistent with the fast depolarisation rate
observed in TF.

Following the successful commissioning experiments, an investigation of muoniated
organic free radicals was undertaken starting with benzene. It was demonstrated that
the RF-uSR technique was able to measure the isotropic hyperfine coupling, 4,4, and
splitting due to the ‘ipso’ proton, Ay, in excellent agreement with literature values.

Future developments of the RF-pSR technique will seek to improve the resolution of
the resonance scans, in order to observe further splittings, by reduction of power
broadening effects or by the use of a single 90° pulse.
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Ferrocene, siloxanes and radicals —
recent results from computational
chemistry

R.M. Macrae (Marian College)

Summary

The cyclohexadienyl radical (CsH7) has often been used as a test case for the
calculation of hyperfine coupling constants by open-shell ab initio computational
techniques. The large amount of available experimental data on this radical makes
detailed comparisons between different methods possible. From such studies it is
found that, in general, for radicals, ROHF seriously underestimates spin polarisation
effects, UHF overestimates them, Post-HF methods are costly, strongly basis set
dependent and nontrivial to apply but hybrid DFT offers good results at reasonable
computational cost.

For the free H case, calculation of the spin density using open-shell HF with a basis
augmented with additional compact s-functions converges to the exact (Schrédinger)
result whereas B3LYP tends to a higher limit. Comparison of HF and DFT methods
as applied to the study of H trapping in octasilsesquioxanes shows that UHF methods
lead to qualitatively incorrect spin density surfaces. Consequently, detrapping of H
from the cage was found to be better modelled by hybrid DFT methods (subject to
scaling) reproducing the qualitative behaviour of both the H isotropic hyperfine
couplings and #’Si superhyperfine couplings.

Computational chemists using different levels of theory have studied ferrocene, the
prototypical metallocene, extensively over many years. However, H atom addition (in
analogy of Mu) to the neutral species has not previously been treated. The results of
recent DFT calculations suggest that although H/Mu addition to both Fe and
cyclopentadiene (Cp) sites is predicted it is addition to Cp which is favoured. In
addition, no evidence of an agostic species was found, in contrast with computations
based on the protonated ferrocene cation. This can be attributed to the puckered-ring
conformation adopted by the radical species. The effect of this ring puckering in the
Cp adduct may be important for determining both the size of hyperfine coupling and
the extent of its temperature dependence.
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A strategy for the measurement of
the vibrations of a muoniated
radical centre: Experimental
evidence

F.L. Pratt (RAL)

Summary

The combination of pulsed illumination and pSR offers a new way to
spectroscopically identify muoniated radical states by utilising the vast database of
hydrogenic vibrational frequencies. The anharmonicity of the vibrational potential
leads to a difference in the hyperfine tensor between excited vibrational states and the
ground state. Long lifetimes for excited states make detection by light emission very
difficult but studies become feasible using absorption combined with state detection
via the muon polarization.

An initial experiment was carried out using an oriented single crystal of
benzophenone in which a single type of muoniated radical could be formed with a
unique orientation of its hyperfine tensor (previously determined to be 19° to the c-
axis). Pulsed illumination at A > 850 nm resulted in a light-induced asymmetry
change being observed in the repolarisation data; the magnitude of which was in
agreement with a theoretical calculation based on ethanal.

Having demonstrated the principle of the technique, further work is planned but will
require a high-power, tuneable source of illumination and finer control of field and
sample orientations.
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Muonium laser chemistry: Some
experimental results

K. Ghandi (University of British Columbia)

Summary

The combination of laser light and RF-uSR holds the possibility for a better
understanding of muonium (Mu) formation and its reaction dynamics, reaction
selectivity and the transient chemistry involved in Photodynamic Therapy (PDT). In
PDT, oxygen radicals are used to cause death in cells (cancerous or bacterial)
previously treated with a photosensitiser.

The first step in demonstrating the new technique is the construction of a sample cell
capable of bring laser light into “contact” with the muoniated sample and the
observation of a Mu/laser interaction. Preliminary experiments using such a cell
without laser illumination have demonstrated the formation of muonium within the
cell volume at the low pressures required. In addition, separate experiments suggest
that laser excitation at 532 nm in water has a marked effect on Mu formation. A
possible explanation for this observation is the quenching of an important Mu
formation pathway due to optical absorption by the hydrated electron. Further
avenues of research were also suggested.

For application to PDT studies, the reaction of Mu with O, is important and results
suggest that laser illumination can bring about a reduction in the rate of this reaction
either by direct perturbation of the H,O molecule or by solvent fluctuations.

In a final study, the interaction of laser light with the muoniated Rose Bengal
molecule was investigated. Zero field data suggests that the signal coherent with
delayed laser excitation was detected. If confirmed, this would allow a wide range of
physical and chemical parameters to be determined and an outline strategy for the
characterisation of diamagnetic molecules is presented.

In the future, this combination of techniques could lead to the study of radical
dynamics and kinetics in the excited state and that of free radicals and other transients
associated with PDT.
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ZF experiments on powder
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