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Exploiting level anti-crossings for efficient and
selective transfer of hyperpolarization in coupled
nuclear spin systems†

Andrey N. Pravdivtsev,ab Alexandra V. Yurkovskaya,ab Robert Kaptein,bc

Karsten Miesel,d Hans-Martin Viethd and Konstantin L. Ivanov*ab

Spin hyperpolarization can be coherently transferred to other nuclei in field-cycling NMR experiments.

At low magnetic fields spin polarization is redistributed in a strongly coupled network of spins.

Polarization transfer is most efficient at fields where level anti-crossings (LACs) occur for the nuclear

spin-states. A further condition is that field switching to the LAC positions is non-adiabatic in order to

convert the starting population differences into spin coherences that cause time-dependent mixing of

states. The power of this method has been demonstrated by studying transfer of photo-Chemically

Induced Dynamic Nuclear Polarization (photo-CIDNP) in N-acetyl-tryptophan. We have investigated the

magnetic field dependence and time dependence of coherent CIDNP transfer and directly assessed

nuclear spin LACs by studying polarization transfer at specific field positions. The proposed approach

based on LACs is not limited to CIDNP but is advantageous for enhancing NMR signals by spin order

transfer from any type of hyper-polarized nuclei.

I. Introduction

NMR is a powerful and versatile spectroscopic technique with
an abundance of applications in physics, chemistry, biology and
medicine. However, the technique suffers from a low inherent
sensitivity, which is a limiting factor in many applications. The
sensitivity problem comes from the poor Boltzmann polarization
of nuclear spins at thermal equilibrium. A way to overcome this
problem is using non-thermal spin polarization, also called hyper-
polarization. Among the techniques based on this approach are
Dynamic Nuclear Polarization (DNP),1–4 Chemically Induced
Dynamic Nuclear Polarization (CIDNP)5 and Para-Hydrogen
Induced Polarization (PHIP).6–8 All these methods employ strongly
non-thermally polarized spins, thus allowing one to enhance the
NMR signal intensity by several orders of magnitude.

Although hyperpolarization techniques made numerous
new NMR applications possible,6,9–17 there are still many

problems to be solved in this field. In particular, it is of
importance to further develop strategies for optimizing the
hyperpolarization process and the transfer of polarization from
the primarily polarized spins to the target nuclei of choice. This
step is required, for instance, in PHIP experiments to hyper-
polarize other nuclei in the molecule by spin order transfer
from the two protons prepared in their singlet state.

In the present contribution we will address the problem of
polarization transfer within scalar coupled homonuclear
systems in field-cycling NMR experiments. We propose that
highly efficient and selective hyperpolarization transfer based
on coherent spin mixing can be achieved by exploiting spin
coherences formed in the vicinity of nuclear spin Level
Anti-Crossing (LAC) points. LAC is a well-known concept in
physics;18 previously LACs have been used in optical nuclear
polarization19–21 and in solid-state DNP.22,23 Here we will deal
with liquid samples where the systematic consideration of LACs
provides a powerful resource for manipulating the transfer of
spin hyperpolarization in PHIP and in CIDNP. The advantage of
LACs in polarization transfer is two-fold: (i) they provide a high
polarization transfer efficiency (much higher than, for instance,
incoherent processes such as cross-relaxation) and (ii) they
enable highly selective transfer, which proceeds only between
certain types of spin order. Previously, pronounced features in
the CIDNP field dependence due to LACs were reported24 and
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they have also been considered in PHIP.25–27 However, polar-
ization transfer kinetics was never studied in detail and nor was
the coherent nature of the transfer efficiently exploited.

To form coherences between crossing nuclear spin levels we
will use NMR with fast field-cycling. One way27,28 to form spin
coherences in field-cycling NMR experiments is by polarizing a
spin system at high field and subsequently transferring it to the
LAC field. When the field switching is non-adiabatic the initial
population differences are transferred into spin coherences.
Their evolution results in a polarization redistribution, which is
particularly fast and efficient. More specifically, we will show that
using LACs it is possible to exactly exchange the populations of the
crossing levels thereby reaching a transfer of 100% efficiency for a
particular spin order as long as relaxation effects are negligible; in
the presence of relaxation the fraction of polarization transfer still
remains high. After the evolution of spin coherences has taken
place the system is brought to the high NMR detection field where
the polarized signals are measured. Our previous studies have
shown that this method of creating spin coherences without direct
NMR excitation is feasible; moreover, by setting the field to specific
LAC positions and controlling the speed of field variation one can
manipulate the transfer process. To form hyperpolarization a
useful method is photo-CIDNP in reversible photoreactions. An
advantage of photo-CIDNP is that timing of the chemical reactions
can be precisely controlled; in addition, the method gives NMR
enhancement of the order of 100–200 (ref. 29). Thus, initially some
of the NMR lines are strongly enhanced, while the others are
enhanced only weakly. This is in contrast to, for instance, the solid-
state DNP case where all NMR lines of the sample exhibit virtually
the same enhancement. We will show that LACs enable transfer-
ring polarization between strongly and weakly polarized spins to
enhance particular lines in the NMR spectrum.

Experimental results will be reported for the amino acid
N-acetyl-tryptophan (N-Ac-Trp), which has two different net-
works of four scalar coupled protons each. In the N-Ac-Trp
molecule the starting polarizations30 of the individual protons
are different due to differences in the hyperfine interactions in
the N-Ac-Trp cation radical. Low-field experiments make it
possible to redistribute the initial polarizations by a coherent
transfer process. The experimental results will be supported by
accurate theoretical calculations, which are a prerequisite for a
quantitative understanding of the experimental findings and
for the design of new experiments.

II. Methods
A. Materials

N-Ac-Trp was used as received from Bachem. The dye 4-carboxy-
benzophenone (4-CBP), the solvent D2O, DCl and NaOD were
purchased from Sigma-Aldrich. DCl and NaOD were used to
adjust the pH. In the experiments the following aqueous
solution was used: 2 mM N-Ac-Trp with 1 mM 4-CBP at
pH 11.0. NMR parameters (chemical shifts, scalar spin–spin
couplings and high-field T1-relaxation times) that are needed
for modeling the polarization transfer effects are given in
Table S1 (see ESI†). The chemical structure of N-Ac-Trp is given

in Chart 1. CIDNP was formed by means of photo-induced
electron transfer from N-Ac-Trp to 4-CBP.30

B. Field-cycling NMR

The field-cycling setup is based on mechanical shuttling of the
NMR probe-head between positions of different field strength
as described in detail in an earlier publication.31 This setup
allows for the combination of fast field-cycling (less than 0.3 s
for shuttling the probe-head between the highest and the
lowest magnetic field) with high-resolution NMR detection
(NMR linewidth is about 0.3 Hz). NMR detection is done at a
field B0 = 7 Tesla under permanent sample rotation (20 Hz). The
evolution of the polarized spins can be studied at a variable
field Bint (cf. Fig. 1) in the range between 50 mT and 7 T. In the
range of 0.1 to 7 T the field is set by mechanical positioning of
the NMR probe with the sample in the fringe field of the
spectrometer cryo-magnet, while below 0.1 T the field is set
by controlling the current of an auxiliary magnetic system
placed under the bore of the NMR magnet at a position where
the fringe field is about 50 mT. The auxiliary magnet provides a
magnetic field ranging from �50 mT to 50 mT, which is
superimposed on the NMR fringe field at the lowest sample
position. The current in the auxiliary magnet is pre-set for each
field-cycling experiment and is changed only between subse-
quent experiments in order to vary the Bint field. Thus, the

Chart 1 Structure of N-acetyl-tryptophan (N-Ac-Trp) with numbering and
nomenclature of the protons.

Fig. 1 Protocol of the polarization transfer experiment with 5 stages: CIDNP
preparation by light (stage 1, duration tp) at B = Bp; field variation to B = Bint

(stage 2, duration t1); polarization transfer at Bint (stage 3, duration t); field
variation to the detection field B = B0 (stage 4, duration t2); Fourier-transform
NMR detection (stage 5).
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system allows setting the field in the range from 0.05 mT to
0.1 T. Additional coils also minimize the gradient of the Bint

field resulting in a field variation along the sample of less than
0.1 mT for the low-field part. Since the field switching is
digitally controlled its time profile, B(t), is known precisely.
The setup allows generating CIDNP at any magnetic field by
light irradiation via a liquid light-guide.31

C. Experimental protocol

The experimental protocol depicted in Fig. 1 consists of 5
consecutive stages. During stage 1 (preparation) CIDNP is
generated at B = Bp by using light irradiation. In our experi-
ments we always set Bp equal to the NMR detection field B0 with
the advantage that the starting polarization of the spins at the
end of stage 1 is exactly known from the high-field CIDNP
spectrum. Immediately after CIDNP formation the probe is
rapidly moved to the intermediate field value Bint (stage 2)
during the time period t1. Then after a period of free evolution
of variable duration t (stage 3) the probe is rapidly moved back
(stage 4) to B0 during the time period t2. Finally, at B = B0 the
Fourier-transform NMR spectrum is obtained (stage 5). The
unique combination of fast field-cycling with high resolution
NMR (E0.3 Hz) enables measuring the NMR line intensities of
all individual protons in N-Ac-Trp. Thus, it is possible to study
the CIDNP transfer phenomena and measure the CIDNP time
evolution for all coupled protons.

We performed a detailed study of CIDNP transfer by varying
Bint and the experimental timing over a wide range. This
allowed us to identify the role of LACs and to optimize the
transfer efficiency. The theory of low-field polarization transfer
is outlined in the following section.

III. Theory

Coherent polarization transfer effects are described for the
conditions: (i) strong coupling of spins at low magnetic fields
and (ii) non-adiabatic field switching. Strong coupling results
in simultaneous polarization of several spins, while non-adiabatic
changes of the Hamiltonian allow for transferring state population
differences into coherences and vice versa.

The condition of strong (or weak) coupling is determined by
the relation between the difference, dn, in Zeeman interaction
of the spins and their spin–spin interaction, J. Spins are
considered strongly coupled when dn is smaller than or com-
parable to J; the opposite situation dnc J corresponds to weak
coupling. As dn is directly proportional to the external magnetic
field the situation of strongly coupled spins corresponds to the
low-field case, while at sufficiently high field the spins are
weakly coupled.

The concept of strong coupling is important for our work
because strongly coupled spins always have collective (mixed)
eigen-states. As a consequence, polarization transfer32,33 takes
place: by polarizing one spin one also polarizes the other. Let us
consider a two-spin system as an example. In a two-spin system
polarization transfer occurs via coherent mixing of eigen-states
characterized by zero z-projection of the total spin, Iz. At high

field these eigen-states are, obviously, ab and ba, i.e., products
of single-spin Zeeman states a and b. However, at B = 0 the
eigen-states are the mixed singlet (S) and triplet (T0) states. The

splitting between the levels, dE, is equal to dE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J2 þ ðdnÞ2

q
.

At dn = 0 (i.e., zero magnetic field) it is minimal and equal to | J|.
This situation can be considered a LAC, also called avoided
level crossing: at B = 0 the two levels tend to cross but the
coupling matrix element splits them by | J| (Fig. 2a). In the
vicinity of the LAC the spins are most strongly coupled; in
addition, coefficients which describe the mixing of ab and ba in
the eigen-states experience abrupt changes upon going to the
crossing point. The notions of LAC and ‘strong coupling’ are
interrelated: in fact, for the simplest two-spin system the LAC
and the strongest coupling are both occurring at zero field. For
two spins there is only one LAC, which occurs for the states
with Iz = 0; it is always located at zero field. For larger spin
systems there are additional LACs at B = Blac a 0. For instance,
in a three-spin system there is one such LAC (see Fig. 2b). In
general, when one passes through a LAC the mixing of spin
states changes significantly also resulting in abrupt changes in
the polarization transfer efficiency.33 For this reason the notion
of LAC takes a central position in our work.

Strong coupling of spins is necessary but not sufficient for
CIDNP transfer in our experiments. This is because initially the
spin system is hyperpolarized at high field where the spins keep
their individual spin order. For polarization transfer it is crucial
how fast the magnetic field is switched; more specifically, the
field variation has to be non-adiabatic. In general, for two
eigen-states, |ii and |ji, of a time-dependent Hamiltonian the
adiabaticity condition is described34 by the parameter xij(t) =
|aij(t)/2pdEij(t)| where aij(t) = hi|(d|ji/dt) describes how the

Fig. 2 Schematic description of LACs for a two-spin system (a) and a three-spin
system (b). LACs are indicated by circles, spin levels are assigned at high fields and
in the case of (a) also at zero field. In the case of (b) to clearly visualize the LACs
we subtracted the large Zeeman energy h� gbIz from the total energy.
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eigen-states of the system change with time and dEij(t) is the
time-dependent splitting between the levels given in Hz. When
aij(t) { 2pdEij(t) also xij(t) { 1 and the eigen-states change
slowly, such that the populations follow the adiabatic states of
the Hamiltonian. In the opposite case the Hamiltonian changes
abruptly with the result that the density matrix of the spin
system has to be projected on the new eigen-basis; conse-
quently, the state populations are mixed and, additionally,
coherences between them can be formed. In the case of two
spins 1

2 the eigen-states of the system with Iz = 0 at arbitrary field
(adiabatic states) are

|1i = cos y|abi + sin y|bai

|2i = �sin y|abi + cos y|bai

where tan 2y = J/dn; these states change from ab and ba at high
field to S and T0 at low field. Consequently, the adiabaticity
parameter is

x12ðtÞ ¼
1

2pdEðtÞ �
dyðtÞ
dt

Thus, the adiabaticity condition is determined by how fast the
mixing angle, y(t), changes upon field variation as compared to

dEðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J2 þ ðdnðtÞÞ2

q
. To estimate the efficiency of mixing

after passing through an isolated LAC at a constant speed one
can use the Landau–Zener theory, which gives the following
transition probability35 for the populations of the two coupled
states

P12 ¼ exp � ð2pJÞ
2

dðdnÞ=dt

 !

Here d(dn)/dt gives the rate at which dn changes during the
passage. This expression gives a reasonable estimate for the
degree of non-adiabaticity; however, in our case it can hardly be
used in practice. This is because we are interested not only
in the transition probability but also in the formation of
coherences upon fast changes of the Hamiltonian. Besides this,
in our experiments we never had a linear variation of dn upon
the field variation but a more complex B(t) time profile.36 For
this reason, to model experiments on the quantitative level
it became necessary to solve numerically the Liouville–von
Neumann equation for the density matrix (see below). It is also
important to emphasize that although exciting spin coherences
by field variation is a rather demanding task our experimental
setup makes it feasible, particularly when the spin system
has LACs.

To explain the transfer mechanism let us take the example
of a hyperpolarized two-spin system, shown in Fig. 3. Let us
assume that at high field one of the spins has a positive net
CIDNP equal to M, while the other spin is not polarized. Such a
spin order results in different population of the eigen-states
with Iz = 0, which are the ab- and ba-states. When the magnetic
field is instantaneously reduced to Bint = 0 the difference in
polarizations is converted into the coherence, rST0

, between the

new eigen-states (singlet–triplet states), the Zero-Quantum
Coherence (ZQC). At the same time the populations of the S
and T0 states become equal in contrast to those of the ab- and
ba-states. Thus, after sudden field switching the initial popula-
tion difference is completely converted into spin coherence in
the new eigen-basis. This coherence immediately starts oscillat-
ing with frequency J. When after a period of free evolution, t,
the field is switched back to B = B0 the ZQC is converted back
into the difference in magnetization of the two spins. When the
delay is appropriately set ( J�t = 1/2) the coherence has the
opposite phase and, consequently, the spins exactly exchange
their polarization. In this way CIDNP can be transferred
between coupled spins in fast field-cycling experiments. The
resulting magnetizations of spins oscillate as function of time t
(Fig. 3). In practice, because of relaxation, the amplitude of the
oscillations decays exponentially with time while the level of
polarization decreases in parallel.

The spin dynamics can also be described in the framework
of the product operator formalism.37 Prior to the first field
variation the spin system has a spin order given by the operator
(Î1z � Î2z), which does not change with time at high field as it
commutes with the high-field Hamiltonian. After the field
switch, however, it is converted to the ZQC between the S and
T0 states and is no longer conserved: J-coupling mixes it with
another spin order, namely, with i(2Î1yÎ2x � 2Î1xÎ2y) because
[Î1z � Î2z, J(Î1�Î2)] = iJ(2Î1yÎ2x � 2Î1xÎ2y). As a consequence, the
ZQC evolves as follows: ZQC(t) = (Î1z � Î2z)cos 2pJt + (2Î1yÎ2x �
2Î1xÎ2y) sin 2pJt. The second field variation makes (Î1z � Î2z)cos 2
pJt a time-independent operator again; the corresponding
spin order is then measured by NMR. Thus, the difference in

Fig. 3 Scheme of CIDNP transfer in a field-cycling NMR experiment. Top:
representation of the CIDNP formation and evolution. Bottom: net polarizations
of spins 1 and 2 as oscillatory functions of time interval t at zero field; decay of
polarization and coherence is taken into account. In the scheme the following
state population patterns (PP) (top) are shown. First, spins have the same
z-magnetizations (PP 1); after the CIDNP formation net polarizations of spins
are M1 = M, M2 = 0 (PP 2). Fast jump to low field converts the population
difference between the ab- and ba-states into ZQC, rST0

= r0, between the low-
field S- and T0-states (PP 3). Subsequent evolution during the time t = 1/2 J results
in sign inversion of the ZQC (PP 4); finally, after the second switching to high field
spin magnetizations are inverted (PP 5): M1 = 0, M2 = M. Magnetizations as a
function of Jt show oscillations, which are damped due to relaxation.
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magnetizations oscillates as a function of t; the oscillation
frequency is equal to J.

As has been pointed out, an important issue is the rate of
field variation: for a slow (adiabatic) field switch the spin
energy levels keep their initial populations and no coherences
occur in the system. Consequently, the state populations after
two field switches are exactly the same as before the switching
(assuming that relaxation effects are negligible). In contrast,
non-adiabatic (sudden) field variation enables the excitation of
spin coherences resulting in exchange of population between
the chosen pair of levels. Excitation of a specific coherence (for
instance, by stepping through a particular LAC25–28) also allows
for the selective transfer between particular spin orders. As will
be shown below, this methodology is applicable for more than
two coupled spins although the physics becomes more
complex. For instance, for more than two coupled energy levels
(which is the case for more than two spins) one can excite two
or more coherences from the initial population differences.
However, when one steps through an isolated LAC often only a
single coherence is excited with high efficiency. In this case the
situation is physically similar to the population-coherence
exchange in a two-level system.

For simulating the experimental results we used essentially
the same method as before.27,28 We solved the Liouville–von
Neumann equation for the spin density matrix, r̂, during stages
2, 3 and 4. The Hamiltonian, Ĥ, of the spin system describes a
system of K scalar coupled spin 1/2 nuclei (protons in our case)
and includes the Zeeman interaction of spins with the external
field and scalar spin–spin coupling. The Hamiltonian is time-
dependent during stages 2 and 4 because the magnetic field
varies with time, but is constant during stage 3. The Zeeman
interaction of the i-th spin is conditioned by its chemical shift,
di; the coupling constants Jij are specified for all pairs of
interacting spins. All the parameters di and Jij were determined
from simulation of the high-resolution NMR spectra taken at
high field, B0 = 7 Tesla (see Table S1, ESI†).

To describe damping of the oscillations in the time depen-
dence of the polarization transfer and the overall decay of
hyperpolarization in the system we also considered spin relaxation.
For the sake of simplicity, this was done only for stage 3 because
the field variation times, t1 and t2, were considerably shorter than
the typical relaxation times in the system. The time between the
field switches, t, was varied over a wide range; hence, taking
relaxation into account was necessary for the period of free evolu-
tion at the intermediate field. Spin relaxation was described by the

Redfield theory with the full relaxation super-operator ^̂
R. The

relaxation of spins was treated according to the model of fluctuat-
ing local fields. This simple model requires as input parameters
only the high-field T1- and T2-relaxation times of the individual
spins; we also assumed T1i = T2i. The relaxation times T1i were
determined at B = B0 by the standard inversion-recovery experi-
ment. Although the model chosen cannot take into account more
specific effects (such as long-lived states38,39 resulting from dipolar
relaxation of spins) it gives a realistic description of the decay of
spin order (population differences and coherences) in the whole
range of magnetic fields.

Finally, the initial condition for the density matrix after the
preparation (at t = tp) is characterized by a set of net polariza-
tions, Mi, of the individual spins. For the sake of simplicity we
neglect other spin orders, for instance, multiplet polarization of
the type ÎizÎiz, a situation that is realistic for high-field CIDNP
experiments. Since we are not dealing with multiple-spin
orders, we will hereafter use the simpler term ‘polarization’
instead of the more rigorous terms ‘spin order’ or ‘spin align-
ment’. Indeed, in our situation it is possible to characterize the
system by net magnetizations of spins measured at high field
only, which will be referred to as net ‘polarization’. Likewise,
the term ‘polarization transfer’ describes the transfer of net
magnetization between the coupled spins. At low field differ-
ences in net polarization (Mi � Mj) are converted into the
corresponding spin coherences, which mediate polarization
transfer according to the mechanism described above. Values
for Mi were determined from the CIDNP spectrum measured at
B0 = 7 Tesla.

IV. Results and discussion

The N-Ac-Trp molecule represents a particularly interesting
case because there are two subsystems of four coupled protons
with different coupling networks, while spin–spin interactions
between the protons of the different groups are negligible. The
first network (hereafter called Subsystem 1) consists of the
a-CH proton, the b-CH2 protons and the aromatic proton in
the H2 position. The second network (Subsystem 2) is formed
by the four protons of the six-membered ring of N-Ac-Trp.

In Subsystem 1 at low field Bint t 100 mT all four spins
become strongly coupled; as the field is above 100 mT, the
three-spin system composed of the a-CH proton and the b-CH2

protons becomes only weakly coupled to the H2 proton. In
Subsystem 2 each of the four protons has considerable cou-
plings to its nearest neighbors, while all other couplings in this
system are small. It is of interest to check whether in Subsystem
2 polarization is transferred only among the neighboring spins
or also among remote spins. The latter case is possible because
at low fields each pair of neighbors is strongly coupled. As a
consequence, the whole system is coupled strongly, including
even spins having no coupling to each other. From our previous
theoretical studies33 we anticipate that under such conditions
polarization can be transferred even among spins having no
direct couplings.

The CIDNP spectra of each of the two subsystems contains
protons with different values Mi of polarization, which is a
necessary prerequisite for creating ZQCs by fast field variation.
At the end of the preparation period, the two b-CH2 protons
have negative polarization, the H2, H4, H6 protons have strong
positive polarization, whereas CIDNP of the other protons is
relatively small (see Table S1, ESI†).

Let us first consider CIDNP transfer in the four-spin system
composed of the a-CH, b-CH2 and H2 protons. At low fields the
entire system is strongly coupled; thus, CIDNP transfer occurs
not only among the a-CH and b-CH2 protons but involves the
H2 proton as well. At Bint = 0 we have found selective coherent
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CIDNP transfer between the b1-CH2 proton and the H2 proton
(see Fig. S1, ESI†). The origin of the selectivity is described in
detail in ESI.† It is, however, more illustrative to consider
CIDNP transfer caused by an isolated LAC. To this end we
studied polarization transfer at higher fields where pronounced
LAC effects can be observed.

As the field increases, the coupling of the H2 proton to the
other three protons becomes weak. Thus, with regard to polar-
ization transfer the subsystem changes to a strongly-coupled
three-spin system. The field dependence of CIDNP of the a-CH
proton after two field jumps is shown in Fig. 4a together with
the theoretical simulation. In this dependence there is a sharp
dip reflecting transfer of negative CIDNP from the b-CH2

protons. CIDNP as a function of time in this subsystem at a
magnetic field of 313 mT, which corresponds to the position of
the dip, is shown in Fig. 4b. Despite fast relaxation of this
subsystem and low oscillation frequency it can be seen that
there is a selective coherent exchange of CIDNP between the
b1-CH2 and a-CH protons, while the polarization of the b2-CH2

decays exponentially. Oscillations can be most clearly seen
from the inset in Fig. 4b.

CIDNP transfer at a specific magnetic field as well as the
transfer selectivity are both accounted for as a LAC effect. At a
field of 313 mT there is a LAC in the three-spin system
consisting of the b1-CH2, b2-CH2, and a-CH. Addition of
the H2 proton with slightly different couplings to the b-CH2

protons results in a small splitting of the LAC into two LACs
with slightly different positions (Fig. 4c). In each case the LAC
corresponds to the minimum in the curves in Fig. 4c.

At first glance, the selectivity of CIDNP transfer, which
predominantly involves only one of the b-CH2 protons, is
surprising because at low Bint fields the b-CH2 protons
are coupled strongly with their chemical shifts becoming
practically non-distinguishable. However, selectivity is possible
because in our experiments using a moderate rate of field
variation only a single ZQC is excited (Fig. 5). As a consequence,
field variation is non-adiabatic only for one pair of levels, while
for the other levels it is adiabatic. The ZQC, which is respon-
sible for the CIDNP transfer, is the coherence between the
crossing levels, which correspond to the baa- and aab-states at
high field where the protons are weakly coupled (here the states
are specified in the order b1-CH2, b2-CH2, a-CH). For these two
levels the spin state of the b1-CH2 proton changes (together
with that of the a-CH proton), while the state of the b2-CH2

proton is the same for both levels. This fact gives transfer
selectivity: due to mixing at the LAC the spins of the b1-CH2 and
a-CH protons flip-flop, while the spin state of the b2-CH2

proton stays unchanged. Due to the preparation (negative net

Fig. 4 CIDNP transfer in Subsystem 1 of N-Ac-Trp. In subplot (a) CIDNP of the
a-CH proton is shown as function of the Bint field. Subplot (b) shows time
dependence of CIDNP transfer between a-CH (purple diamonds) b1-CH2 (filled
triangles) and b2-CH2 (open triangles) at Bint = 313 mT; the inset shows the
difference between CIDNP of the a-CH and b1-CH2 protons. Subplot (c) shows
calculated energy differences (frequencies) for pairs of crossing levels baaa–aaba
(curve 1) and baab–aabb (curve 2) as a function of magnetic field. Theoretical
calculations in (a) and (b) are shown by solid lines; protons are listed in the order
(b1-CH2, b2-CH2, a-CH, H2).

Fig. 5 Scheme explaining the selectivity of polarization transfer in the three-
spin system composed of b1-CH2, b2-CH2 and a-CH protons. Initially the aba and
baa states are overpopulated (state populations are shown by balls). After going
to the LAC point and back the population of the aba state remains unchanged
because for this state the field variation is adiabatic due to the fact that no LACs
involving this state are passed. For the other two states the populations can be
exchanged by coherent mixing at the LAC point enabling transfer of negative
CIDNP from the b1-CH2 proton to the a-CH proton.
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CIDNP of the b-CH2 protons) the baa-state is initially over-
populated. Since other ZQCs are not excited there is a single
polarization pathway, which allows one to shift the negative
CIDNP from the b1-CH2 proton selectively to the a-CH proton.
In fact, polarization is transferred only within a pair of protons,
which have the smallest difference in chemical shifts (b1-CH2

and a-CH in our case). This is because the high-field states are
grouped in the order of chemical shifts. For instance, for the
manifold of states with Iz = 1/2 the energies of states increase
with increasing chemical shift of the protons in the spin-down
state. This gives the order of high-field states shown in Fig. 5
and results in the selective CIDNP transfer between the b1-CH2

and a-CH protons.
Now let us describe the results obtained for the protons in

the six-membered ring of N-Ac-Trp, which constitute Subsystem 2.
The experimental field dependence of CIDNP transfer efficiency
between the aromatic protons is shown in Fig. 6a. It is readily seen
that at magnetic fields below 200 mT the H4 and H7 protons
exchange polarizations; at the same time, the H5 and H6 show
almost no effects of polarization transfer. This observation is rather
perplexing, since the direct J-coupling between the H4 and H7
protons (approximately 1 Hz) is much weaker than the
vicinal couplings of the aromatic protons including H5–H6
(approximately 7 Hz). Nonetheless, the transfer is most efficient
between the remote H4 and H7 protons.

To understand this phenomenon it is of importance to have
a closer look at the energy levels in this system and their
avoided crossings. The energy levels of interest are shown in
Fig. 6b. There are several LACs in this system that are expected
to affect spins in different ways. Indeed, when the adiabatic
levels are assigned with high-field spin states it turns out that
for each pair of levels either the H4–H7 or the H5–H6 protons
simultaneously exchange their projections giving selectivity of
the transfer. For instance, for the pair of aaab–baaa states the
spins of the H4 and H7 protons exchange their projections,
while for the pair of states abab–aabb the H5 and H6 protons
do so. Here the states of this four-spin system are assigned in
the following order: (H4, H5, H6, H7). The only exception is
given by the pair of levels aabb–bbaa (see curve 3 in Fig. 6)
where all states change giving CIDNP transfer in both pairs of
spins, i.e., H4–H7 and H5–H6. Our theoretical calculation has
revealed that ZQCs are predominantly excited for LACs, which
involve simultaneous flips of the H4 and H7 protons. Simulta-
neous flips of the H5 and H6 protons occur with lower
efficiency whereas other flip-flop transitions are practically
absent.

In Fig. 7 CIDNP spectra of the aromatic region of N-Ac-Trp
are shown for different delays t together with the time evolu-
tion of polarization. From the spectra it is clearly seen that H4
and H7 efficiently exchange polarization, whereas all other
NMR signals vary only slightly during the transfer process.
The polarization transfer is coherent, as is clear from the
oscillations in the time dependence; the theoretical calculation

Fig. 6 Dependence of CIDNP on Bint (a) and energy differences (in frequency
units) (b) for different pairs of spin eigen-states shown for Subsystem 2 of N-Ac-
Trp. In subplot (a) we show CIDNP of protons H4 (filled squares, black), H5 (filled
circles, red), H6 (open circles, green), H7 (open squares, blue); solid lines show
results of theoretical calculation. In subplot (b) frequencies are shown for pairs of
states aaab–baaa (curve 1), abab–aabb (curve 2), aabb–bbaa (curve 3), bbaa–
baba (curve 4), abbb–bbba (curve 5); spins are listed in the order (H4, H5, H6, H7).

Fig. 7 Time-dependence of CIDNP transfer (top) between the H4 (filled squares,
black) and H7 (open squares, blue) protons at Bint = 157 mT; the aromatic part of
the experimental CIDNP spectra is also shown (bottom) for different values of the
delay t. Solid lines show results of theoretical calculation.
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is in good agreement with the data. We also studied (see Fig. S2,
ESI†) the time-dependence of CIDNP transfer at different
strengths of the Bint field. In each case we obtained predomi-
nantly polarization transfer between the H4 and H7 protons;
polarization transfer between the H5 and H6 protons was also
found but its efficiency was lower. This can be seen from the
amplitude of oscillations in Fig. S2 (ESI†): at all fields this
amplitude is considerably higher (a factor of 3–5) for the H4–H7
protons than for the H5–H6 protons. CIDNP transfer in other
pairs of spins was not found. Thus, LACs impose the transfer
selectivity in Subsystem 2 as well. At low fields the entire system
exhibits collective coherent evolution involving all spins, no
matter whether they are coupled directly or only indirectly. As
in the case of Subsystem 1 CIDNP transfer mediated by LACs is
efficient between the spins with the closest chemical shifts, i.e.,
in pairs H4–H7 and H5–H6. In addition to CIDNP transfer we
studied the related phenomenon of longitudinal relaxation
of the protons of N-Ac-Trp. Strong coupling of spins has a
pronounced effect on the observed field dependence of the
T1-relaxation times (relaxation dispersion curves). It is worth
noting that for a small molecule like N-Ac-Trp we are always in
the fast motional regime; thus, in the dispersion curves no
features arise from the variation of the motional regime at o =
g�Bint = 1/tc because the motional correlation time, tc, is too
short. In N-Ac-Trp we see not only the two coupled four-spin
systems discussed above, but, in addition, there are the CH3

protons. Their T1-relaxation time is field-independent (Fig. S3,
ESI†) because they are completely decoupled from the rest of
the molecule. In contrast to this trivial observation, in the
coupled proton subsystems we see pronounced features in
the relaxation dispersion. In both networks spins relax with a
common T1 at low fields. In Subsystem 1 there are sharp
features caused by LACs (Fig. S3, ESI†). Thus, strong coupling
and LACs significantly affect both coherent and incoherent
spin dynamics.

V. Conclusion

In this work we have analyzed polarization transfer among
strongly coupled spins in NMR experiments with fast field-
cycling. In particular, we have shown that such a transfer has a
coherent nature, thus being fast, efficient, selective and con-
trollable. We have found that polarization transfer occurs via
ZQCs that are excited without NMR pulses by means of a
sudden field variation. Coherent effects clearly manifest them-
selves in the time dependence of polarization, which contains a
pronounced oscillatory contribution. We have described in
detail the coherent pathways of polarization transfer and
elucidated the role of LACs in the observed phenomena. Good
agreement between experimental results and theoretical
calculations allowed finding particular coherences responsible
for the polarization transfer, and accounting for the transfer
selectivity. We have also demonstrated that exploiting LACs
opens a way for selective population exchange between parti-
cular pairs of spin energy levels and thus for polarization
transfer between well-defined spin orders. By mapping out

LACs one can also explain coherent spin evolution of complex
systems and predict transfer pathways. Thus, the LAC concept
is extremely helpful for interpreting experimental data, manip-
ulating spin hyperpolarization and designing new experiments.
Typically, evolution of strongly coupled spin systems can be
addressed only numerically; however, LACs allow identifying
the dominating transfer pathways in a simple and straightfor-
ward way. As a further advantage of the LAC methodology one
should note that computational efforts needed to identify LACs
in the system (i.e., solving the eigen-problem for the Hamilto-
nian) are, in fact, much less than those required to calculate the
full spin evolution.

It is worth noting that LACs can also be used for polarization
transfer among hetero-nuclei. The most obvious case of such
transfer is given by the situation where protons and hetero-
nuclei are coupled strongly and exchange their net magnetiza-
tions; however, this requires going to ultralow fields (10 mT or
even lower), which is technically rather demanding. An alter-
native is given by LACs occurring at magnetic fields27,28 where
(i) protons are coupled strongly and (ii) have unequal couplings
to the hetero-nucleus. The LAC positions then depend on the
spin state of the hetero-nucleus, therefore by performing
proton-proton polarization transfer at such LACs it is possible to
hyperpolarize also the hetero-nucleus. Although the polarization of
the hetero-nucleus formed will have a multiplet but not net
character, its NMR lines will be strongly enhanced.

Although in our experiments non-thermal polarization has
been prepared by CIDNP our conclusions are valid for other
kinds of hyperpolarization as well, most notably, for PHIP, in
which case polarization transfer phenomena are common13,40–43

at low field. It is worth noting that although we studied only
scalar coupled spins 1/2 our results are more general. In fact,
other interactions (for instance, residual dipolar couplings in
protein and liquid crystalline samples) can lead to similar
polarization transfer effects. The mechanisms considered are
always operative when (i) a polarized spin system goes to the
strong coupling regime upon field variation and (ii) the field
switch is non-adiabatic. In addition, pronounced effects condi-
tioned by LACs are expected for any kind of spin–spin inter-
action. A related phenomenon is the indirect detection of the
quadrupolar14N nuclei44,45 by observing the proton–nitrogen
polarization transfer at LAC points. Although in these experi-
ments usually a relaxation-type mechanism for polarization
exchange is postulated,44,45 our results show that it is also
possible that polarization is transferred via spin coherences.46

Our study opens additional opportunities for spectroscopic and
dynamic studies of coupled spin systems. First, the study of
polarization transfer and assignments of LACs gives additional
spectroscopic information, since the transfer frequencies and
LAC positions are uniquely related to the NMR parameters of a
spin system. Second, ZQCs can be long-lived,47–50 allowing
determination of very small J-couplings.

In summary, our study shows the importance of coherent
phenomena in NMR experiments utilizing fast field-cycling
techniques. The analysis based on LACs is general and can be
applied to other experiments of non-thermally polarized spin
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systems as well. In addition, study of coherent polarization
transfer effects potentially provides new spectroscopic and
dynamic information on the system under study.
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