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ABSTRACT

It has been claimed that longitudinal field muon spin relaxation (LF-uSR) experiments on the organic semiconductor (OSC) tris-
(8-hydroxyquinoline)aluminum(III) (Alqs) have measured electron hopping rates of ~10'* s™', while density functional theory (DFT)
calculations suggest that electron hopping between a muoniated radical and a neighboring molecule is energetically unfavorable and that
the LF-uSR experiments were probing muoniated radicals with localized spin density. We have performed avoided level crossing muon spin
resonance (ALC-uSR) and transverse field muon spin rotation (TF-ySR) measurements on Alqs and 8-hydroxyquinoline (8hq), which is
meant to model the muoniated radicals present in Alqs when they are not in an OSC. These are supplemented by benchmarked DFT cal-
culations. The ALC-uSR and TF-uSR spectra of 8hq and Alqs are best explained by Mu adding to all six secondary carbons of the quinolate
rings with roughly equal yields and localized spin density. There is no evidence in the TF-uSR spectrum of Alqs for the formation of radicals
with muon hyperfine coupling constants of 23 or 91 MHz as reported earlier by others. Our measurements support the view that there is
localized spin density on the molecule to which Mu is covalently bound and the muon is not a passive probe in organic systems as it can
be incorporated into radicals that have different electronic structures to the parent compounds. The muoniated radicals in Alqs are more
short—17ived1 than in 8hq, which could be due to interactions with mobile electrons in the OSC, but with electron spin flip rates on the order
of ~10” ™.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0105200

I. INTRODUCTION

Throughout the history of the muon spin rotation, relaxation,
and resonance (uSR) technique, there have been questions con-
cerning whether it is accurately probing the material or whether
the perturbations caused by the muon stopping in the sample give
rise to distorted views of the local environment. Whether it is an

“innocent” probe or not depends on what material is being studied.
The most well-known example of muons being a perturbation is
in semiconductors such as GaAs where the muon is not probing
the pristine local environment around it but instead forms bond-
centered muonium (Mu), where there is hyperfine coupling to the
unpaired electron it has brought with it." Another example is muons
in Pr,Sn,07, a rare earth pyrochlore, where the presence of the
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muon changes the crystal field around the rare earth ion and results
in the muon probing something very different from the pristine
crystal.” In many chemical systems, muons are undoubtedly a per-
turbation because they form Mu, which can react with unsaturated
bonds to produce a muoniated radical. Muoniated radicals have a
very different electronic structure to the parent diamagnetic com-
pound. These radicals can be used as local probes of materials when
studying dynamics of a particular component such as a cosurfac-
tant in bilayers or micelles,” ~ but whether they can be used to
study electron hopping is controversial due to the different elec-
tronic structure. The SR technique and its applications in the study
of free radicals have been recently reviewed.”” In this paper, we con-
sider whether muons are innocent probes in organic semiconductors
(OSCs).

OSCs are materials having tremendous technological applica-
tions. Tris(8-hydroxyquinoline)aluminum(III) (Alqs) is an OSC that
is one of the most frequently used low-molecular weight materi-
als for organic light-emitting devices (OLEDs).” Alqs consists of an
aluminum atom with three bidentate 8-hydroxyquinolate (8hq) lig-
ands in an octahedral geometry (Fig. 1). In the crystal, there is good
n—m orbital overlap between ligands of different molecules along
the ¢ axis, and this results in highly one-dimensional motion of
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charge carriers. ySR measurements on Alqs were reported in 2008.”
There, it was assumed that Mu adds to Algs to give multiple types
of muoniated radicals (Mu-Algs) with an average isotropic muon
hyperfine coupling constant (hfcc) or A, of 425 + 20 MHz, based
on the repolarization curve. The signals due to these radicals were
not observed in the transverse field muon spin rotation (TF-uSR)
spectrum at 0.25 T. Instead, two types of radical with much smaller
muon hfces (23 + 1 and 91 + 1 MHz) were observed at low temper-
ature (10 K) but not at 290 K. The inset in Fig. 3 of Ref. 9 shows the
10 K FFT spectrum and compares it to the 290 K longitudinal field
(LF) decoupling behavior. These signals were not assigned. Longitu-
dinal field muon spin relaxation (LF-uSR) spectra were obtained as
a function of an applied longitudinal magnetic field. The muon spin
polarization relaxed slowly and it was not obvious which relaxation
function should be used to fit the spectra. The authors hypothe-
sized that the relaxation of the muon spin in the longitudinal field
was due to long-range diffusion of the unpaired electron, which was
introduced by the reaction of Alqs with Mu. The LF-uSR spectra
were then analyzed using the Risch-Kehr (RK) function,'’ which
was developed for systems where there is long-range diffusion of the
unpaired electron, such as in trans-polyacetylene.'"'” Tt is impor-
tant to note that other relaxation functions could also have resulted

FIG. 1. Structure of the meridional iso-
mer of tris(8-hydroxyquinoline)aluminum
(111) (Algs) with the numbering of the posi-
tions on the A ligand and the structures
of the most likely Mu adducts of the A
ring. Radicals with similar structures will
form by Mu addition to the B and C rings
of Algs.

T

N
TN ' N
O/,,,, N
Al
O/ , \O
3 N
A

J. Chem. Phys. 157, 064702 (2022); doi: 10.1063/5.0105200 157, 064702-2

Published under an exclusive license by AIP Publishing


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

in comparable fits of the spectra. The magnetic field dependence of
the RK relaxation parameter led to the conclusion that the unpaired
electron was hopping at the rate of (1.4 +0.2) x10'2 s™* at 290 K.
The interest in these measurements stems from the claim that ySR
could be used to measure the intrinsic hopping rate of an elec-
tron in an OSC with very low concentrations of carriers due to
the feature of self-generation of carriers by muon implantation.'’
There is also the additional advantage that these measurements
are not susceptible to disorder-induced bottlenecks present in con-
ventional mobility measurements due to the muon being a local
probe.

One can only obtain sensible information from an LF-uSR
spectrum if one uses a relaxation function based on a physically
realistic model.'* The problem is that sometimes different relax-
ation functions, which imply different microscopic behavior in the
material, can fit spectra equally well. One can often not distinguish
between different models based on the quality of the fit. This is the
Achilles heel of the LF-uSR technique and is worst when one is ana-
lyzing spectra with slowly relaxing signals as in Alqgs. The preceding
analysis assumed that the muon just supplies the excess electron and
is an innocent observer as the electron diffuses through the sample
[Fig. 2(a)].

A different model has been proposed to explain the uSR exper-
iments on Alqs; rather than being a passive probe, the muon is a
significant perturbation and the muoniated radicals that are formed
have different electronic structures to Alqs. The structures of the
muoniated radicals formed by Mu addition to Alqs are shown in

(a) 7
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Fig. 1. Addition of Mu preferentially occurs at secondary unsatu-
rated carbons rather than tertiary carbons,'” so it was assumed that
Mu addition to each ligand of Alqs should produce six types of
substituted muoniated cyclohexadienyl radical. Mu is distinguish-
able from H, so Mu addition leads to a center of chirality at the
methylene carbon of the radical formed.'® Enantiomers give rise to
identical spectra in magnetic resonance, but the chirality of Algs
breaks the degeneracy and makes it possible to distinguish between
the diastereomers formed by Mu addition of different sides of the
ligand rings. The result is that there are 36 distinguishable radicals
(3 ligands x 6 addition site x 2 orientations). Density functional the-
ory (DFT) calculations at the UB3LYP/6-31G(d,p) level of theory
showed that the muoniated radicals have a very different electronic
structure to the parent compound Algs and it is energetically unfa-
vorable for electron transfer in either direction between Alqs and the
muoniated radical (ranging from 4.09 to 5.68 eV) [Fig. 2(b)]."” This
implies that the unpaired electron is localized on the molecule where
Mu is covalently bound.

As a way to distinguish between the “innocent” muon and
strongly interacting muon models, the muon and methylene pro-
ton hfccs for the Mu adducts of Alqs, which are proportional to
the unpaired electron spin density at the nucleus [|y(0)|*], were
obtained from DFT calculations reported in 2010.!” Resonances
can be observed in the avoided level crossing resonance spectrum
(ALC-uSR) and the resonance fields (Bres) are related to the hfccs.
Two types of resonances are typically observed; they are character-
ized by the selection rule AM = 0 and +1, where M is the sum of the
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FIG. 2. (a) Muon as a passive observer.
The Gibbs energy for electron transfer,
AG, is 0 and the reorganization energy
for electron transport, A, was calculated

Alg; Alg, Mu-Alq; Algs
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H
oMo by Lin et al.’® (b) Muon as a perturba-

tion; the energy levels of the muoniated
radical are different from those of
the parent compound. AG® and A for
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[UB3LYP/6-31G(d,p)].!”  The singly
occupied molecular orbital lies between
the HOMO and LUMO of Alqgs. The large
AG® and A values indicate the unpaired
electron is localized on the molecule
bound to the muon.
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m, quantum numbers of the muon, electron, and nuclear spins. The
resonances are referred to as Ag and A; resonances, respectively. The
A resonance field is given by

A A
: m R e 2 1)
2yu 2y

where y, and y, and the muon and electron gyromagnetic ratios,
respectively. The A; resonance is only observed when the radical is
undergoing anisotropic motion or very slow isotropic reorientation,
such as in a solid. The Ag resonance field is given by

BY = 11 A= Ax  Au+ Ax , 2)
2] yu—yx Ve

where py is the nuclear gyromagnetic ratio. Ao resonances in the
solid state tend to be much broader than A; resonances and, thus,
smaller in amplitude. An example of this would be the Mu adducts
of [2.2]paracyclophane where A resonances were not observed
even though the A; resonances were very strong.'” Based on the
DFT calculations in Ref. 17, multiple A; resonances were predicted
in the ALC-uSR spectrum of Alqs between ~0.8 and 1.7 T. The
observation of A; resonances in this field range with a full-width-
at-half-maximum of ~0.1 T would be incompatible with an electron
hopping at the rate of (1.4+0.2) x 10" s7* over a number of
molecules. This assertion is supported by simulations performed
using the Quantum Monte Carlo simulation program (Fig. 3).”" The
simulations were performed on 10 molecules, one of which has Mu
covalently bound; when the unpaired electron is on this molecule,
there is a nonzero muon hfcc (isotropic muon hfcc = 250 MHz and
dipolar muon hfcc = 10 MHz), and when it is on the other molecules,
A, is zero. The A resonance broadens substantially for electron hop
rates of 10°-10” s™! and disappears when the electron hop rate is
comparable to the isotropic muon hfcc. A new resonance forms at
1/10th the magnetic field of the original resonance when the elec-
tron hop rate is much larger than A, and is due to the unpaired
spin density being equally distributed over the ten molecules. Elec-
tron hopping at ~10'* s™" in a system containing a larger number of
molecules would lead to the resonance going to zero field and dis-
appearing as the unpaired electron spin density is distributed over a
large number of molecules and would tend to zero at the muon.

In 2013 ALC-uSR measurements were performed on Alqs at 10
and 300 K.*' The ALC-uSR spectra were modeled using the Quan-
tum Monte Carlo simulation program.”’ It was claimed that both the
isotropic and dipolar muon hfccs as well as electron spin relaxation
rates of five types of muoniated radical could be determined from
modeling the spectra.”’ We contend that it was not possible to deter-
mine these 20 parameters from overlapping resonance with only
~70 data points, especially with the errors that were reported. Never-
theless, the observation of multiple overlapping resonances between
~1.0 and 1.6 T appears to validate the calculations of McKenzie.!”
However, in several recent reviews, Nuccio ef al.”” and Wang et al.”’
have cast doubt on the calculations of McKenzie and extolled calcu-
lations that were reported in the Ph.D. thesis of Willis.”* Wang et al.
note that “only two of the eight known radical states are in good
agreement with experimentally derived values. The remaining six

ARTICLE scitation.org/journalljcp
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FIG. 3. Simulated ALC-uSR spectra for electron hopping between 10 molecules
where Mu is bound to one. There is a nonzero muon hfcc (isotropic muon hfcc
A, = 250 MHz and dipolar muon hfcc D, = 10 MHz) when the unpaired electron is
on the same molecule as the muon and zero hyperfine coupling when the electron
is on one of the other nine molecules. The curves correspond to different electron
hopping rates between adjacent molecules. The resonance is a A resonance.

are either not predicted to be present or there are significant differ-
ences (of up to 40%) in the experimentally derived and theoretically
predicted hfccs” and “benchmarking of the DFT methodology used,
and it could be that these discrepancies could be minimized if a
more thorough investigation was carried out.” We contend that it is
more important to look at the pattern of the predicted and measured
hyperfine couplings rather than whether there is exact agreement in
the values.

It was claimed that the calculations reported by Willis were
closer to the experimental values; however, these calculations used
a demonstrably inferior computational method, specifically the
semiempirical PM3 for geometry optimization. Curioni et al. found
the PM3 method significantly overestimated the Al-N bond lengths
and underestimated the Al-O bond lengths while calculations with
the BLYP density functional were much closer to the experimen-
tal values.” The calculations reported by Willis did not account for
the light mass of the muon on the hfccs, which increases the muon
hfce by ~28% for the Cs HsMu radical.”® The claim of better agree-
ment with experimental values can be considered accidental at best,
especially given the over-parameterized fits.

The goal of this paper is to characterize the muoniated radi-
cal states in Alqs and determine whether the observed spectra are
consistent with localized spin density or rapid electron hopping. We
have chosen to study the muoniated radicals formed by Mu addition
to the quinolate ring when they are not in an OSC, and so would
not expect rapid electron hopping. Ideally, we would study isolated
Algs molecules, but Algs is not sufficiently soluble in any suitable
solvent for uSR measurements. Instead, we studied the 8hq ligand on
its own and obtained ySR spectra and performed DFT calculations.
8hq is not an OSC like Alqs, but the resulting radicals formed by Mu
addition to 8hq will have very similar structures to the Mu adducts
of Alqs (Fig. 4). We obtained an ALC-uSR spectrum of 8hq from

J. Chem. Phys. 157, 064702 (2022); doi: 10.1063/5.0105200
Published under an exclusive license by AIP Publishing

157, 064702-4


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

8hg  OH

md’ H

0 to 2.5 T and a high-statistics TF-uSR spectrum at 1.45 T. We cal-
culated the hyperfine coupling constants of the possible muoniated
radicals with a larger basis set [UB3LYP/6-311+G(d,p)], accounted
for vibrational averaging effects, and extensively benchmarked the
calculations against similar muoniated radicals. We have compared
the results on 8hq with improved uSR spectra and DFT calcula-
tions of Alq3. We have obtained a higher-quality ALC-uSR spectrum
of Algs at 298 K over a wider magnetic field range (0-3.4 T)
than previously reported and high-statistics TF-uSR spectra at 0.25,
1.45, and 3.0 T. We have also calculated the isotropic and dipolar
hfces of the Mu adducts of Algs in the same manner as the Mu
adducts of 8hq.

The ALC-uSR and TF-uSR spectra of 8hq and Algs are con-
sistent with the radicals produced by addition to the six secondary
carbons on the quinolate ring being formed in approximately equal
amounts. This should be contrasted with radicals formed in the lig-
uid state, where there is a clear preference for the lower energy prod-
ucts.'” The radicals were observed in the TF-uSR spectra, although
this generally required short time windows for the Fourier transform
as the radicals, particularly in Alqs, have large spin relaxation rates.
The muoniated radicals with muon hfccs of 23 + 1 and 91 + 1 MHz
reported by Drew et al. were not observed.

This paper conclusively demonstrates that the muoniated rad-
icals formed in Algs have localized spin density and suggest that
the model proposed by Drew et al. involving electron hopping at
rates of (1.4 + 0.2) x 10'2 s is incorrect. This is likely the case as
well for other OSCs studied by SR, such as Spiro-DPO.”” This does
not mean that muoniated radicals do not provide information about
OSC. The broadening of the ALC resonances in Alqs due to electron

ARTICLE scitation.org/journalljcp

FIG. 4. Structure of 8-hydroxyquinoline
(8ha) with the numbering of the positions
on the aromatic ring and structures of the
radicals produced by Mu addition to the
secondary aromatic carbons of 8hq.

spin flips of ~10” s™' could result from spin-exchange reactions

between the muoniated radical and mobile carriers in the OSC and
this should be investigated further.

Il. EXPERIMENTAL

8hq and Alqs were purchased from Sigma-Aldrich and used
without further purification. Alqs was encapsulated in a packet made
of 25 um silver foil measuring 1 x 1 cm?. This packet was placed on
a silver backing with Apiezon N grease and held in place with a thin
film of x-ray Mylar. 8hq was encapsulated in an Al sample cell with
a thin Ti foil window.

ALC-uSR measurements on 8hq and Algs at 298 K were per-
formed using the HELIOS spectrometer on the M15 beamline
at TRIUMEF. The spin polarization was antiparallel to the muon
momentum. Both samples were mounted in a cold-finger cryo-
stat, which was inserted axially in the HELIOS spectrometer. The
ALC-uSR spectra were obtained by scanning the magnetic field with
steps of 20 mT and are the average of multiple scans. TF-ySR mea-
surements were made with the spin polarization rotated by 90° to
the muon momentum. The magnetic field was calibrated at several
points within the range of the ALC-uSR spectrum by measuring the
precession frequency of diamagnetic muons.

ALC resonances were observed on a nonlinear background
that is due to the changes in the beam spot with applied field and
field-dependent positron trajectories. The main background was
accounted for by running the silver backing plate and fitting this
spectrum with a sixth-order polynomial. Least-squares fitting of
multiple Lorentzians and third-order polynomial background was
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applied to the corrected data using a procedure based on the Minuit
function minimization library. The fits to the background-corrected
and raw data were visually compared in addition to obtaining an
acceptable minimized x* value for the least-squares fit. The res-
onances width and amplitude were strongly correlated with the
background.

TF-uSR measurements on 8hq at 298 K were performed using
the HELIOS spectrometer in a magnetic field of 1.45 T. TF-uSR
measurements of Alqs at 298 K were performed on the HELIOS
spectrometer in a magnetic field of 1.45 T. TF-uSR measurements of
Algs at 10 and 298 K were performed on the HAL-9500 spectrometer
at Swiss Muon Source (Paul Scherrer Institute, Villigen, Switzerland)
in magnetic fields of 0.25 and 3.0 T.

DFT calculations were performed using the Gaussian 09 pack-
age of programs. The structures were optimized using the unre-
stricted B3LYP functional and the 6-311+G(d,p) basis set. Muonium
was treated as an isotope of hydrogen with a magnetic moment of
8.890 597 uy. The light mass of the muon was treated in a manner
suggested by Roduner.”® The structure was first optimized with no
constraints. The structure was then reoptimized with the bond cor-
responding to the C-Mu bond constrained at a length 4.9% longer
than the optimized value.

ALC-uSR  spectra were simulated using the program
Quantum.”’ Only the A; and methylene proton Ay resonances
were simulated for each radical.

ARTICLE scitation.org/journalljcp

I1l. RESULTS AND DISCUSSION

A. Benchmarking DFT calculations for related
muoniated radicals

A criticism made about the DFT calculations in Ref. 17 was that
the calculated hyperfine coupling constants did not match the val-
ues reported by Nuccio et al.’' This could be due to errors either in
the calculations or in the previous ySR measurements. The first step
to resolving this controversy is to validate the DFT calculations by
comparing the calculated values for several muoniated radicals with
the experimentally measured muon and methylene proton hfccs.
These are reported in Table I. There is very good agreement between
the experimental and calculated values; the average magnitude of
the % difference is 2.2% for A, and 3.4% for A;. The results of the
benchmarking calculations suggests that the computational method
used in this paper is appropriate for the study of muoniated rad-
icals formed by Mu addition to aromatic systems and containing
heteroatoms.

B. DFT calculations of the Mu adducts of 8hq
and simulated ALC-uSR spectra

The ALC-uSR spectra of the Mu adducts of 8hq can be modeled
using the calculated muon and methylene proton hyperfine para-
meters listed in Table IT and the supplementary material. The overall
ALC-uSR spectrum depends on the relative yield of each of the

TABLE 1. Benchmarking DFT calculations [UB3LYP/6-311+G(d,p)] on muoniated radicals by comparing the calculated muon
and methylene proton hyperfine coupling constants with the corresponding experimental values. The numbering is based on
the IUPAC nomenclature. The calculated hfccs were obtained by fixing the C-Mu bond to be 4.9% longer than the optimized
value and partially optimizing all other parameters. Muonium was treated as an isotope of hydrogen with a magnetic moment

0f 8.890597 .
Parent Site A;®” (MHz) AJ (MHz) % diff.  Ap® (MHz) AF (MHz) % diff.
Benzene' 1 514.409 517.39 057  126.04 130.53 3.44
Furan® 2 3788 377.59 -0.32  100.2 9828  -1.95
uran 3 497.0 47891°  -3.78 130 12569°  —3.43
Pyridingd 2 5268 533.68 129 1256 131.03 415
yrdme 3 503.9 518.00 2.72 118.1 125.35 5.79
o 357.0 372.04 4.04
Naphthalene 4365 43820 0.39
Trishenvlene | 40967 412.04 057 1012 104.96 3.58
FPREnYIEne 5 43940 465.43 5.59 107.69 11291 4.63
1 347.35 348.35 0.29 88.13 90.96 3.11
2 40225 406.55 106  100.93 103.46 245
Fluoranthene®* 3 263.87 277.47 4.90 68.81 71.43 3.67
7 43486 446.52 2.61 111.01 114.30 2.88
8 34895 360.43 3.18 91.50 92.98 1.59

*Experimental values from Ref. 26.
PExperimental values from Ref. 29.

“Boltzmann average of two structures at 298 K assuming rapid interconversion.
dExperimental muon hfcc from Ref. 30 and methylene proton hfcc from Ref. 31.

“Experimental values from Ref. 32.
‘Experimental values from Ref. 15.
8Experimental values from Ref. 33.
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TABLE |I. Calculated [UB3LYP/6-311+G(d,p)] muon hfccs and relative energies of
the Mu adducts of 8-hydroxyquinoline. The calculated hfccs were obtained by fixing
the C-Mu bond to be 4.9% longer than the optimized value and partially optimizing all
other parameters. Muonium was treated as an isotope of hydrogen with a magnetic
moment of 8.890 597 wy.

Radical A, (MHz) A, (MHz) B (T) B (T)  AE(eV)
2 416.77 105.51 1.53 1.66 0.233
3 437.29 107.62 1.61 1.76 0.293
4 385.60 98.53 1.42 1.54 0.058
5 305.85 69.34 1.12 1.27 0.000
6 438.76 112.92 1.61 1.74 0.291
7 354.44 92.09 1.30 1.40 0.095

muoniated radicals and we have accounted for this by summing up
the individual spectra multiplied by a factor representing the proba-
bility that it is formed. We considered two possibilities in simulating
the overall ALC-4SR spectrum. The first was that the relative yield
of each type of muoniated radical depends on the rates that the rad-
icals are formed. The amount of each type of radical that could form
is the result of competition kinetics. The relative yield (Pg,) of the
muoniated radical R; is given by
R’ .
Py, = SR ©)
Ziky[R]]

where k), is the second-order rate constant for reaction j and [R;] is
the concentration of the jth reaction partner. This can be the concen-
tration of different molecules or different sites on the same molecule.
This is observed for Mu addition in the liquid state.” Since we are
considering different sites on the same molecule and each site is
present in the same amount, Eq. (3) reduces to

Ky
Py = % )
Ziky;
The relative yield just depends on the rate constants for addition at
the different sites. We will also assume that the rate constants can be
described by the Arrhenius equation,

2 g
kY = Ae T, (5)

where E,; is the activation energy, kg is the Boltzmann constant, and
T is the temperature.

According the Bell-Evans-Polanyi hypothesis, the activation
energy is linearly related to the reaction enthalpy (AH;) for a series
of related single-step reactions,*

Eaj = Eo + aAH;, (6)

where a is a measure of “lateness” of the transition state (0 > o > 1).
This indicates that the activation energy is lower for more exother-
mic reactions (i.e., more negative AH). The corollary to this is the
reaction is fastest for the pathways that generate the most stable free
radical.

In order to simulate the overall spectrum, we have made several
assumptions for addition of Mu at the different sites; (1) the pre-
factor, A, is the same; (2) the “lateness” of the transition state, a,
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FIG. 5. Simulated ALC-uSR spectra of 8hq powder with an electron spin flip rate
of 1 us~" (a) with the relative yield of each type of muoniated radical is given by
the Boltzmann weighting with respect to the relative energy of the radical at 298 K
(7) and (b) every muoniated radical formed in equal amount.

is the same; and (3) AH; ~ AHy + AE;, where AH, is the reaction
enthalpy for the most exothermic reaction and AE; is the difference
in the internal energy of the muoniated radical R; and that of the
lowest energy product. Combining the two previous equations and
applying our assumptions gives

o ME/ksT

PR, = Eje,AEJ/kBT' (7)

The relative yields, Pg,, were used to produce the spectrum shown

in Fig. 5(a). We also considered the possibility that the six types
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FIG. 6. Background-subtracted ALC-4SR spectra of 8hg powder at 298 K.
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FIG. 7. TF-uSR spectra of 8hg powder at 298 K with a Fourier transform window
of 5 ns-0.7 ps.

of muoniated cyclohexadienyl radical formed by addition to the
secondary carbons of the aromatic ring were formed with equal
probability, i.e., Pr, = 1/6. The simulated ALC-uSR spectrum for this
scenario is shown in Fig. 5(b). In both cases, the amplitude of the Ay
resonances were negligible compared with the A; resonances.

C. uSR measurements of 8hq

The ALC-uSR and TF-uSR spectra of 8hq powder at 298 K
are shown in Figs. 6 and 7, respectively. There are four distinct

ARTICLE scitation.org/journalljcp

TABLE lIl. Muon hyperfine coupling constants of the Mu adducts of 8-hydroxy-
quinoline powder at 298 K determined by ALC-4SR and TF-uSR spectra.

Radical (s) ALC-uSR A, (MHz) TF-uSR A, (MHz)
5 271.6 £0.3 267 £2
7 288.9 £ 0.5 289 +2
4 345.8 + 0.4 347 £ 2
2 400.0 £ 0.4 399 £2
3,6 432 +£2 410 £5

peaks in the ALC-uSR spectrum with a shoulder to the highest field
peak, suggesting additional unresolved resonances. The experimen-
tal spectrum greatly resembles the simulated spectrum where all of
the radicals are formed in equal amounts. This could indicate that
Mu is not thermalized prior to addition. There are also four radical
frequencies in the TF-uSR spectrum and the peak at ~40 MHz is con-
siderably broader than the other radical lines, which could indicate
unresolved signals. The resonances in the ALC-uSR spectrum can
be identified as A; resonances due to the resulting A, values match-
ing those obtained from the radical lines in the TF-uSR spectrum
(Table I1T). The width of the resonances indicates that there is no
significant electron hopping (Fig. 2).

The resonances were assigned by comparing the experimen-
tal ALC-uSR spectrum with the simulated spectrum. The calculated
hfccs are about 20% larger than the measured values, but there are
clear similarities between the experimental spectrum and the simu-
lated spectrum in which all possible radicals are formed with equal
yield. Our assignment is based on the pattern of the resonances
and a comparison with the DFT calculations. These are given in
Table I1I and shown in Figs. 6 and 7. The smaller measured A, val-
ues could indicate a small amount of delocalization of the unpaired

TABLE IV. Calculated [UB3LYP/6-311+G(d,p)] muon hfccs and relative energies of the Mu adducts of Algs. The labeling of
the muoniated radicals is based on the numbering scheme in 1 with the final number indicating different orientations of the
muon with respect to the molecule. The calculated hfccs were obtained by fixing the C-Mu bond to be 4.9% longer than the
optimized value and partially optimizing all other parameters. Muonium was treated as an isotope of hydrogen with a magnetic

moment of 8.890 597 .

Position A, (MHz) AE (eV) Position A, (MHz) AE(eV) Position A, (MHz) AE (eV)
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TABLE V. Calculated A4 resonance field ranges of the Mu adducts of Algs determined
using the hyperfine parameters in Table IV.

Radical (s) Ay (T)

0.739-0.804
0.935-0.999
1.039-1.124
1.075-1.326
1.469-1.620
1.585-1.631

AW RN WG

spin density onto neighboring molecules but are more likely due to
small changes in the structure due to interactions with neighboring
molecules in the solid state.

D. DFT calculations of the Mu adducts of Alqz
and simulated ALC-uSR spectra

The calculated A, values and relative energies of the Mu
adducts of Alqs are listed in Table I'V. The calculated A; resonance
field ranges are listed in Table V. There exist much larger differences
between the A, values of diastereomers in this case than there are in
the muoniated cyclohexadienyl radicals formed by Mu addition to
1-phenyl-ethylamine, 1-phenyl-ethanol, and cumene.'®

Spectra were simulated for each of the 36 muoniated radicals
listed in Table I'V using the isotropic and dipolar muon and methy-
lene proton hfccs (supplementary material). Spectra were simulated
first by assuming the relative yield of each type of radical is given
by a Boltzmann average of the calculated relative energies [Eq. (7)]
and then by assuming each radical is formed with equal yield
(Fig. 8).

1.0

0.9 -
0.8 -
0.7 -

0.6
1.0

0.9

0.8

Time-integrated Polarization

=AY+ A8

4
07 Ad 1 1 I
0.0 0.5 1.0 1.5 2.0 25 3.0

Magnetic Field (T)

FIG. 8. Simulated ALC-;SR spectra of Algz powder with an electron spin flip rate
of 20 us~" (a) with the relative yield of each type of muoniated radical given by
Boltzmann weighting with respect to the relative energy of the radical at 298 K (7)
and (b) every muoniated radical formed in equal amount.

ARTICLE

scitation.org/journalljcp

Corrected Asymmetry /%

0.0 0.5 1.0 1.5 2.0 25 3.0
Magnetic Field /T

FIG. 9. Background-subtracted ALC-uSR spectra of Algs powder at 298 K.

E. uSR measurements of Alq;

The background-subtracted ALC-uSR spectrum of Alqs at
298 K is shown in Fig. 9. There are several overlapping reso-
nances that are assumed to be A; resonances based on their ampli-
tude. There are two major resonances at ~1.08 and 1.41 T with
shoulders at ~0.85 and 1.62 T. The major resonances correspond to
A, values of ~294 and 384 MHz. The shoulders correspond to A, val-
ues of ~232 and 441 MHz. As with 8hgq, the ALC-uSR spectrum of
Alqgs most resembles the simulated spectrum where the radicals are
formed with equal yield. The situation where the muoniated radicals
are formed with a relative yield depending on their relative energy
results in a spectrum where the resonances are at much lower fields
than observed experimentally. We have not assigned the peaks in the
ALC-uSR spectrum of Algs to individual muoniated radicals as the
overlap makes this impractical.

TF-uSR spectra of Alqs at 298 and 10 K are shown in Fig. 10.
Fourier transforming over short time windows makes it possible to
detect signals due to short-lived muoniated radicals. There are over-
lapping powder spectra of several muoniated radicals with muon
hfccs on the order of 250-450 MHz. This is consistent with the
ALC-uSR spectra.

Drew et al. reported two types of muoniated radical with |A,|
of 23 + 1 and 91 + 1 MHz at 10 K and not, as implied, at 290 K.” We
found no evidence for muoniated radicals with hfccs in this range
in the TF-uSR spectrum of Alqs at either 10 or 298 K. This was true
for the TF-uSR measurements on HAL-9500 at 3.0 and 0.25 T and
HELIOS at 1.45 T (supplementary material).

The simulated resonances in the ALC-uSR spectrum are com-
parable in width to the experimental resonances when including an
electron spin flip rate of tens of s~ (Fig. 2). We suggest that this
means that there are dynamic processes that lead to the relaxation
of the muon spin in the OSC and this does not occur in 8hq. Grecu
et al. performed EPR measurements on non-doped Alqs and found
several paramagnetic defect centers corresponding to 1/2, 1, and 3/2
spin at room temperature.’® It is possible that the Mu adducts of
Algs interact with these paramagnetic states, particularly the state
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FIG. 10. TF-4SR spectra of Algs powder at 298 K (top) and 10 K (bottom) in a mag-
netic field of 3.0 T with different time windows for the Fourier transformation (fftw3
as implemented in musrfit®S). The horizontal lines denote the range of frequencies
corresponding to the muon hyperfine couplings determined from the ALC-uSR
measurement.

assumed to be the radical anion where the unpaired electron is
mobile, which could cause spin relaxation by the Heisenberg spin-
exchange reaction. The rate for this process is on the order of tens of
ps™", which is approximately five orders of magnitude slower than
that suggested by Drew et al.

IV. CONCLUSIONS

The magnitude of the A, values of the Mu adducts of 8hq and
Algs clearly shows that the unpaired electron spin density is local-
ized on the same Alqs molecule to which Mu is covalently bound.
No muoniated radicals with |A,| in the range of 23 + 1 and 91 + 1
MHz were observed in the TF-uSR spectrum. The observed muo-
niated radicals have substantially different energy levels compared
with the parent molecules and this results in the unpaired electron
being pinned. This indicates that uSR cannot be used to measure
the intrinsic hop rate of electrons in Alqs. ALC resonances were
observed in TIPS-pentacene”” and other organic semiconductors
based on polyaromatic hydrocarbons, so it is likely that a similar pin-
ning of the charge is occurring in these systems as well, but further

ARTICLE scitation.org/journalljcp

investigation is required. This is not to say that ySR studies of the
Mu adducts of Alqs and other OSC could not provide information
about organic semiconductors. The resonance widths are broader
than expected in Alqs and this could be due to interactions between
the muoniated radicals and other paramagnetic species in the OSC.
Further measurements are needed to see if the broadening is related
to the concentration of defects in Algs.

SUPPLEMENTARY MATERIAL

See the supplementary material for calculated muon and
methylene proton isotropic and dipolar hyperfine coupling con-
stants of 8-hydroxyquinoline and Alqs; and for additional TF-uSR
spectra of Alqs.

ACKNOWLEDGMENTS

The uSR measurements were performed at the Centre for
Molecular and Materials Science (CMMS) at TRIUMF under Exper-
iment No. M1496 and the Paul Scherrer Institute under Experiment
No. 20220949. We thank the CMMS staff for technical support. TRI-
UMEF is funded through the National Research Council of Canada,
and CMMS is supported by a Major Resources Support grant from
the Natural Sciences and Engineering Research Council of Canada.
This research made use of computing resources provided by West-
Grid and Compute/Calcul Canada. We thank Professor P. W. Perci-
val and Professor S. R. Giblin for useful discussions and Dr. A. Suter
for implementing additional features in musrfit.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Iain McKenzie: Conceptualization (equal); Formal analysis (equal);
Investigation (equal); Project administration (lead); Writing - orig-
inal draft (equal); Writing - review & editing (equal). Joseph
Cannon: Formal analysis (supporting); Investigation (supporting).
Danaan Cordoni-Jordan: Formal analysis (supporting); Investi-
gation (supporting). Brian P. Mulley: Formal analysis (support-
ing); Investigation (supporting). Robert Scheuermann: Concep-
tualization (equal); Formal analysis (equal); Investigation (equal);
Writing - original draft (equal); Writing - review & editing (equal).

DATA AVAILABILITY

Raw data were generated at the TRIUMF and Paul Scherrer
Institute large scale facilities. Derived data supporting the findings
of this study are available from the corresponding author upon
reasonable request.

REFERENCES

'B. D. Patterson, “Muonium states in semiconductors,” Rev. Mod. Phys. 60,
69-159 (1988).

2F. R. Foronda, F. Lang, J. S. Méller, T. Lancaster, A. T. Boothroyd, F. L. Pratt, S.
R. Giblin, D. Prabhakaran, and S. J. Blundell, “Anisotropic local modification of

J. Chem. Phys. 157, 064702 (2022); doi: 10.1063/5.0105200
Published under an exclusive license by AIP Publishing

157, 064702-10


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0105200
https://doi.org/10.1103/revmodphys.60.69

The Journal

of Chemical Physics

crystal field levels in Pr-based pyrochlores: A muon-induced effect modeled using
density functional theory,” Phys. Rev. Lett. 114, 017602 (2015).

5A. Martyniak, H. Dilger, R. Scheuermann, I. M. Tucker, 1. McKenzie,
D. Vujosevic, and E. Roduner, “Using spin polarised positive muons for studying
guest molecule partitioning in soft matter structures,” Phys. Chem. Chem. Phys.
8, 4723 (2006).

“I. McKenzie, R. Scheuermann, and 1. Tucker, “Partitioning of 2-phenylethanol
and limonene cosurfactants in Ci,E4,” Phys. Chem. Chem. Phys. 19, 9551-9557
(2017).

5L McKenzie, R. Scheuermann, I. Tucker, and B. P. Mulley, “Dynamics and
local environment of an aromatic counterion bound to di-chain cationic sur-
factant bilayers studied by avoided level crossing muon spin resonance: Evi-
dence for counterion condensation,” Phys. Chem. Chem. Phys. 23, 25542-25549
(2021).

61. McKenzie and E. Roduner, “Using polarized muons as ultrasensitive spin labels
in free radical chemistry,” Naturwissenschaften 96, 873-887 (2009).

71. McKenzie, “The positive muon and SR spectroscopy: Powerful tools for
investigating the structure and dynamics of free radicals and spin probes in
complex systems,” Annu. Rep. Prog. Chem., Sect. C: Phys. Chem. 109, 65-112
(2013).

8C. W. Tang and S. A. VanSlyke, “Organic electroluminescent diodes,” Appl.
Phys. Lett. 51, 913-915 (1987).

%A. J. Drew, F. L. Pratt, J. Hoppler, L. Schulz, V. Malik-Kumar, N. A. Morley,
P. Desai, P. Shakya, T. Kreouzis, W. P. Gillin, K. W. Kim, A. Dubroka, and R.
Scheuermann, “Intrinsic mobility limit for anisotropic electron transport in Algs,”
Phys. Rev. Lett. 100, 116601 (2008).

1R, Risch and K. W. Kehr, “Direct stochastic theory of muon spin relaxation in a
model for trans-polyacetylene,” Phys. Rev. B 46, 5246-5257 (1992).

K. Nagamine, K. Ishida, T. Matsuzaki, K. Nishiyama, Y. Kuno, T. Yamazaki,
and H. Shirakawa, “Solitons in polyacetylene produced and probed by positive
muons,” Phys. Rev. Lett. 53, 1763-1766 (1984).

12K, Ishida, K. Nagamine, T. Matsuzaki, Y. Kuno, T. Yamazaki, E. Torikai, H.
Shirakawa, and J. H. Brewer, “Diffusion properties of the muon-produced soliton
in trans-polyacetylene,” Phys. Rev. Lett. 55, 2009-2012 (1985).

'3F. L. Pratt, “Muon spin relaxation as a probe of electron motion in conducting
polymers,” . Phys.: Condens. Matter 16, S4779-S4796 (2004).

14S. 7. Blundell, R. de Renzi, T. Lancaster, and F. L. Pratt, Muon Spectroscopy: An
Introduction (Oxford University Press, 2022).

157.-C. Brodovitch, K. Ghandi, I. McKenzie, P. W. Percival, and J.
Schiith, “Free radicals formed by H(Mu) addition to triphenylene and
dodecahydrotriphenylene,” Physica B 374-375, 310-313 (2006).

'SE. Roduner and I. D. Reid, “Hyperfine and structural isotope effects in
muonated cyclohexadienyl and cyclopentyl radicals,” Isr. J. Chem. 29, 3-11
(1989).

'71. McKenzie, “DFT study of paramagnetic adducts of tris-(8-hydroxyquinoline)
aluminum (IIT),” J. Phys. Chem. A 114, 12759-12763 (2010).

8B, C. Lin, C. P. Cheng, Z.-Q. You, and C.-P. Hsu, “Charge transport properties
of tris(8-hydroxyquinolinato)aluminum(III): Why it is an electron transporter,”
J. Am. Chem. Soc. 127, 66-67 (2005).

91, McKenzie, R. Scheuermann, and K. Sedlak, “How do strain and steric
interactions affect the reactions of aromatic compounds with free radicals? Char-
acterization of the radicals formed by muonium addition to p-xylene and [2.2]
paracyclophane by DFT calculations and muon spin spectroscopy,” J. Phys. Chem.
A 116, 7765-7772 (2012).

207, 8. Lord, “Computer simulation of muon spin evolution,” Physica B 374-375,
472-474 (2006).

ARTICLE scitation.org/journalljcp

211, Nuccio, M. Willis, L. Schulz, S. Fratini, F. Messina, M. D’Amico, F. L. Pratt,
J. S. Lord, I. McKenzie, M. Loth, B. Purushothaman, J. Anthony, M. Heeney,
R. M. Wilson, I. Herndndez, M. Cannas, K. Sedlak, T. Kreouzis, W. P. Gillin,
C. Bernhard, and A. J. Drew, “Importance of spin-orbit interaction for the elec-
tron spin relaxation in organic semiconductors,” Phys. Rev. Lett. 110, 216602
(2013).

221, Nuccio, L. Schulz, and A. J. Drew, “Muon spin spectroscopy: Magnetism,
soft matter and the bridge between the two,” ]. Phys. D: Appl. Phys. 47, 473001
(2014).

K. Wang, L. Schulz, M. Willis, S. Zhang, A. J. Misquitta, and A. J. Drew,
“Spintronic and electronic phenomena in organic molecules measured with ySR,”
J. Phys. Soc. Jpn. 85,091011 (2016).

24M. Willis, “Muon spin relaxation as a probe of electron spin relaxation
in organic semiconductors,” Ph.D. thesis, Queen Mary University of London,
2012.

25A. Curioni, M. Boero, and W. Andreoni, “Alqs: ab initio calculations of its
structural and electronic properties in neutral and charged states,” Chem. Phys.
Lett. 294, 263-271 (1998).

26D, Yu, P. W. Percival, J.-C. Brodovitch, S.-K. Leung, R. F. Kiefl, K.
Venkateswaran, and S. F. J. Cox, “Structure and intramolecular motion of
muonium-substituted cyclohexadienyl radicals,” Chem. Phys. 142, 229-236
(1990).

27T P, 1. Saragi, Risdiana, L. Safriani, I. Kawasaki, J. Salbeck, and I. Watanabe,
“Muon-spin-relaxation study of organic semiconductor spiro-linked compound,”
Org. Electron. 14, 62-66 (2013).

28 Roduner, The Positive Muon as a Probe in Free Radical Chemistry: Poten-
tial and Limitations of the uSR Techniques, Lecture Notes in Chemistry Vol. 49
(Springer-Verlag, 1988).

29p, W. Percival, R. F. Kiefl, S. R. Kreitzman, D. M. Garner, S. F. J. Cox, G. M.
Luke, J. H. Brewer, K. Nishiyama, and K. Venkateswaran, “Muon level-crossing
spectroscopy of organic free radicals,” Chem. Phys. 133, 465-470 (1987).

30C. J. Rhodes, H. Morris, and L D. Reid, “Muonium atom addition to pyridine
and to the pyridinium cation,” Magn. Reson. Chem. 39, 438-442 (2001).

S McKenzie, H. Dilger, S. Hess, R. Scheuermann, A. Stoykov, and E. Roduner,
“Azacyclohexadienyl radicals in pyridine and ZSM-5 silicalite,” Physica B 404,
638-641 (2009).

32, D. Reid and E. Roduner, “Structure and hyperfine coupling constants
of radicals in muon-irradiated single-crystal naphthalene,” Struct. Chem. 2,
(211)419-(223)431 (1991).

337.-C. Brodovitch, B. Addison-Jones, K. Ghandi, I. McKenzie, P. W. Percival,
and J. Schiith, “Free radicals formed by H(Mu) addition to fluoranthene,” Can.
J. Chem. 81, 1-6 (2003).

34R. J. S. F. A. Carey, Advanced Organic Chemistry: Part A: Structure and
Mechanisms (Springer Nature, 2007).

35 A. Suter and B. M. Wojek, “Musrfit: A free platform-independent framework
for uSR data analysis,” Phys. Procedia 30, 69-73 (2012).

3€M. N. Grecu, A. Mirea, C. Ghica, M. Célle, and M. Schwoerer, “Paramagnetic
defect centres in crystalline Algs,” J. Phys.: Condens. Matter 17, 6271-6283
(2005).

*7L. Schulz, M. Willis, L. Nuccio, P. Shusharov, S. Fratini, F. L. Pratt, W. P. Gillin,
T. Kreouzis, M. Heeney, N. Stingelin, C. A. Stafford, D. J. Beesley, C. Bernhard, J.
E. Anthony, I. McKenzie, J. S. Lord, and A. J. Drew, “Importance of intramolec-
ular electron spin relaxation in small molecule semiconductors,” Phys. Rev. B 84,
085209 (2011).

J. Chem. Phys. 157, 064702 (2022); doi: 10.1063/5.0105200
Published under an exclusive license by AIP Publishing

157, 064702-11


https://scitation.org/journal/jcp
https://doi.org/10.1103/PhysRevLett.114.017602
https://doi.org/10.1039/b610414b
https://doi.org/10.1039/c7cp00668c
https://doi.org/10.1039/d1cp04575j
https://doi.org/10.1007/s00114-009-0538-5
https://doi.org/10.1039/c3pc90005c
https://doi.org/10.1063/1.98799
https://doi.org/10.1063/1.98799
https://doi.org/10.1103/physrevlett.100.116601
https://doi.org/10.1103/physrevb.46.5246
https://doi.org/10.1103/physrevlett.53.1763
https://doi.org/10.1103/physrevlett.55.2009
https://doi.org/10.1088/0953-8984/16/40/019
https://doi.org/10.1016/j.physb.2005.11.081
https://doi.org/10.1002/ijch.198900002
https://doi.org/10.1021/jp107824p
https://doi.org/10.1021/ja045087t
https://doi.org/10.1021/jp305610g
https://doi.org/10.1021/jp305610g
https://doi.org/10.1016/j.physb.2005.11.169
https://doi.org/10.1103/physrevlett.110.216602
https://doi.org/10.1088/0022-3727/47/47/473001
https://doi.org/10.7566/jpsj.85.091011
https://doi.org/10.1016/s0009-2614(98)00829-x
https://doi.org/10.1016/s0009-2614(98)00829-x
https://doi.org/10.1016/0301-0104(90)89084-4
https://doi.org/10.1016/j.orgel.2012.10.008
https://doi.org/10.1016/0009-2614(87)80060-x
https://doi.org/10.1002/mrc.863
https://doi.org/10.1016/j.physb.2008.11.118
https://doi.org/10.1007/bf00672235
https://doi.org/10.1139/v02-191
https://doi.org/10.1139/v02-191
https://doi.org/10.1016/j.phpro.2012.04.042
https://doi.org/10.1088/0953-8984/17/39/012
https://doi.org/10.1103/physrevb.84.085209

