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Molecular dynamics in a nematic liquid crystal probed by implanted muons
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We present the first muon spin rotation/relaxation study of a nematic liquid crystal~5CB!. We identify four
different positions for muonium addition to this compound by correlating the dominant peaks in the Fourier
transform of the muon precession signal obtained in an applied transverse magnetic field. Experiments per-
formed in a longitudinal field are used to probe changes inindividual molecular dynamics at the solid-nematic
transition. High field avoided level crossing spectroscopy reveals fourDM50 transitions which can be fitted
using simplified models ofcollectivemolecular dynamics appropriate to the solid, nematic, and liquid phases.
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I. INTRODUCTION

The uniaxial nematic~N! mesophase of a liquid crystal i
a state of matter which exhibits symmetry properties int
mediate between those of a solid~S! and an isotropic liquid
(I ).1 In the N phase, molecules have translational freed
and orientate preferentially along one particular axis, wh
is defined by a unit vector called the directorn. This orien-
tationally ordered phase arises due to packing constrain
the rod-like molecules.2 The N phase has been investigate
by a variety of experimental techniques and there has b
significant theoretical interest in the nature of the molecu
dynamics.1 Nuclear magnetic resonance~NMR! measure-
ments have elucidated many of its dynamical propertie3

The usefulness of the positive muon, an alternative lo
magnetic probe, has recently been established in dynam
studies of small organic molecules,4 but so far this technique
has not been applied to liquid crystals.

To demonstrate the feasibility of applying the muon sp
rotation/relaxation (mSR) technique5,6 to nematics we
present the results of measurements carried out on the n
atic compound 4’-n-pentyl-4-cyanobiphenyl~5CB!, whose
molecular structure is shown in Fig. 1. It has aS-N transition
at 24 °C and aN-I transition at 35 °C. It is chemically the
simplest nematic mesogen known and is thus a good ch
for this first investigation.

The paper is divided into five sections. Section II d
scribes the procedure for determination of the muon s
Section III describes the results of experiments perform
with a longitudinal magnetic field which we explain by usin
a model of individual molecular dynamics, not specific to t
liquid crystal phase. Section IV discusses avoided le
crossing resonance experiments which can be explaine
considering director fluctuations in the nematic phase.
Sec. V we present our conclusions and compare our res
with NMR.
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II. TRANSVERSE FIELD µSR AND MUON SITES

Transverse field muon spin rotation (TFmSR) measure-
ments were performed using the general purpose de
channel spectrometer at the Paul Scherrer Institute~PSI,
Switzerland!. In these experiments a beam of spin polariz
muons was implanted into the sample of 5CB. These mu
are polarized longitudinally with respect to the beam dire
tion and the field is applied transverse to this. The time
pendence of the decay angles of positrons emitted by
muons is recorded by a series of fast scintillation count
positioned upstream and downstream of the muon be
Since the decay positrons in this weak decay are emi
preferentially in the opposite direction to the muon spin
can obtain the time evolution of the ensemble mu
polarization.4

In 5CB, as in other organic materials, we expect muoni
(Mu5m1e2) to form by electron capture soon after impla
tation. Mu behaves as a light isotope of hydrogen (mMu
5 1

9 mH) and so reacts with unsaturated bonds forming
muonated radical.4 We assume throughout this paper that t
radical formed has the same dynamical properties as the
ent 5CB because the structure of the muonated 5CB rad
is almost identical to the parent molecule. This approxim
tion is commonly made for muonated radicals of lar
molecules.7,8 The unpaired electronic spin density (S)
couples to the muon spin (I ) through the isotropic Ferm
contact interactionAm and the anisotropic magnetic dipole
dipole interactionDm . In an applied magnetic fieldB, the
spin Hamiltonian for such a system is given by

H
\

5AmS•I1Dm~S•I23~S•û!~ I•û!!2gmI•B1geS•B,

~2.1!

where ge and gm represent the gyromagnetic ratios of th
electron and muon, respectively, andû is a unit vector along
the symmetry axis of the hyperfine tensor. We have assu
©2001 The American Physical Society04-1
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uniaxial dipolar coupling, which is valid in the case of fa
rotation about one molecular axis as is found in theN phase.
The anisotropic dipole-dipole interactionDm is effectively
zero in the case of fast isotropic tumbling of molecules
would be expected in theI phase.

At high magnetic field~@20 mT! the eigenstates of th
muon-electron system are well approximated by the two p
ticle Zeeman states quantized in the field direction, excep
the special case of an avoided level crossing~see Ref. 4 and
later!. Thus if the muons are implanted with their spi
transverseto the field, they are in maximally entangled com
binations of Zeeman up and down spin states and will t
precess. Two precession frequencies are expected, c
sponding to the selection ruleDI z561, DSz50.4 These
two precession frequencies are obtained by fast Fou
transform of the raw muon time spectra and their aver
value isAm .

In a field of 200 mT we identified four pairs of radica
precession frequencies~not shown!. In a given magnetic field
the frequencies of the two peaks in the Fourier spectr
which are expected for a given value ofAm , can be calcu-
lated. It is thus possible to obtain a power spectrum a
function of Am by computing the product of the amplitude
of the Fourier strengths at the two frequencies for each p
sible value ofAm . It is easier to identify the peaks in thi
correlated spectrum than in the raw Fourier transforms. F
peaks are clearly visible in the correlation amplitude sp
trum for 5CB in theI phase and these then broaden w
decreasing temperature as shown in Fig. 1. In theI phase
whereDm is averaged out, the peaks correspond to four v
ues ofAm . These are due to the four possible inequival
sites for Mu addition to the 5CB molecule.

It is possible to predict the value ofAm for each site by
using the empirical rules of Roduner.4 He finds that for
muons added to substituted benzene molecules,Am is given
by the expression

FIG. 1. Structure of 5CB showing four muon positions and c
responding correlation amplitudes obtained from a TF experim
The cross marks an artifact peak.
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X
~12DX!, ~2.2!

where theX represent the substituent groups on the ring a
DX is the corresponding empirical shift for that substitue
group in one of the three possible inequivalent positions w
respect to the muon on the ring~these are called the orth
@o#, meta@m#, and para@p# positions!. In Eq. ~2.2!, Am

0 is the
hyperfine constant for free benzene, 514.6 MHz. In orde
calculate values for the four muon sites, we have taken
shifts for the measured substituent groups which are che
cally the closest to the ones we actually have on our m
ecules. In Table I we compare the result of the calculat
with the assigned sites given in Fig. 1, where it can be s
that the outer muon sites,A andD, correspond to the highe
frequency peaks and the inner sites,B and C, to the lower
frequency peaks. The agreement with Roduner’s rules
good, and the small discrepancies are probably due to
fact that the the substituent groups used in our calculation
not exactly the same as those that appear in 5CB.

The peak widths are due to instrumental or lifetime broa
ening and also contain a term that depends onDm . The
increasing widths in theS andN phases give an upper limi
for the Dm of a few MHz and show that eachDm decreases
with increasing temperature, an effect that is caused by
tional narrowing. We will return to a discussion of aniso
ropy in Sec. IV where we will find accurate values for th
Dm and see that these are crucial in allowing us to determ
the dynamic properties of 5CB using muons.

III. LONGITUDINAL FIELD MEASUREMENTS AND
INTERNAL MOLECULAR DYNAMICS

Longitudinal field muon-spin relaxation (LFmSR) mea-
surements were carried out using the EMU spectromete
the ISIS facility ~U.K.!. These experiments differ only in
geometry from the TF case described in the previous sect
the field is applied parallel to the initial direction of the muo
spin. This means that the initial state of the muon is now
pure eigenstate at high magnetic field@see Eq.~2.2!# and
relaxation in the muon polarization can only occur if the
are fluctuations in the hyperfine or dipolar fields at the mu
site. This is analogous to aT1 process in NMR so that a
measurement of the temperature dependence of this re
ation allows us to extract dynamical information concerni
5CB.

We show specimen depolarization curves for theS, N, and

-
t.

TABLE I. Calculated and measured values of the muon hyp
fine constant for the four inequivalent sites for muon addition
5CB (o5ortho andm5meta position!.

Site Am
calc Am

meas An
meas

Substituents used ~MHz! ~MHz! ~MHz!

A CH3 (o), C6H6 ~m! 490.4 492.70~2! 120.4~1!

B C6H6 ~o!, CH3 ~m! 459.1 447.20~5! 109.0~1!

C C6H6 ~o!, CN ~m! 467.1 460.3~1! 111.5~1!

D CN (o), C6H6 ~m! 486.5 489.30~5! 121.5~1!
4-2
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I phases in Fig. 2. We show only data taken in a field of
mT since these demonstrate most clearly the difference
tween the three phases, providing a compromise between
requirements of a substantial fraction of relaxing polarizat
~which increases with applied field due to the repolarizat
of singlet Mu states! and relaxation rate~which decreases
with higher applied field as the Mu states become more c
strained to the external field direction!. In order to param-
etrize the data, we first fit the decaying muon polarizat
using the phenomenological expression

Pz~ t !5exp@2~lt !b#. ~3.1!

The temperature dependence of the relaxation ratel is
shown in Fig. 2~we findb;0.8 across most of the temper
ture range!. The relaxation rate in theN phase is clearly
much greater than that in theS phase, a fact that may b
attributed to a greater fluctuation rate of the hyperfine in
action between the muon and the electronic spin density.
relaxation rate becomes smaller again at higher temperat
indicating faster fluctuations and stronger motional narro
ing effects.

We may model this effect directly to extract molecul
fluctuation rates from the muon relaxation rate by using
dynamical models of Cox and Sivia.9 The muon depolariza
tion is modeled as follows. First, it is necessary to calcul
the four eigenstate energiesEi of the dominant static isotro
pic Hamiltonian of the muon-electron spin system, witho
including any smaller time varying interactions. In this sta
no depolarization is possible, but the introduction of a flu
tuating magnetic perturbation gives rise to resonant depo
ization. Hence, the second step is the inclusion of a fluct
ing field by considering the transition rate equation betwe
the four levels. This may be represented by a 434 matrix,
which describes the effect of this fluctuating perturbatio
The off diagonal elements represent the transition rateWi j

FIG. 2. Main figure: muon relaxation rate as a function of te
perature at 50 mT. Inset: muon depolarization at 50 mT for theS, N,
and I phases.
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between two unperturbed eigenstatesi andj and are given by
the well known Bloembergen, Purcell, and Pou
expression10,11

Wi j 5Mi j
2 n

n21v i j
2

, ~3.2!

wherev i j is the energy difference in frequency between le
els i and j, Mi j is a matrix element, andn is the fluctuation
rate. The diagonal elements are simply found by adding
rates from each of the three other levels and taking the ne
tive to ensure detailed balance. Thermal population fac
have been omitted since they are not important for the
ergy scales we are considering. We assume the strong c
sion model and that fluctuations happen at times distribu
according to the probability distributionr(t)5n exp(2nt).

The matrix elementMi j varies depending on relaxatio
mechanism. In 5CB, there are two likely contributions
Mi j . The first is a modulation of the contact termAm , which
would occur through intramolecular modes, i.e., changes
internal vibrational or torsional states. However, this mec
nism is characterized by its ineffectiveness in zero field.9 The
fact that we have observed strong relaxation at zero fi
suggests that another mechanism is present in 5CB.
second mechanism is that of whole molecule reorientat
which modulates the anisotropic dipolar part of the inter
tion. We assume that this interaction can be represente
an effective field of strengthBD5(3/2)1/2Dm /gm , the rms
field of a magnetic dipole characterized by a coupling co
stant Dm . The off diagonal matrix elements coupling th
four level system are given approximately by the symme
matrix9

Mi j
2 5~gmBD!2S 2 ~c1s!2 0 ~c2s!2

~c1s!2 2 ~c1s!2 0

0 ~c1s!2 2 ~c2s!2

~c2s!2 0 ~c2s!2 2

D .

~3.3!

We have omitted the diagonal elements which have
meaning here. The diagonal terms in Eq.~3.2! are easily
found by using the detailed balance procedure outlin
above. The number of particles in each of the four states
function of time is now calculated by finding the eigenvalu
l i and eigenvectorsvi of the relaxation matrix@Eq. ~3.2!#.
Since the total number of particles in each of the four lev
is conserved, one of these eigenvalues is always zero.
gives rise to three exponentially decaying terms and a c
stant term:

S n1~ t !

n2~ t !

n3~ t !

n4~ t !

D 5Av1e
2l1t1Bv2e

2l2t1Cv3e
2l3t1Dv4 .

~3.4!

n1 , n2 , n3, andn4 represent the time varying probabilities o
occupation of the four eigenstates. For simplicity, we assu

-
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single values for the two hyperfine constants, takingAm
5450 MHz, a typical value observed in the transverse fi
experiment, andBD52p/gm310 MHz ~this quantity is ex-
plicitly measured in Sec. IV!. At 50 mT the four eigenstate
are then approximately pure Zeeman states. In a repres
tion having the electron spin direction first and the mu
second they areu1&5u↑↑&, u2&5u↑↓&, u3&5u↓↓& and u4&
5u↓↑& ~in fact levelsu2& and u4& admix slightly with each
other; this is taken into account but has very little effect
the end result!. The muon polarization is now easily foun
by taking Pz(t)5n1(t)1n4(t)2@n2(t)1n3(t)# and using
the constrained initial state of muon up polarization~with
half of the electrons in down states and the other half in
states! to determine the prefactors in the above equati
This means that the total polarization is also the sum of th
exponentials~in this case the constant term is zero! which, as
we determined in our previous fit@Eq. ~3.1!#, combine in
such a way as to give stretched exponential relaxation c
acterized byb;0.8.

The temperature dependence of the fluctuation raten for
two values of the magnetic field extracted from applicat
of the molecular reorientation model@Eq. ~3.4!# is shown in
Fig. 3. There is a large increase in its value at theS-N
transition as the molecules become free to move.n then pro-
gressively increases as the temperature is raised, and is
fitted by assuming an activated dependence with an en
barrierDE5138(6) meV. The fitted values at the two field
are in good agreement with one another which suggests
our model is at least a good approximation to the true sit
tion.

The absolute values ofn and the size of the energy barrie
are in reasonable agreement with deuterium NMR resu
which have been explained by a combination of internal
tation about the para axis of the phenyl ring within 5CB a
of reorientation of the whole 5CB molecule.12 The relaxing
motion is in fact rather complex, being characterized
separate reorientational and internal correlation times in
‘‘superimposed rotations’’ model of Ref. 12. However, the
it was also found that the fluctuation rate follows a simp

FIG. 3. Molecular fluctuation rate as a function of temperat
at 50 and 450 mT.
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Arrhenius law, one possible explanation being that one of
two types of motion has a much larger fluctuation rate and
swamps the other type of motion. This seems to agree w
our results; we have used a pure molecular reorienta
model, which has worked well for different fields and over
range of temperatures.

The lack of discontinuity in the relaxation rate at theN-I
transition seen in our results has been seen before
deuterium12 and carbon-13 NMR13 experiments on 5CB,
which also find very little change in the activation energy
the N-I transition for probes placed on the benzene rin
This suggests that we are seeing motion not intrinsic to
liquid crystal phase, i.e., that director fluctuations are
important. This would be consistent with a fast rotation
the whole molecule about its long axis, which is not a c
lective phenomenon.

IV. AVOIDED LEVEL CROSSING SPECTROSCOPY AND
COLLECTIVE DYNAMICS

The avoided level crossing~ALC! technique5 uses a simi-
lar experimental geometry to that of the LF experiments d
cussed earlier, but utilizes a larger magnetic field. The ti
integrated asymmetryPav is measured as a function of ap
plied magnetic field. For most values of the applied field t
Zeeman states are pure eigenstates but at certain field
ergy levels anticross. An anticrossing of levels, which mix
up and down muon spin states, gives a longitudinal osci
tion of the muon polarization and hence a resonance in
ALC spectrum. It is found that interactions of the radic
electron with the muonand with nearby protons are impor
tant in determining the positions and shapes of ALC re
nances, which can be labeled by the changeDM in the sum
M of nuclear and muonic spin quantum numbers. Th
types of resonance are possible, corresponding toDM50, 1,
and 2. Kreitzman and Roduner14 have developed a theory fo
the case of a single interacting proton. Their results sh
that in the case of astatichyperfine tensor the ALC problem
is equivalent to a muon precessing in aneffectivefield, which
is a combination of the external field and hyperfine inter
tions. Dynamics may then be introduced by using a Mo
Carlo technique15 in which the orientation of the symmetr
axis of the hyperfine tensor is adjusted according to a p
ticular random probability distribution with an appropria
correlation time. The technique is sensitive to much lon
correlation times~;1 ms! than those found in Sec. III, be
cause the level splittings are several orders of magnit
smaller. The ALC and LF techniques are thus complem
tary.

The experiments were carried out on the ALC spectro
eter at PSI and typical results are shown in Fig. 4 after ba
ground subtraction. We observe four resonances in 5CB.
sitions of DM51 transitions can be accurately predict
from the TF results~their position depends only uponAm)
and they should also disappear in theI phase;14 resonances
with such properties are not observed. TheDM52 transi-
tions are usually invisible, so we infer that our resonan
must all beDM50, one for each of the four possible M
addition sites.

e

4-4
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For the I phase all dipolar parts of the Hamiltonian a
averaged out, so we expect only the Fermi contact term
contribute. The positions of the resonances then depen
Am and a proton-electron hyperfine constantAn @see Eq.
~2.1!#. To first order the positions of the resonancesBr are
easily calculated by setting the level splitting to zero in t
Paschen-Back high field regime:

Br5
Am2An

2~gm2gn!
. ~4.1!

The resonances have a model-dependent width, which va
with dynamical model and strength of dipolar coupling.14,15

We have already determined the four values ofAm and so we
use the high temperature ALC data to obtain values forAn .
We assume that the resonances appear in the same ord
in the TF experiment and the consequent values ofAn are
shown in Table I. The fitted curves are shown in Fig. 4.

Our model for theN phase contains three assumption
First, the director is assumed to have the same symmetr
both the muon-electron and muon-nuclear dipolar coup
tensor since there is fast uniaxial rotation of the liquid crys
molecules around their long axis. Second, the director p
tions are assumed to be initially distributed uniformly arou
a cone of particular semiangleuM .16 Free energy argument
indicate that a small applied field aligns the molecules,
does not affect the expected range of angles around
mean~this is controlled by the free energy associated w
the entropy of rod packing, which is much larger than th
associated with the magnetic anisotropy!. NMR and Raman
measurements17 of the order parameterP2

1 in 5CB thus per-
mit calculation of the cone semiangle at each temperat
Finally, fluctuations of the long molecular axis must be tak
into account. These are controlled by thermal effects. We
mainly interested in those fluctuations which occur on
timescale to which this experiment is the most sensitive
in simulations a correlation time oftc

av51 ms gives the larg-
est ALC signal for theDM50 transition. This is severa
orders of magnitude larger than the correlation times fou
in the previous section, indicative of the closer proximity

FIG. 4. ALC spectra taken from 5CB for four different temper
tures.
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the energy levels in the ALC case. The correlation timetc of
fluctuations depends on the wave numberq,of the excitation
according to1

tc;h/Kq2, ~4.2!

whereh is an effective viscosity which is similar in our cas
to the actual viscosity of 5CB1 and K is a Frank elasticity
constant.18 The one–Frank–constant approximation has b
used here. The effective viscosityh depends on the direction
of the excitation through the liquid crystal,1 but we can use
an orientationally averaged value in our simulations.

In order to obtain a higher cutoff wave number for impo
tant excitations we integrate this expression to a cutoff a
obtain an expression fortc

av:

tc
av53h/Kqc

2 . ~4.3!

Substituting our value oftc
av51 ms gives a minimum wave-

length for excitation of about 400 Å, which is of the order
ten long molecular lengths. We therefore are justified in
ing a continuum model to extract the fluctuation angle of
long axis and so we can effectively identify the long ax
fluctuations as director fluctuations. The angleb around the
initial orientation into which the director may roam can no
be estimated by an application of the equipartition theore
with the result that the mean square angle is1

^b2&'kBTqc /p2K, ~4.4!

whereqc is an upper cutoff wave vector for fluctuations
the director about its mean position.

Combining Eqs.~4.4! and ~4.3! we obtain the following
expression for̂ b2& which depends on a chosentc

av, T and
various constants:

^b2&'
kBT

p2 S 3h

K3tc
avD 1/2

. ~4.5!

We noted above that we use a correlation timetc
av51 ms

since this gives the largest ALC signal for theDM50 tran-
sition; in fact the absolute value oftc

av is not critical in de-
termining the shape of resonances.

We also fix the electron-nuclear dipolar constantDn at 2
MHz, a value typical of organic radicals14 and we assume
that it is temperature independent to simplify the fitting pr
cedure. Its effect is generally much smaller than the dir
coupling to the electron.14 In the Monte Carlo simulation of
Pav the angle of each fluctuation is chosen according to
exponential probability distribution and reorientation ha
pens with the correlation timetc

av. We use the simulations to
fit the data by varying onlyDm and the results are shown i
Fig. 4 and in Table II. The fits are good and do not depe
critically on the value chosen forb anduM so the approxi-
mate assumptions used here do not detract from the val
of the results.

TheSphase results were fitted by making the simplifyin
assumption of static uniaxial couplings of proton and mu
to the electron,5 which are also assumed to share a comm
axis. The orientations of the axis are assumed to cover
4-5
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B. W. LOVETT et al. PHYSICAL REVIEW B 63 054204
angles with equal probability, which gives rise to a char
teristically asymmetric line shape. Again,Dm is the only free
parameter for each resonance and the results are show
Fig. 4 and Table II. The values are in reasonable agreem
with those obtained for solid benzene in a zeolite cage.5

A comparison of the fitted values ofDm displayed in
Table II reveals a clear decrease for all four resonances
going from theS phase into theN phase. This is to be ex
pected since there will be fast rotation of the molecules ab
their long axes. The amount of decrease is rather la
~around a factor of 4! suggesting that in theS phase the
principal axis of the hyperfine tensor is at an angle of arou
45° from the long molecular axis.

We now see why theDM51 resonances are not seen
any temperature. In Ref. 14 it is shown that this resona
broadens significantly with faster dynamics and becom
weaker for a smallerDm . This is in contrast to theDM50
resonances, which become narrower and have a larger
plitude for smallerDm . This effect makes them much easi
to observe in all phases in 5CB, whereDm is always rela-
tively small.

V. CONCLUSIONS AND FURTHER DISCUSSION

We begin our discussion by comparing our results w
those obtained by proton NMR. Many of the existing NM
data1 show sensitivity to dynamics on a similar timescale
that probed by ALC; the nuclear spin is mainly affected
fluctuations on a timescale comparable to the nuclear pe
vk

21 , which is typically 0.1ms. NMR detects dynamica
effects through anisotropic proton-proton couplings and
specific advantage overmSR is that the proton does not d
cay. In muon instruments the resolution is limited by t
finite lifetime of the particle. This fact, however, has n
prohibited us from studying the dynamics in 5CB since
muon forms a radical species and the unpaired electron
duced couples much more strongly to the muon than do

TABLE II. Fitted values ofDm in theN andSphases. Columns
1,2,3, and 4 refer to the resonance positions in ascending ord
magnetic field. We estimate the error on each value to be610%.

T(°C)

Dm ~MHz!

1 2 3 4

11 4.5 3.6 7.2 4.8
29 1.7 1.5 0.6 0.9
34 1.7 1.3 0.7 1.0
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tons with one another. Through the isotropic contact inter
tion of the electron we have been able to study sma
anisotropic perturbations which have revealed to us the
lecular dynamical properties of 5CB.

In this study, we have also shown that muons have a la
dynamic range when used in organic radicals; in the LFmSR
experiments the well separated energies of the four s
m1e2 system meant we were looking at fluctuations at
10–100 ps level, whereas the very close approach of stat
the ALC measurement allowed us to probe dynamics at
microsecond level. This has allowed us to probe both
slower collective dynamical properties of 5CB, which a
due to the interactions between large numbers of molecu
and also the faster individual molecular motions.

Theories of NMR relaxation use principles similar
those we have used here; the most significant molecular
tions are the small angle fluctuations of the director arou
its mean position. However, NMR results are somew
more complicated, due in part to the effect of dipolar co
pling of the aromatic protons of interest with the meth
protons at the ends of the aliphatic chain. Muons do
couple strongly to protons at such a large distance beca
the muon will naturally select sites of unsaturation and
radical spin is then located on the aromatic ring—precis
the parts of the molecule which give rise to mesogenic
havior. This to some extent circumvents the need for se
tive deuteration which is required for NMR studies in liqu
crystals.

In conclusion, we have successfully detected and mode
the temperature dependent molecular dynamics in a nem
liquid crystal using the positive muon as a probe. Our wo
on bulk 5CB paves the way for a wider investigation
liquid crystal molecules in more constrained geometri
such as those found in the liquid crystal polymers.19 Muons
have already been used to study other molecules in c
straining environments, such as cyclohexadienyl radicals
sorbed onto the surfaces of silica grains20 and in silicalite
zeolite cages.5 In a suitably chosen liquid crystal polyme
the muon would bind to unsaturated liquid crystalline pa
of the polymer chain and avoid saturated linkages, thus p
viding a direct probe of the dynamics of mesogenic m
ecules.
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