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Quantum-rotor-induced polarization is closely related to
para-hydrogen-induced polarization. In both cases the hy-
perpolarized spin order derives from rotational interaction,
and the Pauli principle by which the symmetry of the ro-
tational ground state dictates the symmetry of the associ-
ated nuclear spin state. In quantum-rotor-induced polariza-
tion there may be several spin states associated with the
rotational ground state, and the hyperpolarization is typ-
ically generated by hetero-nuclear cross-relaxation. This
review discusses preconditions for quantum-rotor-induced
polarization for both the 1-dimensionalmethyl rotor and the
asymmetric rotor H17

2
O@C60, i.e. a single water molecule

encapsulated in fullerene C60. Experimental results are pre-
sented for both rotors.
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1 | INTRODUCTION

Nuclear hyperpolarization is concernedwith the generation of non-equilibrium spin polarization, which is typically 10
to 10000-fold larger than its thermal equilibrium analogue. Hyperpolarization seeks to enhance the signal, and thereby
the sensitivity of magnetic resonance, with a prospect of revolutionary applications in fields spanning frommaterials
science to healthcare [1, 2, 3, 4, 5, 6].

The signal in magnetic resonance is directly proportional to the polarization of the nuclear spin states, which, for an
ensemble of spins 1/2 in thermal equilibrium, is given by the Boltzmann distribution:

p = tanh
(
ħγB

2kT

)
(1)
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F IGURE 1 Hyperpolarizationmechanisms. (a) In dynamic nuclear polarization nuclear spins states are actively
coupled to electron spin-states usingmicrowave irradiation, as indicated by the red line. |α 〉 and |β 〉 designate the spin
state of the nucleus. (b) In para-hydrogen induced polarization, the J = 0 state is associated with the nuclear singlet
state, and the J = 1 state is associated with the nuclear triplet states, leading to a large splitting between these states.
(c) In dissolution-quantum-rotor-induced polarization the situation is similar. The rotational splitting depends on the
rotational Hamiltonian, andmay be reduced strongly if the rotation is hindered. In addition a heteronucleus is required
to release the spin order following a temperature jump.

Themost basic hyperpolarization strategy is brute-force hyperpolarization, in which the spin polarization is en-
hanced simply by equilibrating the sample at very low temperatures. Milli-Kelvin temperatures are required to achieve
near unity spin polarization, but the spin-lattice relaxation time at such low temperatures becomes prohibitively long,
limiting the attainable polarization enhancement in high-field experiments to roughly 100 [7, 8].

Other hyperpolarization strategies work by coupling the nuclear spin states to other states that display a larger
splitting, and hence a larger polarization at a given temperature. The cases of dynamic nuclear polarization (DNP),
para-hydrogen induced polarization (PHIP) and quantum-rotor-induced polarization (QRIP) are illustrated in Fig. 1.

In DNP [9, 10, 11], cf. Fig. 1a), the other states are those of a free electron spin, split by the electron Zeeman
interaction,∆E = −ħγeB0 . At a given field the splitting between the two electron spin states is 660 times larger than that
of the two proton spin states. Forbidden electron-nuclear transitions can be driven usingmicrowave irradiation, and the
proton spin polarization can be enhanced by a factor of up to 660. DNP is now routinely used inmagic angle-spinning
NMR [12, 13, 14, 15], with typical enhancements of the order of 100. Even larger enhancements are obtained if the
DNP process is driven at a temperaturemuch lower than the temperature at which the polarization is measured. In
dissolution-dynamic nuclear polarization (D-DNP) [16, 17, 18, 19] theDNP process is driven at a field of typically 7Tesla
and a temperature of approximately 1Kelvin. Under these conditions the electron spins are fully polarized, and it is
possible to establish a nuclear spin polarization of several 10 percents. In favorable cases a rapid dissolution of the
polarized sample essentially preserves the nuclear spin polarization. The corresponding signal enhancements, due to
both DNP and the temperature jump during dissolution, of 10000 andmore have enabled in particular the tracking of
humanmetabolic fluxes in vivo [2].

In PHIP [20, 21], cf. Fig 1b), the larger splitting is that of the rotational states of the dihydrogenmolecule,∆E = 2Brot ,
where Brot is the rotational constant of dihydrogen. The nuclear spin order arises as a consequence of the Pauli principle:
Thewavefunctionmust be antisymmetric under exchange of the two protons. The overall wavefunction is simply the
product of the rotational part and the nuclear spin part. Therefore, the symmetric J = 0 rotational ground state is
associatedwith the anti-symmetric singlet state |S , 0〉 and belongs to the set of para-states. The antisymmetric J = 1
rotational state is associated with the |T , i 〉 , i ∈ {−1, 0,+1} triplet states that designate ortho-hydrogen. Note that the
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F IGURE 2 Quantum-rotor-induced polarization. (a) Symmetry order is created by equilibrating a substance with a
substantial rotational splitting at low temperature. (b) Upon dissolution higher rotational states are populated, leading
to an average Hamiltonian with a substantially reduced rotational splitting. Initially the net population difference across
observable transitions is zero, but cross-relaxation processes such as the indicated zero quantum transition (green line)
convert the symmetry order into observable Zeeman polarization.

spin quantum number describing the spin projection onto the applied field is often written as a subscript, i.e. |Ti 〉. Here I
have chosen a different notation for consistency with the spin states of themethyl rotor.

The nuclear spin states are

|S , 0〉 = ( |αβ 〉 − |βα 〉) /
√
2 (2)

|T ,−1〉 = |αα 〉

|T , 0〉 = ( |αβ 〉 + |βα 〉) /
√
2 (3)

|T , 1〉 = |ββ 〉

The splitting between the two lowest rotational states of dihydrogen is 2B ∼ 175Kelvin, and nearly pure para-
hydrogen is obtained by flowing hydrogen gas over a catalyst at a temperature of 20Kelvin, just above the boiling
point of dihydrogen. The catalyst is required as the equilibration of dihydrogen requires a simultaneous change in
the symmetry of the rotational part (as it changes from J = 1 to J = 0) and the spin part (changing from |T , i 〉 to
|S , 0〉). If, after equilibration at low temperature, the hydrogen gas is warmed up to room temperature in the absence of
catalytic elements, the ortho/para ratio established at low temperatures is preserved. Such order is also referred to in
the literature as singlet order [22], triplet-singlet imbalance [23] or symmetry order [24].

In conventional PHIP, the spin order is released via hydrogenation of the target molecule with para-hydrogen. The
transfer of spin hyperpolarization from para-hydrogen to a substrate can also occur if para-hydrogen is bound only
reversibly to ametal center. So called Signal Amplification by Reversible Exchange (SABRE), invented by Duckett and
co-workers [3], has substantially broadened the scope of para-hydrogen induced polarization [21].

In QRIP (Fig. 1c), the large splitting ∆Erot is also that of the rotational state of either the entire molecule, or a
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rotatingmoiety, such as amethyl group. This splitting depends on the rotational Hamiltonian, and decreases rapidly if
the rotation is hindered. Both PHIP andQRIP therefore exploit a rotational Hamiltonian to generate symmetry order.
In this sense QRIP is a generalization that extends the concept of PHIP to quantum rotors other than dihydrogen. PHIP
is then amanifestation of QRIP, and other manifestations of QRIP are the Haupt effect, in which hyperpolarized signals
are observed in the solid state, and an effect that wouldmore specifically be termedD-QRIP, in which hyperpolarized
signals are observed in solution following a temperature jump, in analogy to D-DNP. In the literature the termQRIP
refers exclusively to such D-QRIP effects. For the remainder of this manuscript I will use themore specific termD-QRIP
when appropriate. In D-QRIP the symmetry order is released by cross-relaxation following a temperature jump, with
the dominating relaxationmechanism being heteronuclear dipole-dipole relaxation.

Themost basic quantum rotor that could display this effect is perhaps hydrogen selenide H772 Se, comprising only
two equivalent protons and one spin-1/2 heteronucleus. This system serves here only to illustrate the concept. An
observation of quantum-rotor-induced polarization on H772 Se will only be possible if a way is found to preserve free
rotation of themolecule at low temperatures. The lowest energy levels for thismolecule are shown in Fig. (1c). As can be
seen, the energy level structure for this molecule is completely analogous to that of dihydrogen, but the introduction of
the spin-1/2 77Se heteronucleus introduces a further quantum number. The additional spin does not lead to a significant
change of the rotational energy structure, and para-H2Se is enriched by equilibrating thematerial at low temperatures
as depicted in Fig. 2a). Upon dissolution higher rotational states become accessible. Rapid transitions occur only
between states of the same symmetry, but lead to a greatly reduced average splitting [25], as depicted in Fig. 2b). Now
heteronuclear cross-relaxation processes unevenly populate observable transitions, thereby leading to the antiphase
spectra characteristic for D-QRIP.

Historically, the first observation of D-QRIP was reported by Maik Icker and Stefan Berger in 2012 [26, 27] on
the 13C-methyl moiety of γ-picoline. In 2013, the Levitt group published a paper that confirmed the observations of
the Berger group but furthermore presented a study of how the polarization of the 13CH3 spin system evolved in time.
Due to the close analogy with long-lived states, a slow decay was anticipated, and indeed the symmetry order decayed
approximately 7 timesmore slowly thanT1, constituting the first experimental evidence for long-lived states in methyl
groups [28]. Amore thorough description of the theory of long-lived spin states in methyl groups has since been given
by Dumez, Levitt and co-workers [29]. A further analysis with a focus on dipolar cross-relaxation has been given by
Annabestani andCory [24]. Symmetry order inmethyl groups can also be established using dynamic nuclear polarization
[30, 31].

Here, I do not reiterate the details of the relaxationmechanisms of long-lived spin order inmethyl or other quantum
rotors - these have been described in detail by Dumez et al. [29] - but focus on theoretical and experimental consid-
erations for the establishment and observation of symmetry order in quantum rotors. To the best of my knowledge,
methyl groups and fullerene-encapsulated, 17O-labelled water are the only quantum rotors in which D-QRIP has been
observed to date. I will discuss theoretical and experimental aspects for these two systems.

2 | THEORY

2.1 | Methyl - the 1D rotor

The subject of methyl rotation has been reviewed extensively by Horsewill [25]. In analogy to ortho - and para-water
the nuclear spin states of the three methyl protons are classified corresponding to their symmetry as |A〉 or |Ea 〉 or
|Eb 〉 states, whereA and Ea,b correspond to irreducible representations of the symmetry groupC3. The Pauli principle
requires the product of spin and rotational state to be of symmetryA [32].
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In analogy to the triplet states of ortho-water the |A〉 states are symmetric under spin permutation. They are

|A, 3/2〉 = |ααα 〉

|A, 1/2〉 = ( |ααβ 〉 + |αβα 〉 + |βαα 〉) /
√
3

|A,−1/2〉 = ( |αββ 〉 + |βαβ 〉 + |β βα 〉) /
√
3

|A,−3/2〉 = |βββ 〉

(4)

The Ea states have total spin 1/2:

|Ea , 1/2〉 =
(
|ααβ 〉 + ε |αβα 〉 + ε∗ |βαα 〉

)
/
√
3

|Ea ,−1/2〉 =
(
|αββ 〉 + ε |βαβ 〉 + ε∗ |β βα 〉

)
/
√
3,

(5)

where ε = exp(i2π/3). The |Ea 〉 states acquire a phase ε∗ under cyclic permutation. The |Eb 〉 states have total spin 1/2
as well. They are obtained by the transformation ε ↔ ε∗, and acquire a phase ε under cyclic permutation.

In exactly the sameway that para-hydrogen experiments require singlet order, or a triplet-singlet imbalance (TSI)
[33], experiments involving QRIP in methyl also require symmetry order or, more specifically an imbalance between |A〉
and |E 〉 states. The splitting between |A〉 and |E 〉 states, referred to as tunneling splitting, is typically required to be of
the order of a few Kelvin, so that an imbalance can be achieved by equilibrating thematerial in a bath of liquid helium at
4.2Kelvin.

The decisive nature of the tunneling splitting may be difficult to appreciate [34, 35], and I therefore discuss it in
greater detail here.

Consider the Hamiltonian for amethyl group that is rotating along its symmetry axis:

H =
Ĵ 2

2I
= − ħ

2

2I

∂2

∂φ2
+V (φ). (6)

The first term describes the kinetic energy, with themethyl moment of inertia given as I = 5.3× 10−47 kg/m2 . An entirely
freely rotatingmethyl group hasV (φ) = 0, and the eigenfunctions are given as

|m 〉 = 1
√
2π
eimφ , m = 0,±1,±2, . . . (7)

The energy of them-th state is ħ2m2/2I . Except form = 0, the free rotor states are therefore doubly degenerate.
The energy of them = 1 state in particular is ∼ 0.65meV ∼ 7K.

The potentialV (φ) has to respect the 3-fold symmetry of the methyl group, and in general can be written as a
Fourier series [25]. While the energy structuremay be altered by additional interactions such as rotor-rotor couplings
[36], here I illustrate the concept using only a 3-fold potential, i.e. the first term of the Fourier series:

V (φ) = V3
2
[1 − cos(3φ)] (8)
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F IGURE 3 Energy structure of the hinderedmethyl rotor. (a) Energy of the n-th rotational state for three different
strengths of the hindering barrierV3. In the case ofV3 = 0 (blue, crosses) one obtains the eigenstates of the free rotor.
The zoom in panel (b) clearly reveals the splitting between the two lowest rotational states. A small barrier of 10meV
(orange, open circles) reduces the splitting between the zeroth and the first rotational state. In the limit of a strong
barrier ofV3 = 100meV (green, filled circle) the lower rotational states are triply degenerate, with the energy structure
of a harmonic oscillator. (c) Tunneling splitting as a function of the barrier strength.

Thematrix elements for this interaction in the basis of Eq. 7 are

〈m |V (φ) |n 〉 = V3

4π2

∫ 2π

0
e−imφ [1 − cos(3φ)]einφdφ = V3

4

[
2δmn − δ3,n−m − δ−3,n−m

] (9)

A numeric diagonalization ofH yields the energies of the rotational states. An implementation in Python is listed
in the appendix. The energies are shown for three different values ofV3 in Fig. 3a). In the case ofV3 = 0 (blue curve,
crosses) the energies are simply the energies of the free rotor. Apart from the non-degenerate ground-state, each
rotational state is doubly degenerate. A small barrier of 10meV (orange curve, open circles) mixes the lowest rotational
ground-states. In the limit of a strong barrier,V3 = 100meV (green, filled circles), the lower rotational states are those
of a harmonic oscillator. The states are triply degenerate in correspondence to the three-fold potential, and equally
spaced at low energies.

The tunneling splitting is calculated as the difference in energy of the first and zeroth rotational state, cf. ∆Erot
in Fig. 1. It is shown as a function of the hindering potentialV3 in Fig. 3c). The term can be misleading in the limit of
an entirely free rotor as there is no barrier and hence no tunneling - in this case the tunneling splitting is simply the
splitting between the two lowest rotational states. If a barrier is introduced, the first and zeroth state remain only
non-degenerate to the extent that tunneling is allowed through the rotational barrier [37]. The tunneling splitting
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corresponds to only 1Kelvin at a barrier strength of 10meV, and quickly goes to zero as the barrier strength is increased
further. The corresponding thermal energy is shown on the right-hand ordinate of Fig. 3c). It can be seen that liquid
helium temperatures (approximately 1-4.2Kelvin) can only induce population imbalances betweenA and E states as
long as the barrier does not exceed ∼ 10meV. Quantum rotation is therefore not the source of the hyperpolarized
signals observed by Ludwig et al. [34] on substances which exhibit only a tiny tunneling splitting - these signals originate
from a nuclear Overhauser effect as was shown elsewhere [38].

2.2 | Water - the asymmetric rotor

Watermay rotate about each of its principal axes, and in analogy to Eq. 6 the Hamiltonian is written as

H =
Ĵ 2a
2Ia

+
Ĵ 2
b

2Ib
+
Ĵ 2c
2Ic

(10)

To find the energies, the angular momentum operators Ĵi are expressed in terms of Ĵ2, Ĵz , and Ĵ±. Thematrix elements
are then computed in a symmetric top basis |J , k 〉 with k ∈ −J , ...J , and the Hamiltonian is diagonalized as above. The
full procedure has been described in detail by Bunker and Jensen [39]. For freely rotating water, the splitting between
the lowest rotational states is approximately 30 K, and hencewater can be enriched in its rotational ground state by
equilibrating it at a temperature below 30 Kelvin. Any hindering potential would of course greatly reduce the rotational
splitting in analogy to the 1D rotor discussed above. A water molecule encapsulated in a fullerene cage retains its
freedom to rotate, and it is only for this reason that quantum-rotor-induced polarization can be observed in these
systems. In full analogy to para-hydrogen the symmetric rotational ground state requires an anti-symmetric spin state,
and the rotational ground state of water is therefore para-water, with the nuclear spin state being the singlet state given
by Eq. 2. The first excited state is an ortho-state with the three nuclear spin states being the triplet states given by Eq. 3.

Note that the above discussion of methyl andwater ignores the presence of the heteronucleus as it is not important
for the rotational energy structure. It can be taken into account by forming a direct product of a given statewith the spin
state of the heteronucleus, e.g. |A, 3/2〉 ⊗ |1/2〉 for a methyl moiety in the givenA state with a carbon in the +1/2 state.

3 | EXPERIMENTAL ASPECTS

3.1 | Solid state

The energy structure of quantum rotors enables their study by a large range of spectroscopic techniques. Neutron
scattering [40, 41, 42] and infrared spectroscopy [42] can directly probe the energy structure. Magnetic resonance does
not directly probe the energy structure, but temperature-jump experiments can be used to study conversion between
theA and E states of methyl groups or between the para and ortho states of water. The conversion process between
the different symmetry species has been termed nuclear spin conversion, spin isomer conversion or, in the case of water
or dihydrogen, ortho-para-conversion. The first spin isomer conversion experiments have been performed byHaupt
[43, 44]. He observed strongly enhanced dipolar order on themethyl protons of 4-methyl-pyridine (also refered to as
γ-picoline) when changing the temperature between approximately 30Kelvin and 10Kelvin. It has also been shown that
the hyperpolarization can be transferred to other nuclei in the solid using cross-polarization [45], and that the effect is
independent of magnetic field [46].

Nuclear spin conversion of small molecules likewater can only be observed if the required free rotation of thewater
molecules is retained. One strategy is to isolate them in solid matrices of inert gases like argon [47, 48]. However, this
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approach provides little control over the environment of the dissolvedmolecules, and is prone to the formation of dimers
or clusters. Molecular endofullerenes such as H2O@C60 [49, 50, 42], in which a single, freely rotating water molecule
is enclosed in a fullerene cage, provide an excellent alternative. These systems are very homogeneous, and provide
an approximately 2molar concentration of water molecules, amenable for studywith nuclear magnetic resonance. In
solid H2O@C60 spin conversion at low temperatures is readily monitored by NMR [51]. Following a temperature jump
from 30 to 5Kelvin, the excess ortho-water converts to NMR silent para-water, leading to a reduction in the NMR signal.
The conversion kinetics are best described using a second order model, indicating that interaction between the water
molecules facilitates the conversion.

Water exhibits an electric dipole moment, and therefore a Stark effect: an applied electric field shifts the rotational
energies. The electrical polarizability of a water molecule is obtained as the second derivative of its energy with respect
to the applied field, and depends on the rotational state. It is therefore possible to seperate ortho and para-water using
electric field gradients [52], and it is also possible to monitor the spin conversion bymeasuring the dielectric constant of
thematerial [53]. This is a convenient method in practice as capacitive detection is simple and rather sensitive.

3.2 | Solid-to-liquid temperature jumps

3.2.1 | Methyl groups

Transient phenomena can be observed with liquid-state NMR if a quantum-rotor polarized sample is dissolved in warm
solvent. In the first experiments of this kind, conducted by Icker and Berger [26], a small amount of 4-methyl-pyridine
was loaded into anNMR tube that was subsequently kept in liquid helium for half an hour to generate quantum-rotor
polarization. Thematerial is thendissolvedby adding acetone-d6 , and theNMRtube is loaded into anNMRspectrometer
followed by an acquisition of the NMR signal.

The first study of the time evolution of these signals was reported by the Levitt group [28], using a dissolution
apparatus as first described by Ardenkjær-Larsen and co-workers [16]. A similar apparatus has also been used in recent
experiments by Dumez et al., where dynamic nuclear polarization was used as an alternative means to create symmetry
order in substances bearingmethyl groups [31].

In order to generate quantum-rotor polarization one only needs to equilibrate thematerial at low temperature
- no magnetic field is required. The same argument applies to the transfer of the sample. While fast-relaxation can
rapidly quench spin polarization in solid samples at low fields [8], this is not a concern for quantum-rotor polarization.
The possibility of transferring a sample in the solid then allows for amuch faster transfer, as one is not limited by the
friction that occurs between a liquid and the walls of the tube throughwhich the liquid is flushed. In a simple apparatus
the material of interest is loaded into a teflon capsule. This “bullet” is then loaded into a U-shaped steel tube that is
installed in an Oxford Instruments Flow-Cryostat. The sample is kept cold for the required time, and then ejected
rapidly using pressurized helium gas. A receiver structure in the liquid-state NMR apparatus retains the capsule but
allows for the sample to travel further into an NMR tube preloadedwith solvent. The time required for thematerial to
dissolve depends on the used solvents, but is typically of the order of 1 s in ambient temperatures solutions. Generally it
is desirable to dissolve thematerial quickly to reduce additional losses that may occur as the samplemelts. In addition
tominimizing sample dilution, a key advantage is that the sample is transferred very quickly (approximately 100ms),
and therefore one can alsomonitor the buildup ofmagnetization immediately after dissolution, without having to revert
to procedures such as aT00 filter that substantially perturb the spin system. Experimental results obtainedwith this
apparatus are shown in Fig. 4. Amore detailed description of this apparatus has been given elsewhere [54].
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F IGURE 4 D-QRIP Experiment on 2-13C-labelled acetate. A spectrum is recorded every 2.5 s. (a) D-QRIP spectrum,
recorded approximately 8s after ejection and dissolution of the sample capsule. (b) Thermal equilibrium spectrum (60
transients averaged), magnified by a factor of 5. (c) Enhancements of the four peaks of themethyl spectrum as a
function of time. The enhancement for each signal is calculated as its integral divided by the average integral of the four
signals of the thermal equilibrium spectrum.

3.2.2 | Water

Quantum-rotor-induced polarizationmay also be observed in 17O-labelled, fullerene-encapsulated water. The energy
structure of this system is analogous to the one shown in Fig. 2, except that the quantum number of the heteronucleus
assumes the values −5/2,−3/2, . . . , 5/2, since 17Ohas spin 5/2. The proton spectrum of this substance comprises six
peaks due to the J -coupling between the protons and oxygen. Scalar relaxation induced by the quadrupolar relaxation
of the 17Onucleus leads to a spectrum that is symmetric, but exhibits different linewidths depending on the 17O spin
quantum number [55].

To facilitate rapid dissolution, H172 O@C60 is predissolved in orthodichlorobenzene. This sample is kept at 4.2Kelvin
overnight to enrich the amount of para-water. It is then shot into an NMR tube loaded with deuterated toluene.
H172 O@C60 exhibits a short 1HT1 of less than 1 s. Therefore a 30◦ flip-angle is applied every 250ms, followed by signal
acquisition. Due to the weak enhancements and the low concentration of H172 O@C60 in the final solution the signals are
too weak to be observed in a single scan. The spectra obtained from averaging 20 transients in the intervals 5-10 s and
35-40 s after dissolution are shown in Fig. 5a) and b), respectively. A clear antiphase pattern is obtained shortly after
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F IGURE 5 D-QRIP Experiment onH172 O@C60. (a) Average of 20 transients recorded in the interval 5-10 s afterdissolution of thematerial. The flip angle of the RF pulse is 30 degrees, one transient is recorded every 250ms. The
spectrum of H172 O@C60 exhibits 6 peaks due to the J -coupling to the spin-5/2 17Onucleus. The peak at zero offset (*) isdue to residual H162 O@C60. The spectrum exhibits an antiphase pattern characteristic of quantum-rotor-inducedpolarization. (b) The same as (a), but recorded 30 s later, i.e. in the interval 30-35 s. The spin system clearly has not
reached thermal equilibrium. (c) Thermal equilibrium spectrum recorded after full equilibration (64 transients
averaged). The vertical scale is consistent across (a)-(c).

dissolution. Half a minute later, cross-relaxation is still continuing, and the spectrum is still not symmetric. The thermal
equilibrium spectrum, recorded after full equilibration is shown in Fig. 5c). While quantum-rotor-induced polarization
is clearly observed, the transient signals happen to be of the same strength as the thermal equilibrium polarization,
the enhancement is approximately 1. In part this is anticipated as more long-lived symmetry order implies weaker
cross-relaxation processes. If in additionT1 is short, the polarization is only accumulated for short time, and only small
enhancements are obtained. Amore detailed analysis of this experiment is available elsewhere [54].

4 | CONCLUDING REMARKS

To date dissolution quantum-rotor-induced polarization has been observed on various methyl moieties as well as
on H172 O@C60. The scope of D-QRIP will likely remain limited as only very few substances exhibit sufficiently freely
rotating groups. Further progress in the synthesis of molecular endofullerenes will enable the study of new quantum
rotors such as CH4@C60, but slow conversion of symmetry order into observable magnetization will limit the attainable
enhancements to values that are small compared towhat can be achievedwith dissolution dynamic nuclear polarization.
Away to generate larger enhancements then is to “slow down” or halt the rotor, for example bymeans of a chemical
reaction.

Quantum-rotor-induced polarization is generated as symmetry order is converted intomagnetization, and there-
fore occurs only in molecules that support a long-lived spin state. In fact, the first evidence for long-lived spin states in
methyl groups was obtained by exploiting quantum-rotor-induced polarization. In the absence of a rotational splitting,
long-lived symmetry order can be established in a range of substances using DNP[56, 23, 30]. The long-lived symmetry
order in methyl groups can also be established or in fact enhanced using dynamic nuclear polarization in presence of a
small tunneling splitting, as has been shown for protonatedmethyl groups [31]. This interesting observation implies
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that DNP can facilitate symmetry conversion and at least indirectly lower the temperature of the rotational reservoir.
Conversely relaxation of the rotational reservoir [57] may influence the buildup of spin polarization.
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APPEND IX

Less than twenty lines of Python code are required to compute the energies of the 1Dmethyl rotor, using Python’s
Numpy library. A full listing, written using the freely available IPython Notebook, is given below. Note the computation
has been performed in wavenumbers, which are easier to handle computationally. To convert to wavenumbers, the
matrix elements as given in themanuscript aremultiplied by 1/ħc .

In [2]: import numpy as np
import matplotlib.pyplot as plt
%matplotlib inline

from scipy.constants import c, hbar, e

def wavenumbersToEV(x):
return np.array(x)*hbar*c/e

I = 5.31e-47
V3 = 1e-3*e #one meV

# Setup Hamiltonian, energies in wavenumbers
# The free rotor Hamiltonian in the free rotor
# basis has entries only on the diagonal.
# The code below creates the corresponding diagonal matrix.
maxN = 150
freeRotor = np.diag([hbar*n**2/(c*2*I)

for n in range(-maxN/2+1, maxN/2+1)])

# The potential term for the three-fold potential leads to entries
# on the main diagonal (first line),
# and on the off-diagonals shifted by +/- 3 (second/third line).
potential3 = (2*np.identity(maxN)

- np.diag(np.ones(maxN - 3), 3)
- np.diag(np.ones(maxN - 3), -3))

potentialTerm = V3/(4*hbar*c)*potential3

# Calculate eigenvalues for no potential, 10 meV, and 100 meV.
for scaleFactor in [0,10,100]:

# The Hamiltonian H is the sum of the free rotor Hamiltonian
# and the potential .
H = freeRotor + scaleFactor*potentialTerm

# np.linalg.eig returns the eigenvalues or energies,
# and the eigenvectors, or eigenstates.
energies, basisFunctions = np.linalg.eig(H)

# Now plot a sorted list of the energies to
# reveal the energy structure.
plt.plot(wavenumbersToEV(sorted(energies)), "-x",

label = "V3 = {} meV".format(scaleFactor))

plt.xlim(0,20)
plt.ylim(0, 0.1)
plt.legend(loc = 2)

2

GRAPH ICAL ABSTRACT

Quantum-rotor-induced polarization is closely related to para-hydrogen-induced polarization. In both cases
hyperpolarized spin order derives from rotational interaction, and the Pauli principle by which the symmetry of the spin
state dictates the symmetry of the rotational state. This review discusses preconditions for quantum-rotor-induced
polarization in the 1-dimensional methyl rotor and in the asymmetric rotor H172 O@C60, i.e. a single water molecule
encapsulated in fullerene C60. Experimental results are presented for both rotors.


