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Abstract l\

In NMR the polarisation of the Zeeman system may be routinely probed and manipulated

by applying resonant rf pulses. As %pi&—/z nuclei, at low temperature the quantum
tunnelling states of a methyl rmharacterised by two energy levels and it is
interesting to consider how(these tunneiling states might be probed and manipulated in
an analogous way to nuclearh:%h‘ NMR. In this paper experimental procedures based
on magnetic field-cy ng‘N%? are described where, by irradiating methyl tunnelling

ons

sidebands, the polaris f the methyl tunnelling systems are measured and

manipulated in restribed«fashion. At the heart of the technique is a phenomenon that

is closely an ous d%amic nuclear polarisation and the solid effect where forbidden

transition diatewpolarisation transfer between *H Zeeman and methyl tunnelling
»

systems. ding on the irradiated sideband, both positive and negative polarisations

of th tun?elli system are achieved, the latter corresponding to population inversion
a dJ_leg 've,tfmnelling temperatures. The transition mechanics are investigated through
a'series af experiments and a theoretical model is presented that provides good

“quantitative agreement.
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1. Introduction

Interesting quantum effects that have no classical analogue arise when spatial and
nuclear spin degrees of freedom are combined in the description of symmetrical
quantum rotors. At their heart is the antisymmetry principle which underpins the Pauli
Exclusion Principle (PEP), requiring the complete wavefunction describing the rotor to be
antisymmetric upon exchange of indistinguishable fermions. The wavelike characteristics
of the rotor are naturally evident in the quantisation of energy and.angular momentum,
however, the PEP additionally leads to a partitioning of the eigenstates into discrete sets
of nuclear spin isomers, alternatively described as nuclear spinssymmetry species. The
most familiar example is molecular hydrogen which is characterised«by two spin-isomers,
ortho-H, and para-H,. The discrete combination of spatial and nuclear spin states is
evident in that ortho-H, has total nuclear spin | =1 and odd‘values of the rotational

guantum number J =1,3,..., whereas para-H, has | = 0“and even values of J.

Particularly at low temperature, the two sets‘ef nuclear spin isomers often co-exist as
independent species, remaining decoupledifrom each other for substantial periods of
time. This is evident for the endofullerenesl,@€¢,*° where, in the absence of spin
conversion catalysts, interconversion between ortho- and para-hydrogen cannot be
detected in experiments conducted ever several days. Analogous behaviour can be
observed even for molecules which havé a lower degree of symmetry, as exemplified by

the long-lived singlet states,identified by the group of Levitt. *®

Methyl groups, CHs, are quantum retors with a three-fold symmetry axis. Rotation about
the C; axis permutes the.indistinglishable *H nuclei belonging to the three hydrogen
atoms. As a result wesidentify two discrete sets of spin-symmetry species labelled A and

E, classified by tHe irreduciklé representations of the C; symmetry group " 8. The A-

species is a quartet with total nuclear spin | =3/2 whereas there are two degenerate E-

species, labelled E,‘and E,, which both have spin | =]/2. In a molecular environment
there ig'a potential barrier to rotation and coherent quantum tunnelling gives rise to a
splitting of the A- and E-species which are separated in energy by hvt , where V, is the
tunnelling frequency.

In aceardance with the PEP, the spin-symmetry species of CH; are characterised by
certain allowable combinations of space and spin wave-functions °. Transitions between

A and E species involve simultaneous changes in spatial and spin eigenstates. As a

result, at low temperature the interconversion is spin-restricted and relatively slow so we
can identify a long-lived ‘tunnelling reservoir’ characterised by the energy th and the

polarisation of the A- and E-states. To investigate the tunnelling dynamics demands an
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Publishing interaction that has the capacity to bring about simultaneous changes in space and spin

states and hence induce transitions between A- and E-species. One such interaction is
the *H-'H dipole-dipole interaction, which has played an important role in elucidating the

guantum dynamics of this quantum rotor & *°.

Having discrete combinations of space and nuclear spin eigenfunctions, spin-isomers
offer opportunities to act as vehicles for creating strongly non-equilibrium nuclear spin
polarisations. This is well-established in the technique of PHIP (parahydregen induced
polarisation) and related techniques where para-H, is used as a“hypérpolarisation agent
1t may be envisaged that given appropriately designed expegimenta! protocols, the
spin-symmetry species characterising other quantum rotors may bewanalogously
exploited. In this respect, methyl groups have a potential advantage over molecular
hydrogen because the splitting between states of different spin-symmetry is a variable of
the height and shape of a potential barrier, and fience determined by the local molecular
environment. Therefore, the A-E energy splittingumay be optimally ‘selected’ by
appropriate choice of host molecule. Indeed, progress-has been made in utilising the

12,13 in nuclear

Haupt effect, a phenomenon that appliesito weakly/hindered CH; groups
polarisation schemes. Additionally, theé group“of Levitt has explained and exploited
remarkable hyperpolarisation effects in solution NMR attributed to quantum rotor effects

of CH3 ® ™ 5 which were first obserued by.lcker and Berger *¢ %7,

To create non-equilibrium spin pelarisation in methyl group containing materials, the
protocols demand A-E transitions«to be driven directly. Therefore, it is interesting to
explore mechanisms and experimental protocols that will enable the polarisation of the
tunnelling reservoir 0 be manipulated by design, somewhat analogous to the ubiquitous
manipulation of spin states using pulsed NMR. This is the motivation for this paper.
Although the pelarisations/achieved here are relatively modest, largely because the
tunnelling frequencies ate relatively small, field-cycling NMR sequences have been
devised td purposely‘drive positive and negative changes in both tunnelling and *H-
polarisations, _allowing an exploration of the fundamental principles that may later be
developed to form the foundations of protocols achieving more substantial spin

polarisations:

In an earlier paper 8, we described experiments that enabled the polarisation of the
tunnklling reservoir to be manipulated and interrogated directly. These experiments
demanded rf irradiation at low magnetic field and excursions to level-(anti)crossings that
arise between A and E states at particular magnetic fields. Therefore, magnetic field-
cycling was incorporated in the NMR pulse sequence and the phenomenon was described
as Dynamic Tunnelling Polarisation (DTP) because of its close analogy to dynamic

nuclear polarisation (DNP) and the solid effect *?°. In this new study, DTP experiments
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Publishing on acetophenone, 2-butanone and thioanisole are described. These materials are

characterised by tunnelling frequencies in the range 490 kHz — 1.5 MHz. Field-cycling
NMR experiments have been employed to quantify the positive and negative changes in
'H polarisation that come about when ‘tunnelling sidebands’ are irradiated using rf. The
mechanisms are investigated, including the measurement of the lifetime of the

tunnelling reservoir and the role of the level-crossings in inducinngonant A-E
t

N]g a
thermodynamic model. 3

2. Theoretical background \ﬁ
In a condensed phase, CH; rotors are sub-groups of a r@~i\wit the result that

inter- and intra-molecular interactions give rise to a potential*barrier to rotation about

conversion. Finally, the experimental results are successfully simu

the three-fold axis. This barrier has 3-fold symmetry (or higber harmonics) and rotation

of the molecule permutes the hydrogen atoms @veen energetically equivalent sites.

ssocifl-t—ai with tunnelling through the
potential barrier give rise to a splitting of the ground torsional state and A- and E-species

Quantum mechanically, exchange interactio

are separated in energy by hvt , where tN\ ing frequency V, is an exponential

function of the barrier properties®*. <~

The NMR properties of the methyl r m be described by the spin Hamiltonian *°,

A=A, A+ A, \\ @

~ A~

where H, =-nyB, the Zeeman interaction of the three 'H spins labelled

A

j=12,3 with t applie d B, oriented along the z-axis. H,, is the "H-'H dipole-

dipole intera{( an t/is an equivalent exchange operator that incorporates the

tunnelling’splitting i a spin Hamiltonian formalism. Following Apaydin and Clough *°

)

~ 2 ~
L9 Hu=2 2 FOAY @

j>k q=—2

which has the important association of a spatial factor Fj(kq) with a factor AEE) comprising

nuclear spin operators characterised by q=0,+1,+2 spin flip terms. In coupling space
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Publishing and spin, H, is significant to quantum rotor physics, providing a conduit for

\ S

- - - - . : (a)
interactions between A and E spin-symmetry species. Explicit expressions for ij and

AEE) are available in the NMR literature and have been defined in the context of methyl

A

rotors in reference **, showing how H, may be written in symmet?fadapted form,

explicitly revealing its capacity to drive A-E transitions.

Solving the spin Hamiltonian Eq.(1) in a basis of nuclear spin e@ttions
te

‘ml(l)ml(z)ml(s)> provides the manifold of tunnelling-Zeeman eigensta hat characterise

2

the CH; rotor (M, =_%). There are six non-degenerate enerdy levels and plotting the

—~
magnetic field dependence reveals the presence of two setsggf vel-(anti)crossings; Icl

where the 'H Zeeman frequency V,, equals the @'helli quency, (V4 = ]/BZ/272=Vt)
and Ic2 where Vv, =Vt/2; see Fig. 1la. Within the maﬂ d of levels we identify pure
Zeeman transitions with frequencies v, %&V,{a d tunnelling sideband transitions
with frequencies v,; TV, and 2v,, v ¢ ~

The A and E species are only weak ?bypql& o we identify the tunnelling reservoir

characterised by energy hv, a larigation P, = ( PA— Pe )/( p,+ pE) . The Boltzmann

populations p, . of the two Wlso define the inverse tunnelling temperature, f3.

The latter may remai of equilibrium with the inverse lattice temperature for

substantial periods,o

The spin-lattic %n/tl e, Tl is also long at low temperature and we similarly
identify the wn eservoir characterised by energy hVH and *H spin polarisation

)( p, + pf) , where p,_ are the Boltzmann populations of the M, =i%

me due to the long lifetimes of the A and E states.

f 4. In turn these populations also define the inverse Zeeman temperature, ﬁz .

V.

Ignoring €mall dipolar shifts the energy levels of the tunnelling-Zeeman manifold

“appreximate to,
5 E =hv,m +hvn “

where M, 2%,%,—%,—% and N, z—% are magnetic and tunnelling quantum numbers

respectively for A-species, and M, Z%,—%and n :+% for E-species. This provides an

equivalent formalism for defining the thermodynamic properties of the tunnelling-
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Publishing Zeeman system. In the high temperature approximation we may define the populations

of the tunnelling-Zeeman levels as ,
P =4,mv, +Bny, )

where any constants have been ignored since only population differences are important.
In this way the populations can be defined in terms of the inverse ténnelling and
Zeeman temperatures. Alternatively, the inverse temperatures can bedefined in terms

of the populations using,
s, :Zpimi/vHZmiz and ﬁtzzpini/vtzniz (6)

Given P, «B,f, and P, o £, Egs. (4)-(6) will later provide atheoretical framework for

numerical simulations of the experiments conducted inthis investigation.
3. Experimental details

Experiments were conducted using the Nottingham field-cycling NMR spectrometer,

described elsewhere . The NMR pulse sequences employed in this investigation are

illustrated in Fig. 2. Both sequences begin with a saturation train of 7 -pulses on
resonance with the *H spins at the field Bnmr =0.86 T. The spins are then polarised at the

field B_, for time 7, before swifehing\the field rapidly (3<AB/At <10 T s™) to low field

pol pol

By . Here the sample is irradiatedwith rf at frequency v, for timer, . The interest is in

the changes that the sf irradiation induces in the thermodynamic states of the Zeeman
and tunnelling resefvoirs. The Zeeman state can be interrogated by a 5 -pulse, however

to identify the influente on the tunnelling state a more indirect method is required. In

Fig. 2a, the field is first,switched rapidly to NMR resonance where the *H spins are

saturateddwvithya burst of resonant pulses, rendering the *H spin polarisation PZ =0.

Meanwhile, athat high field B the rf pulses have no influence on the tunnelling state.

nmr ?
Subsequently /by switching the field to a level-crossing, Icl or Ic2, the tunnelling and
Zeeman systems will rapidly equilibrate and any tunnelling polarisation will be

transferréd to the previously saturated *H Zeeman reservoir. In the pulse sequence, Fig.

2a, this field is labelled B, . Finally, a % -pulse at the field B, enables that *H spin

nmr
polarisation to be measured, from which we can infer the tunnelling polarisation that

existed at the end of the rf irradiation.

The variant of the field-cycling pulse sequence, Fig. 2b, contains an additional

‘relaxation’ step, inserted immediately after the rf irradiation. During this period the
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Publishing tunnelling reservoir may relax towards equilibrium with the lattice and by plotting the

final tunnelling polarisation as a function of 7, , the tunnelling relaxation time may be

rel »

determined. The field at which the relaxation is conducted, B is a variable of the

rel »
experiment enabling the relaxation to be investigated close by or remote from the level

crossing fields.

All experiments were conducted with a sample temperature of 4,2 K. The samples of
thioanisole (CsHsSCH3), acetophenone (CgHsC(O)CH3) and 2-bdtanone (CH3C(O)CH,CH3)

were obtained from Aldrich and used as supplied. All three are Jiquids at room
temperature. Quench cooling invariably rendered a solidésample with fast T1 probably

indicating a more disordered state but possibly also réflecting the presence of
paramagnetic oxygen. However, by annealing the samples at a temperature
approximately 5 K below their melting point forja period ef.erder 1 hour, a more ordered
material was generally obtained, characterised by-a significantly longer spin-lattice
relaxation time. The step possibly also enabled some dilution of oxygen in the sample

due to the immersion in the helium exchapge“gas. An practise, aiming to achieve
material with very long T1 was not desirable.since it is necessary to practically achieve

high levels of H polarisation at the ,beginning of the pulse sequence. Therefore the

annealing stage was optimised{experimientally to provide material with intermediate

values ole. Typically, in these experiments the spin-lattice relaxation times were in the

range 600<T <2500s at B=1I%and T =4.2 K.

4. Results

All NMR spectra ia thig investigation concern *H nuclei in the solid state at low

temperature,
a) DTP spectroscopy

Using pulse seguence Fig 2a, DTP spectra of thioanisole have been recorded with three

low fieldalues B, = 31.7, 29.7 and 28.8 mT and are presented in Fig. 3. The
polarisatign field was B, =1 T and the polarisation time was 7,, =300 s. The contact

between the Zeeman and tunnelling states was conducted at B . =13 mT for 7. =2 s.
The NMR resonance field for saturation and measurement of Zeeman polarisation was

— H 1 —
B,,, =0.869 T, corresponding to a *H Larmor frequency Vv, = 37 MHz. The DTP spectra

were systematically scanned by incrementing the secondary rf irradiation frequency at

each cycle in the sequence in steps of 10 kHz in the range 500 <v_ <3600 kHz with

f =
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Publishing irradiation time 7, =4 s. The tunnelling polarisation (vertical axis) is presented as the

inverse tunnelling temperature,ﬂt, recorded after equilibration with the saturated
Zeeman reservoir. This polarisation data was calibrated with reference to a
measurement of the equilibrium *H Zeeman polarisation recorded at a field of 100 mT.
Peaks with positive polarity are observed for sideband transitions where v, =v, —V, and

Vi = 2vH —V,, labelled a~ and b respectively. Inverted peaks wWith*negative polarity are

observed where v, =v, +V, and v, =2v,, +V,, labelled a* and b™wespectively. Fitting

the peaks in the DTP spectra with Gaussians, we determine the tunmelling frequency,

v, =560+3 KkHz.

The peak pair a* & a~ are the two members of the |Am| =1 spectrum and are analogous

with the DNP features observed in the solid effect+® 2% ¢ However, whereas in DNP the
pair of asymmetric peaks identify forbidden sideband transitions within the manifold of
electron-nuclear states, in the DTP experimentyecorded here the antisymmetric pair
relate to sideband transitions within the“manifold of tunnelling-Zeeman states; the role

of the electron in DNP has been replaced by the tunnelling CH; groups in DTP. The

antisymmetric pair of peaks b"4& b “pate“a similar origin, except these are the two
members of the |Am| =2 spectrum.“Some further insights into these tunnelling

polarisation effects will be addressed-in Section 5.
In the B, =31.7 mT{pectrug an additional positive peak appears at v,; =1565kHz. We
label this b®", bging asidekdnd peak centred on v, =2v,, —2v,, offset by twice the

tunnelling frequency frem the centre of the |Am| =2 spectrum. The origin of this peak

can only de explained. by invoking mechanical coupling between pairs of CH; groups 2> 2¢

and is Aot accommodated in the simple energy level scheme of Fig. 1a. The simplified
energy.level scheme for a pair of coupled CHj; rotors shown in Fig. 1b provides a basis

faor interpreting these spectral features, where such sidebands may be identified.
Rurther scrutiny of the spectra as By is decreased identifies additional features

appearing at v,; and ZVH , growing in amplitude as the condition v, = 2Vt is approached,
where a* and b~ begin to overlap. Appearing most clearly in the B, =28.8 mT

spectrum, these NMR peaks are both antisymmetric in shape, reminiscent of the

derivative of an absorption peak,. The centres of these ‘derivative’ shaped peaks

accurately identify v,, and 2v,, respectively. The NMR linewidth is governed by the *H-'H
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Publlshlng dipole interactions, so we infer these antisymmetric features reveal “H dipolar fine

structure that is not elucidated in the abridged energy level scheme of Fig. 1. In an

observation that is possibly related, we also tentatively identify an indication of some

antisymmetric structure simultaneously appearing in the a” and b" peaks of the 28.8
mT spectrum. In general the aforementioned peak shapes may indicate the influence of
dipolar order, however, these are secondary effects and beyond thg' scope of the present

study.

Acetophenone has a tunnelling frequency?’ that is approximately«thfee times that of

thioanisole. DTP spectra have been recorded with B, =L, B c&33'mT, 7,0 =2 s,
B; =39.2 mT, 7, = 5 s and are presented in Fig. 4. Spectra'with-polarisation times in

the range 120<r_, <2400s are shown. We observe'the a” {ya"and b~ DTP peaks,

pol —

however, the frequency of the b* peak falls beyond-the bandwidth of secondary rf

irradiation so could not be accessed with our experimental set up. Analysis of the peak
positions provides the tunnelling frequency %, =1.428+0.003 MHz. Small, inverted

features appearing at 1.67 and 3.35 MHz..cofrespond to the *H Larmor frequency Vy

and 2v,, respectively.
DTP spectra of 2-butanone (v, =492+ 3\ kHz) have been reported earlier *®.

b) Mapping out the levelscrossing region, B,_C
To investigate the leVel-crossings between 'H Zeeman and tunnelling CH; groups in more

detail, the intensjty of the«DTP spectrum of thioanisole was studied as the level-crossing

was approached bywarying BLC' In this series of experiments the intensity of the a~
DTP peak was_monitored as a function of B,_C, thereby mapping out the level-crossing
region/see Fig. 5a. With B >30mT there is no DTP effect, as the magnetic field is too

high toaring the Zeeman and tunnelling systems into contact. As B,_C is systematically

reduced Below 30 mT the DTP signal grows as the tunnelling polarisation is enabled to

transfer_to the previously saturated Zeeman reservoir in proximity to the level-crossing.
Given v, =560 kHz, Ic1 will occur where v, =V, at 13.1 mT and Ic2 appears at half this
field, 6.55 mT. However, in Fig. 5 the DTP effect first appears at twice the field of Ic1,
namely in the vicinity of 26 mT where v, = 2Vt. Corroborating the earlier observation,

this provides further evidence for mechanical coupling of pairs of CHsz groups. The level-
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Publishing crossing that facilitates this contact between tunnelling and Zeeman reservoirs, labelled

Icc, is shown in the energy level scheme for a pair of coupled CHs rotors, Fig. 1b.

Similar behaviour is observed for 2-butanone where the DTP signal peaks at the field
BLC =24 mT where v, = 2Vt, Fig. 5b, so we can infer the coupling of CHz pairs may not

be uncommon.

In both Figs 5a and 5b, to access the lower field values, it is an unavoidable
consequence of the field-cycling sequence that the system first,passes through level-
crossings that occur at higher field. Therefore, the DTP effectis an“iategral function of

incremental contacts that are made between the two reservoirs asithe field switches
down to its stable value of B .. Given plots of DTP signal vs, B, - “have a rectangular

appearance, as opposed to discrete peaks, we can infer the ‘eross-relaxation process is

rapid and highly efficient.

c) The dependence on polarisation time, T o

The DTP effect is determined by a polari$ation«transfer from the *H Zeeman system to
the CHj; tunnelling system. A population-gradient is created within the Zeeman system
during the polarisation step. This is subsequently transferred to the tunnelling system by
pumping forbidden transitions withingthe manifold of tunnelling-Zeeman states. To

investigate this mechanism quantitatively the intensity of the a* and b~ peaks have

been measured in thioanisolesas a.function of 7 see Fig. 6a. The DTP signal

pol *
magnitudes increase systematically with the initial *H polarisation. Fitting the intensities
with a single exponential funetion we find the two curves grow with time constant

630+ 30s whichds copsistent with the *H spin-lattice relaxation time at B, =1 T,

confirming thé-polarisation transfer mechanism.

Similar méasurements on 2-butanone and acetophenone are shown in Figs. 6b. In the
formey'the scaled intensity of the DTP signal for the b~ peak is shown superimposed on

the growth of the 'H Zeeman polarisation vs. time curve, recorded at By =1 T for the

same sample. Neither follows a single exponential function but the close superposition of
the twg _sets of data confirms the polarisation transfer mechanism. The behaviour for
acetophenone exhibits similar behaviour, but its growth rate reflects the faster average
spin=lattice relaxation time of acetophenone at the polarisation field of 1T compared with
2-butanone. Although in none of the experiments conducted on the three samples were
the equilibrium conditions quite achieved, it is clear that once the Zeeman system is

equilibrated, the DTP effect is maximised under the conditions that pertain.

10
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d) The dependence on rf irradiation time, 7,

The secondary rf irradiation at frequency v,; drives forbidden transitions among the

manifold of tunnelling-Zeeman states. These involve A <> E changes in CH; tunnelling

state simultaneously with the flip of zero, one or two *H spins. These are the tunnelling

sideband transitions that give rise to the DTP peaks a“andb® . Thefefficiency of the
irradiation process that pumps these transitions, thereby transferring polarisation from

the Zeeman to the tunnelling system, has been investigated by ‘monitoring the DTP

peaks as a function of irradiation time, 7 .

The irradiation time dependence for the a”and b~ DTP.peaks in thioanisole is shown in
Fig. 7a in the range 1< 7, <8 s with Blf =29.7 mT. It is evident A<> E transitions

become saturated after approximately 4 s, whefreby_the connected states have achieved
the same population. Therefore the transitionwate characterising the process is faster

than 1 s in this material.

Data for 2-butanone is presented in Fig. 7b.“{he intensities of a*, a~, b" and b~ DTP

peaks have all been monitored as & functiep of 7, at the field 5B, =27.8 mT. The growth
of the |Am| =2 transitions are bath represented well with single exponential functions

and transition rates, 0.68 #0:Q7 s% (bv) and 0.34 + 0.06 s (b"). The intensities of the
|Am| =1 transitions are already Within approximately 80% of the saturated magnitudes
after the shortest irradiationtime, 7, =0.5 s, so precluding accurate measurements of

those transition fates/Nevectheless, qualitatively we can conclude the transition rates

for |Am| =1 transitions.are faster than for |Am| =2 transitions.

Data for the growth of the b~ DTP peak in acetophenone recorded at B/f =39.2mTis
showif in Fig. 7¢. Saturation is only approached at times longer than 7, =20 s, indicating

thie transitien’ rate characterising the forbidden sideband transitions in acetophenone is

significantly slower than observed for thioanisole and 2-butanone. Fitting with a single

expanential, we determine the transition rate governing the forbidden b~ sideband

transition to be 0.18 + 0.03 s™.
e) Tunnelling lifetime measurements

Applying the protocol depicted in Fig. 2b, where a relaxation step has been introduced
into the DTP pulse sequence, the lifetime of the CH;3 tunnelling states has been

measured. This is reported in the form of the tunnelling relaxation time and is studied by

11
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ishi monitoring the intensity of a DTP peak as a function of magnetic field, B_, . Experiments
u IS |ng rel

have been conducted on 2-butanone and thioanisole. For 2-butanone, the intensity of

the DTP peak b~ is plotted as a function of relaxation time, 7, for several magnetic

rel

field values in the range 23.7 <B_ <58.7mT, see Fig. 8a. Characteristic tunnelling

relaxation times, T, have been determined by fitting with single £xponential decays

tun »
which generally represent the data well. In Fig. 8b the relaxation data is presented for
thioanisole in the range 27.7 < B <31.7mT. Here, particulagly atihe higher fields, the
data appear to be characterised by multi-exponential funetions. Nevertheless to facilitate

a quantitative analysis of the magnetic field dependence,“the’data have been fitted with

a single exponential decay.

The magnetic field dependence of T,

is plotted in Fig. 8b..Lifetimes at high field, remote
from any level-crossings, are relatively long, €onsistent with the spin-forbidden nature of
A—E transitions that require simultaneous changes in spatial and spin quantum states.
The fields where v, =2V, and v,; =V, are indicated for both samples, showing how the
relaxation time steeply decreases as theuevel-crossing region is approached. We can
infer that in proximity to a level-crogssing there is cross-relaxation between Zeeman and
tunnelling systems, providing additional pathways, and the tunnelling polarisation is able

to relax more efficiently. Asfearliex, itsappears that mechanical coupling between pairs of

CH3 groups means the condition, V,, = 2V, determines the field where there is efficient

contact between the funnelling and Zeeman systems, rather than Ic1.
f) The heat apacity ratio of the Zeeman and tunnelling systems

The DTP pulsefsequence jinvolves field-cycling excursions to level-crossings in the
tunnelling-Zeeman,manifold of levels. This is a practical device to enable the deviations
in tunnelling polarisation to be made visible by cross-relaxation between tunnelling and
'H Zeéman reservoirs. The experiments provide limited insight into the detailed cross-
relaxatien mechanism, but they do reveal this is an efficient process. The extent of
thermal mixing between the two reservoirs is determined by their relative heat

capacities and experiments have been conducted to investigate this ratio.

We define CZ and Ct to be the heat capacities of the Zeeman and tunnelling systems

respectively. Since the *H Zeeman splitting is linearly dependent on the applied magnetic

field, whereas the tunnelling splitting is independent of field, the heat capacity ratio

C,/C, has a different value at the two level-crossings. Following Clough?® and Zhang??
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Pub”Shing statistical thermodynamics provides the respective values, C, /Ct =3 at Icl and

C,/C,=3/2 at Ic2.

We can devise an experiment to determine CZ /Ct at a particular field by bringing the
two systems into repeated contact. Following the rf irradiation, the [Y{H Zeeman
saturation — 7, .- measurement], sequence was repeated N=8 times,"at each stage

monitoring the intensity of the DTP signal. By such repetitions&the tunnelling
polarisation is diluted at each stage of contact with the saturated Zeeman system and

we expect the DTP intensity to follow a geometric decling; enabling,an estimate of

Cz /Ct to be made. Such an experiment has been conducted on 2=butanone, where the

amplitude of the b~ DTP peak is plotted vs. the numbgr of lével-crossing contacts, n,

Fig. 9. The data is presented as the ratio of the([DTP_signal after the n'th contact relative

to the first, (Pn/Pl) . For this experiment the level-crgssing contact was made at the field

B,_c = 12 mT, representing Icl. If the initial inverse/temperatures are ﬂz and ﬂt then

when contact is made the two systemsicome«tg the common inverse temperature

C, C, .
?ﬂz + B ? +1| . However, ‘at eaeh, cycle the Zeeman system is saturated, so
t

t

-Nn
. . . . C,
the decline of the DTP signal cenforms with the function (F’n/F’l) = ?+1 . Already by
t
the second contact the DTP signal has declined to 16% of its value at the first contact,
Pl. By the third cOntact itYis Smaller than experimental uncertainties. In these

circumstances'we cannotfextract an accurate value of the heat capacity ratio, but by

fitting withthe function (CZ /Ct +1)7n, the data in Fig. 9 do permit upper and lower limits

to be placed‘en the heat capacity ratio. We find, 5<C, /Ct <8.

5. Discussion and numerical simulations

The,_ field-gycling sequence has been shown to successfully manipulate the tunnelling
polarisations. Changes in tunnelling state can be driven in a prescribed manner by rf
irradiation, pumping selective tunnelling sideband transitions. Additionally, as part of this
sequence, the contact between the two systems established at a level-crossing enables
the tunnelling state to be interrogated via a measurement of the 'H Zeeman
magnetisation. Tunnelling polarisations are achieved with magnitudes that are

comparable with the equilibrium *H Zeeman polarisations. The mechanisms involved are

13
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Publishing analogous to DNP and the solid effect, except the role of the electron in DNP is replaced

by the CH; tunnelling system in DTP.

By selecting the appropriate tunnelling sideband, both positive and negative tunnelling
polarisations are achieved. So the tunnelling system may be cooled, or alternatively
heated to the extent that a population inversion can be induced. This, facility enhances

the degree to which the tunnelling system can be manipulated in afprescribed manner.

To gain further insight into the mechanisms, a thermodynamic model has*heen
developed which provides the theoretical basis for a simulatign ofsthe DTP spectrum.

This model is a development of earlier publications by thesNottingham*group, to which
the reader is referred for further details ?* 223°, Formind‘the basis of the simulation, for a

given applied magnetic field and tunnelling frequency the matcix of the spin Hamiltonian

H,, Eqn. (1), may be written directly in the basis of spin functions |m,lm,2m,3>, or
alternatively in symmetry-adapted form*°??, Thén following ref. [22], the eigenvalues
and eigenfunctions of the CH; system are galculated by numerical diagonalization of H,.

This determines the extent to which thereus a'mixing of the A and E states by the non-
secular terms in the dipolar interaction, The.thermodynamic parameters, namely the
populations, polarisations and invérse temperatures of the *H Zeeman and tunnelling
systems are defined according to thesframework described in section 2, Eqns. (4) — (6).
Then those thermodynamic parameters‘are evolved in a step-wise fashion imitating each
stage of the field-cycling pulse Sequence, Fig. 2a. Here, to simulate the effects of rf

irradiation at low field, the changes in population of states labelled i and | that

participate in a weaKly allowed tunnelling sideband transition may be written as %2,

%:Tiej(pi_ pj)
dp. @)
d_tJ:TjHi(pj v pi)

wherewsifg the eigenvectors calculated from the diagonalization of H, the transition

rates per.unit time, T

irj are determined by Fermi’s golden rule with the time-

dependent Zeeman Hamiltonian I:Irf = hyBle. Here B, is the amplitude of the rf field.

Evelution also occurs in response to the switches in magnetic field between le and B22

that arise in the field-cycling sequence. These are adiabatic, resulting in adiabatic
magnetisation/demagnetisation of the system depending on the direction of the field
switch. Accordingly the change in inverse *H Zeeman temperature that accompanies a

field switch is calculated using,
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B 1
Prr = BZ P ©)
72
Additionally, at a level-crossing the cross-relaxation between the respective systems
induces changes in inverse temperature of the two systems described by the pair of

differential equations 22,

PR

dﬁz _ _ Ct

e ﬁ‘)ct+cz 3\

dg C ©
_tzw(ﬂt_ﬂz)_z

dt

t Cz ‘)
. . —
where W is the cross-relaxation rate. .
G&Q

C +

~

Therefore, the solutions of Hs provide the eigenyalu Qgenfunctions, Egns. (4) —

(6) define the thermodynamic parameters an

S. O)) — (9) are used to evolve them.

At each step in the pulse sequence this involve simulation of the populations of the

eigenstates. The model has been applied,to simulate the DTP spectra of thioanisole with

v, =560 kHz. The dipolar terms in th f H, are calculated assuming the CHs

rotor adopts a tetrahedral configu t«'Q&Wl hydrogen atoms forming a rigid equilateral
triangle with C-H bond length JA. Th ansition probabilities are calculated using the
eigenvectors and a powder aver etermined from which the overall transition rates

for each sideband may be e M

Many of the paramet the simulation are determined by the experimental conditions

or defined by the ter in the spin Hamiltonian indicated earlier. The initial *H Zeeman

polarisation is estimated given the known value of Tl at the polarisation field and the

polarisation / . For 'ré:t comparison with experiment, the baselines of the DTP
spectrar M

ial tunnelling polarisation so the corresponding inverse
temperatures_used in the simulations are ,Bt(init) =0.260+0.005k™, 0.224+0.005K™?, and

0.194* .6055(‘1 respectively for magnetic fields of 28.8 mT, 29.7 mT and 3.17 mT, see
—
Fig. 3. T)—i\/ oss-relaxation rate at the level-crossings was simulated by a Gaussian

“functi B)=W, exp(—(B— B.c )/0'2) with W, =10 s and o =3 mT. The Gaussian

idth parameter o was estimated from the solutions of H_, plotting the energy levels
Vvs. applied magnetic field. The amplitude of the rf field of the secondary irradiation

channel, B1 =0.95 mT, was estimated from the coil geometry and its electrical

characteristics in combination with the rf power amplifier. Using this value of B1 the
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Publishing transition probabilities calculated from I:|S and employed in the simulations are given in
Table 1.
The simulated DTP spectra for thioanisole are presented in Fig. 3 with solid lines. There
is generally good quantitative agreement with experiment for the features associated
with sidebands a*, a~, b" and b, confirming the proposed mechahisms that form the
basis of the thermodynamic model. The model does not address mechanical coupling so

the double sideband feature 2b~ does not appear in the simulation. Neither in the

simulation do the ‘derivative’ lineshape features appear at 1, ‘or 2VH when the condition

Vy = 21/t is approached, since the dipolar order is not considered.

The transition rates for thioanisole calculated from the Hamiltonian (Table 1) are of

order, T ~0.3s™. This is qualitatively consistentfwith the.growth of the DTP peaks as a
function of irradiation time, 7, shown in Fig47a, providing further validation for the
simulated DTP spectra. Since thioanisole and 2-butanone have similar tunnelling
frequencies and therefore similar I-A|s +a Mmore guantitative comparison is available from
the data for 2-butanone, Fig. 7b and the“ealculated transition rates for thioanisole in

Table 1. Experimental and theoretical values for the |Am| =2 sidebands agree within a

factor two and the transition rates for the |Am| =1 sidebands are systematically faster in

both experimental and calculated data sets. This represents a favourable comparison

given the uncertainties in ' modelled and experimental parameters, for example B1

It is pertinent to address here in further detail the mechanisms driving the tunnelling
sidebands andAwvhich_givesrise to the prescribed manipulations of the tunnelling
polarisation. In cenventional DNP, ‘forbidden’ transitions among the manifold of electron
-nuclear gpin states are rendered weakly allowed by non-secular terms in the electron-
nucleaf interaction which mix the pure basis states. The transitions in question involve
simultageous changes in electron spin and nuclear spin states. As described by

Abragam?*,"pumping such forbidden transitions which occur in proximity to the electron

spinwesonance frequency, V,, gives rise to strong positive and negative deviations in

nuclear spin polarisation, depending on the sign of the offset, v, v, , forming the basis

of the solid effect. In the DTP experiment with CH3z quantum rotors, we identify
‘forbidden’ transitions among the manifold of tunnelling-Zeeman states. These involve A
<> E changes in nuclear spin-symmetry, representing simultaneous changes in tunnelling

and nuclear spin states. These are the methyl tunnelling sidebands in NMR, offset from
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Pub”Shing the nuclear spin resonance frequency by *V,. These ‘forbidden’ transitions are rendered

weakly allowed due to mixing of A and E states by the non-secular terms in the *H-'H
dipole-dipole interaction. Pumping these forbidden transitions drives the strong positive

and negative deviations in tunnelling polarisation, depending on the sign of the offset.

The non-secular terms in H, involve single spin-flip operators such as |,l, which are

responsible for |Am| =1 sideband transitions, but additionally there are*double spin-flip

operators such as IllA+ which facilitate |Am|=2 sidebands. The |Am|=L2 tunnelling

sidebands are strongly forbidden at conventional magnetic fields*employed in NMR, but
as the dipolar energies become more comparable to the nucléar.Zeeman energy at low
field, both single and double spin-flip components beécome more strongly allowed.

Therefore, analogous to DNP and the solid effect, the'RTP spectrum comprises positive
and negative peaks in tunnelling polarisation sylnmetrically displaced about the nuclear

spin resonance frequency. However, because‘ef the double spin-flip operators, a

|Am| =2 spectrum is also observed, mirroring that of |Am| =1.

The field-cycling methods facilitate field-dependence measurements of the tunnelling

relaxation time, Fig. 8. With field effsets ofjust 5 or 10 mT from a level-crossing, values

of T

wn are already very long, confirming the 'H Zeeman and tunnelling systems are

normally strongly decoupled at low temperatures. However, there is a steep decrease in

T

wn as the level-crossings are approached and cross-relaxation pathways become

efficient. The field-offSets ia_guestion, of order 5 or 10 mT, are noteworthy, being of the

order of the NMR lihewidths. The latter are governed by *H-'H dipolar interactions, so
given H,, contains the reguisite space-spin coupled terms that can drive transitions

between A and Esstates;we find confirmatory evidence for the important role that the
dipolar Hamiltonian plays in tunnelling relaxation specifically and quantum rotor physics
more generally. Although the field-switching timescales do not enable a closer approach
to the“level-crossing in these tunnelling relaxation experiments, the study does probe

the same crgss-relaxation process that is responsible for bringing the tunnelling and

Zeéman reservoirs into contact at a level-crossing. Extrapolating the curve of T, vs.

B, 1 Fig. 8c, the data seems consistent with the cross-relaxation rate value W, =10 s
employed in the simulations.

The experiments in section 4f reveal the heat capacity ratio is somewhat larger than the

value Cz /Ct =3 derived from a statistical analysis of the manifold of tunnelling-Zeeman

energy levels?® ?8_ Firstly it should be noted there are additional non-methyl protons
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Publishing present in the molecule which, as a result of efficient spin diffusion processes, contribute

to the heat capacity of the 'H Zeeman reservoir. Secondly, the theoretical value 3 is only
valid for isolated groups at the field corresponding to Ic1. However mechanical coupling
means the manifold of coupled rotor states is more complex than provided for in a
statistical thermodynamic analysis of the energy levels of Fig. 1a. Moreover the field-
cycling switches that characterise the pulse sequence transit through the level crossing

Icc which occurs at higher field than Ic1l. Therefore, the situation is complex but taking all
these factors into account it is to be expected the experimentafwalue 5<C, /C, <8

deviates from the theoretical value 3.

A series of experiments were conducted on acetophenone, as/a-function of time spent at
the level-crossing, 7, . Allowing for the duration of & field-switch, in these experiments
the shortest practicable time was approximately 0.1 s."HoweVer, in the range

0.1< Tc < 2 s, no significant dependence of the'RIP signal on contact time between

Zeeman and tunnelling systems was noted, indicating that the polarisation transfer
occurs on a timescale faster than 100 mSy Similar behaviour was noted for 2-butanone

and thioanisole. Experimentally the system traverses the outlying parts of the level-

crossing region during the field switeh to the level-crossing field, BLC' Therefore, such

experiments are unable to quaRtitatively investigate the dependence on 7 . precluding

any accurate measure of thg erossspolarisation rate, W in that way. Nevertheless, these

observations make it clear that*efoss-relaxation is fast at the level-crossings and the
value employed in thé simUlations for thioanisole, W, =10s" is consistent with

experiment.
6. Concludingremarks

These inveStigations,were devised to develop techniques that enable the polarisation of a
methyl tunnelling system to be probed and manipulated in a prescribed fashion. Using
magnetic field-eycling NMR pulse sequences and irradiating forbidden transitions within
the:manifeld ¢f "H tunnelling-Zeeman energy levels, this has been achieved. It has
proved p@ssible to invert the tunnelling populations as well as create tunnelling states
charaeterised by relatively low temperatures. The mechanisms are analogous to DNP and
the solid effect. Comparing with those established techniques, the role of the electron
spin’in DNP is replaced by the tunnelling methyl system in these DTP phenomena. The
effect relies on a polarisation transfer between *H Zeeman and tunnelling systems
mediated by rf irradiation at the various tunnelling sidebands. Therefore, the tunnelling
polarisations achievable are consistent with those characterising a nuclear spin system.

The experiments provide insights into the physics of space-spin entangled systems such

18


http://dx.doi.org/10.1063/1.4975173

AllP

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.

Publishing as those which typify quantum rotors. This is interesting to broader studies seeking to

employ quantum rotors in nuclear spin polarisation schemes. Informed by parameters
determined from the eigenstates of the system’s Hamiltonian, a simple thermodynamic
model has been described which provides quantitative agreement with experiment. One
finding that reveals itself repeatedly in different ways is that mechanical coupling
between pairs of methyl groups is surprisingly prevalent. This mean$ the simple model of

an isolated methyl group, while generally adequate to account for Nthyl—related
s

phenomena, requires improvement to account for the full ranQerva ions.
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Publishing Table 1. Calculated tunnelling sideband transition rates for thioanisole (1, =560 kHz)

used in the simulated DTP spectra of Fig. 3. The rf field amplitude is B, =0.95 mT.
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Figure Legends

Fig. 1 The manifold of tunnelling-Zeeman energy levels, showing the level-crossings Ic1,

Ic2 and Icc (see main text for details): a) single CH; group, indicating tunnelling
sideband transitions; b) mechanically coupled pairs of CHs; groups (simplified with I:ldd

omitted). The arrows denote the forbidden transitions connecting-A an states that are

responsible for the respective tunnelling sideband peaks in th

Fig. 2 The field-cycling NMR pulse sequences employed in_.the DIP experiments: a) DTP

pulse sequence, b) DTP pulse sequence including a tun Ilir‘@relax ion step.
—

—~
Fig. 3 DTP spectra of thioanisole (v, =560 * 3 kHz) recorde three applied magnetic

fields, B, = 28.8, 29.7 and 31.7 mT. Other pult;equ parameters: 7, =4, B, =

1T, 7,4 =300s, B.=13mT, 7.=25,T=

tunnelling reservoir immediately after th % ing induced cross-relaxation with
the saturated 'H system is represent a;s\i\in\v se temperature, ,Bt The solid lines

represent the simulations discussed in section 5.

\
CcO

rded at B, =39.2 mT, v, =1.428 + 0.003 MHz.

.2 K. L@polarisation pertaining to the

Fig. 4 DTP spectra of acetoph ne

Other pulse sequence para 6thIf 5s, B, =1T, B=33mT, 7, =25,T=42

K. With emphasis on the b™ peakythe spectra have been recorded as a function of

polarisation time, Z'DQV
Fig. 5 The D?p k‘(nte}ﬂ (b") as a function of BLC, mapping out the contact

between the®Zeeman and tunnelling states in the level crossing region; a) thioanisole, b)

2-butanone.

Fig. 8 The,D eak intensity as a function of polarisation time, 7, : &) thioanisole, a*

£
and-b; p S/E)) b™ peak intensities for acetophenone (filled squares) and 2-butanone

(filled cirges), superimposing the polarisation growth vs. time curve for 2-butanone

“recor at the same field, B, =1 T (open squares).

197 The DTP peak intensity as a function of irradiation time, 7, : a) thioanisole, a*
.
and b~ peaks plotted as f (Vrf ); b) 2-butanone, a*, a~, b" and b~ peak intensities; c)

acetophenone, b~ peak intensity.
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B, : @) relaxation curves for 2-butanone; b) relaxation curves for thioanisole; c)

tunnelling relaxation times, T

wn » @s a function of B .

Fig. 9 Determining the heat capacity ratio, C,/C, in 2-butanone by monitoring the b"
peak intensity while making repeated contacts between *H Zeema{ d tunnelling
reservoirs. The solid line is the function (P,/R)=(C,/C, +1)7n ifﬁjt% 6.5.

TN

f(b
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