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We demonstrate an analytical model for the description of
the Signal Amplification By Reversible Exchange (SABRE)
process. The model relies on a combined analysis of chemi-
cal kinetics and evolution of the nuclear spin system during
the hyperpolarization process. The presented model for
the first time provides rationale for deciding which system
parameters (i. e. J-couplings, relaxation rates, reaction rate
constants) have to be optimized in order to achieve higher
signal enhancement for a substrate of interest in SABRE
experiments.

Nuclear spin hyperpolarization is a rapidly growing field of Nu-
clear Magnetic Resonance (NMR). Presently, a number of hyper-
polarization techniques are able to enhance the NMR sensitivity
by several orders of magnitude in solid, liquid and gaseous sam-
ples. 1=> One of the most recent hyperpolarization techniques is
Signal Amplification By Reversible Exchange (SABRE). %10 In the
SABRE effect, signal enhancement is endowed by a reversible as-
sociation of parahydrogen (nuclear spin isomer of the hydrogen
molecule with spin 7 = 0) and a to-be-polarized substrate with
a metal complex, allowing the transfer of nuclear spin order from
parahydrogen to the substrate.

SABRE is a physicochemical phenomenon which depends
on both the magnetic resonance properties of the system (J-
couplings, spin relaxation and/or decoherence times, etc.) and
its chemical parameters (reactant concentrations, reaction rate
constants, etc.}. The nuclear spin polarization transfer is opera-
tive during the quantum-mechanical spin evolution in a coupled
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multi-spin system, while chemical events are governed by the cor-
responding reaction rates. So far, only the physical nature of
the SABRE phenomenon was accounted for properly, in particu-
lar, to describe the magnetic field dependence of the polarization
transfer efficiency.11~'2 Here we present a combined analysis of
the chemical kinetics and the polarization transfer process, and
derive a formula which describes the dependence of the enhance-
ment factor in a SABRE experiment on the relevant concentra-
tions as well as the exchange and relaxation rates. The derived
expression explains well the results of published SABRE studies.

SABRE is typically observed for N-containing heterocycles, such
as pyridine, nicotinamide, etc. (referred to below as “substrate”)
when a metal complex (referred to below as “catalyst”) is used to
briefly bring hydrogen and substrate into contact with each other
and to facilitate exchange with their free states in solution.

It was found by Cowley et al.” and Appleby et al.® that the sub-
strate exchange rate for the [Ir(IMes)S3Hy] * complex (IMes=1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, S=pyridine, pyri-
dazine, or phthalazine)—thus far, the best SABRE catalyst—is
independent of the substrate and hydrogen concentrations in so-
lution. At the same time, the hydrogen exchange rate was found
to be dependent on the solution composition: an increase in hy-
drogen concentration and a decrease in substrate concentration
increases the hydrogen exchange rate.® These results can be ex-
plained by assuming that (i) substrate substitution in the complex
is a dissociative process (typically referred to in organic chem-
istry textbooks as Sy1 reaction), while (ii) hydrogen substitution
is an associative process (referred to as Sy2 reaction) which re-
quires formation of the intermediate species Cy = [Ir(L)S;Hy| ™
(Figure 1). Indeed, owing to the chemical equilibrium between
C (where C = [Ir(L)S3H,]| "), S and C;, the concentration of C;
can be expressed as k§ [C]/k3[S], where k§ and k2 are the substrate
dissociation and association rate constants, respectively. Accord-
ing to the associative substitution mechanism for the hydrogen
exchange (Figure 1b), one can find that the rate of hydrogen ex-
change (Wy,) is indeed inversely proportional to the substrate
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Fig. 1 Ligand exchange pathways for [Ir(L)S;H,]" complexes (e. g.,
L=1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, S=pyridine):

a) dissociative substrate exchange (Sx1), b) associative hydrogen
exchange (Sn2).

concentration and is directly proportional to the hydrogen con-
centration:

a d
m=%cwgw:“mw

W) i (e =k, [ClIH] (D
Further details on eq. (1) can be found in Electronic Supplemen-
tary Information (ESI{). The proposed scheme is in agreement
with the fact that electron-rich 18-electron complexes do not have
binding sites for association, whereas after dissociation of one
of the ligands a 16-electron trigonal bipyramid is formed, which
can undergo subsequent associative substitution.* It should be
pointed out that possible involvement of dihydrogen-dihydride in-
termediate [Ir(Hp)(H)2(L)(S)2]" (Figure 1b) in the hydrogen ex-
change pathway was predicted by DFT calculations.”

To explain a polarization transfer mechanism in SABRE, we will
use as an example the simplest spin system which is sufficient for
the purpose, that is, the AA’B-type three spin system. The spins
AA’ represent the strongly coupled Ir-HH hydride protons of the
Ir-complex, while a single proton B of the substrate is coupled ei-
ther strongly or weakly to the AA’ protons depending on the ap-
plied magnetic field (Figure 2). It has been shown that coherent
polarization transfer in SABRE is efficient at low magnetic fields,
at the regions of Level Anti-Crossings (LACs).!° In the AA’B-type
system all three protons become strongly coupled and the energy
levels of the two states |[Sa) and |7 ) approach each other but
do not cross (due to the difference in AB and A’B spin-spin cou-
plings, Figure 2b). The initially overpopulated state |Sct) and the
initially underpopulated state |7, 3) are mixed at such a LAC, and
spin order is transferred from Ir-HH to the substrate. However,
one should note that at high magnetic fields the SABRE mecha-
nism is different: polarization transfer is incoherent, i.e., it occurs
due to cross-relaxation in such a three-spin system. 16

Let us introduce quantities [C*] and [S*] as concentrations of
hyperpolarized species, for the complex and the free substrate
molecule, respectively. These concentrations are determined as
an imbalance between concentrations of molecules in the corre-
sponding spin states: [C*] = [Cjs)] — 3([Cj7,)] + [Cj] + [Cpr )]s
[S*] = [S|3)] — [S|ay], where the subset of states {S, T, Ty, 7T-} cor-
responds to the hydride protons and the subset {a,f} corre-
sponds to the substrate proton. That is, [C*] corresponds to
the imbalance between the concentrations of the singlet and the
triplet states of Ir-HH in the complex; [S*] gives the “concentra-
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Fig. 2 a) Coherent SABRE polarization process in complex C between

the spin states |Sa) and |7 ). b) Schematic representation of complex
C as an AA'B spin system. Splns A and A’ are strongly coupled at any

field, thus, their states can be represented using the singlet-triplet basis.
The state of spin B can be represented using the Zeeman states for

a spin 1/2.

tion” of the net spin polarization of the substrate.

This description is convenient because one can show that
the imbalance of the hydrogen isomer concentrations, [H}] =
[Hz](4x, — 1)/3 (where x, is the fraction of parahydrogen and
[H,] is the hydrogen concentration in solution), is converted di-
rectly to the imbalance of complex states [C*] and, subsequently,
to the imbalance of substrate states [S*] (see ESIT).

Let us now incorporate the exchange kinetics and polarization
transfer into a common set of kinetic equations. In spite of the fact
that polarization transfer in low-field SABRE experiments is a co-
herent process governed by the nuclear spin Hamiltonian, all spin
coherences in the ensemble of complexes C are quickly washed
out after the start of parahydrogen bubbling because the events
of complex formation and dissociation are distributed in time.
Consequently, the SABRE-derived polarization build-up is mainly
determined by accumulation of populations during the chemical
exchange and therefore can be treated using a set of chemical
kinetics equations (Figure 3a).

Thereby, the polarization build-up starts with the formation of
hyperpolarized species C* (stage I in Figure 3a), which decays
with the relaxation rate constant Rc = 1/ TlC (stage II) or takes
part in the exchange process with the substrate with the above
mentioned exchange rate constants kg and k§ (stage IIT). The hy-
perpolarized substrate concentration [S*] decays with a rate con-
stant Rg = 1/ TlS (stage IV, here we completely neglect the ther-
mal polarization of S and C). Formation of C* is magnetic field
independent, while the subsequent processes—formation of the
hyperpolarized substrate—depend on the NMR parameters of the
system, e. g., on the magnetic field strength and J-coupling topol-
ogy. In order to take this dependence into consideration, let us

a LK b 104
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) e g é%_ T,=14.9s
1y R N N
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Fig. 3 a) Kinetic scheme describing the build-up of low-field
SABRE-derived polarization. b) Calculated build-up curves for the
hyperpolarized complex (C*, blue line) and the substrate (S*, red line).
Parameters used in the calculations: 2 =0.17, k¢ = 10 s™!
Rc=1/1.1s7!,Rs=1/27.5s7", [C] =5 mM, [S] = 90 mM.
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introduce a factor of polarization transfer efficiency, A. When
polarization transfer is not efficient (i. e., A is small), S* is not
produced in the polarization transfer stage III in Figure 3a. The
analytical expression for the factor A and its dependence on the
magnetic field and rate constants is discussed in the text below.

Using the proposed kinetic model we found that the actual
NMR signal enhancement factor, |¢|, provided by SABRE is given
by the following formula:

el =

s, <4xr1> (€[

AkSk,
[S] 3 ]

ISP Rs(Akg +Rc) + ReAKd
where n =0.5/Py, = kT /yhB is the maximal theoretical enhance-
ment factor (for details of derivation see ESI}). It is readily
seen that the signal enhancement (and the actual polarization,
P = ¢Py,) is a combination of the above mentioned relaxation
rates, Rc and Rg, and kinetic parameters, kg and ky,. It is worth
mentioning that in our kinetic scheme it is not important what
kind of nuclei are polarized (e. g. 'H or ’N) and what kind of po-
larization transfer mechanism is operative (e. g., the conventional
coherent low-field SABRE mechanism® or the high-field mecha-
nism1© based on cross-relaxation): the peculiarities of a specific
transfer mechanism are incorporated in the relaxation parameters
Rc and Rg and in the factor A. These parameters can be treated
as external parameters for our model.

Several important consequences can be derived from analyzing
equation (2). First, the signal enhancement is predicted to be di-
rectly proportional to the catalyst concentration for low [C], and
to be independent of the catalyst concentration for high [C]/[S]
ratios (i. e., when Rg(Akd +Rc) < RcAkd[C]/[S]). The proportion-
ality predicted for low [C] follows from the fact that the complex
C is the key molecule, in which polarization transfer takes place:
the higher its concentration is, the higher is [C*]. However, when
[C] is too high it brings about the fast relaxation of the substrate
polarization, since generally Rc > Rs. Second, when [C]/[S] is
low (the substrate is present in large excess), the enhancement
factor is proportional to the inverse square of the substrate con-
centration, because the formation of the intermediate C; respon-
sible for the hydrogen exchange is suppressed and its concentra-
tion is low. In this case, polarization depends on the combination
of the relaxation rates for the free and bound substrate and the
dissociation rate constant. Third, when [C]/[S] is high, the en-
hancement factor is inversely proportional to the substrate con-
centration and depends predominantly on the relaxation rate of
the bound substrate.

The kinetic scheme shown in Figure 3a is also useful for anal-
ysis of the build-up rate of the SABRE-derived polarization. In
general, starting from the same kinetic arguments, it can be
shown that the effective substrate relaxation rate is given by
Retf = (Rs +Rc[C]/[S])/(1 +[C]/[S]) (see ESI}). This relaxation
rate governs the substrate polarization build-up rate (7, = 1/Ref)
and thus, we are able to evaluate T;, by substituting specific num-
bers into the above expression. By running additional measure-
ments, we have found that at a high magnetic field (16.4 T, cor-
responding to the 700 MHz 'H NMR frequency) the average re-
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laxation time of the protons of free pyridine used as the substrate
is ~27.5 s (hence, Rg ~ 0.036 s!); for the protons of pyridine
bound to the Ir-complex the average T is about 3.6 s as measured
by the inversion-recovery for protons of the non-exchanging axial
pyridine ligand (hence, Rc ~ 0.28 s!). The 7} time of pyridine is
expected not to depend on the magnetic field strength, since con-
ditions of the extreme narrowing regime apply and all protons
in the coupled spin network have very similar relaxation rates. 17
However, for pyridine ligand in the complex the relaxation time
is expected to decrease when conditions of strong coupling with
the hydride protons are fulfilled, i. e., at the LAC region. Hence,
it is reasonable to assume Rc ~ 0.9 s~! (as for the hydride pro-
tons at high field) at 6 mT, which is a typical field for running
low-field SABRE experiments. Taken this together, one can cal-
culate the build-up time to be TbLF ~ 12.2 s for low-field SABRE
and T ~ 20.3 s for high-field SABRE. These values correlate well
with the results published earlier.1®18 A more accurate analysis
for low-field SABRE (based on the numerical simulation of the
full kinetic scheme) gives the build-up time of 12.6 s for [C*] and
14.9 s for [S*] (Figure 3b). It is thus seen that the simplified eval-
uation for the build-up time is in a good agreement with these
values.

We have analyzed the literature data and found that for-
mula (2) explains well the trends observed in other studies (Fig-
ure 4). For example, it is seen that the signal enhancement is
higher for lower substrate concentrations for both 'H and N nu-
clei of the substrates; 8 indeed, polarization as high as 10% was
obtained only for low (~4 mM) substrate concentrations. 19 How-
ever, substrate-to-metal ratio cannot be less than 3 because the
active catalyst [Ir(L)(S)3(H),]" cannot be formed from the pre-
cursor (e. g. [IrCI(COD) (IMes)]) until 3 substrate molecules per Ir
center are available as ligands. If the initial amount of substrate
is low, then during bubbling with hydrogen one would expect
the formation of Ir dimers2° or other non-active species?!
lution. Therefore, the expected optimal substrate-to-metal ratio
is ~3. Formula (2) also explains the linear dependence of the
SABRE enhancement on the catalyst concentration; 7-22 however,
[C] values higher than 10 mM are usually limited by precursor

in so-
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Fig. 4 a) 'H polarization dependence on the catalyst concentration
(pyridine concentration is the same for all data points, [S] = 103 mM),
data from ref. [7]; b) 'H polarization dependence on the substrate
concentration, filled circles show data for pyridazine, empty circles show
data for phthalazine (catalyst concentration was the same but was not
specified by the authors), data from ref. [8]; ¢) 1°N polarization
dependence on the substrate concentration (catalyst concentration [C] =
0.2 mM was the same for all data points); data from ref. [9]. The data
sets shown were chosen because they provide polarization dependence
on [C] or [S] concentration, with other parameters kept constant (see
Figure S7 in ESI{ for fitting details).
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solubility. One may anticipate deviations from formula (2) when
a strongly binding co-substrate is used along with polarizing sub-
strates in micro- or nanomolar concentrations. In such a case,
concentration of the intermediate species C; and the hydrogen
exchange constant are independent of [S] (see ESI}); therefore
the signal enhancement should be independent of [S], and the
NMR signal of the polarized substrate should linearly depend on
its concentration. This was indeed observed experimentally. 23

It is also seen from our model that the signal enhancement
should be directly proportional to the rate of parahydrogen supply
(ku, [H3]). This expectation is confirmed by experiments in which
the gas pressure and the parahydrogen flow rate were varied. %24
This result means that much higher enhancements are expected
if one could increase parahydrogen concentration in solution.
While this may have seemed intuitive beforehand, we now pro-
vide a theoretical basis for why it should be so.

It is important to emphasize that although the parameter A de-
scribing the spin mixing efficiency in SABRE complexes can be
granted as an external parameter for our model, we can pro-
vide reasonable estimates for it. This can be done for both mod-
els of polarization transfer, which are currently being discussed:
(i) coherent polarization transfer and (ii) cross-relaxation. For co-
herent polarization transfer, we derived the following expression:

sin(26)
coh — W (3

where ©? = (oA — @ — 27Jan)? + O ac, O = (1 + &) %B, ¥ is
the gyromagnetic ratio and 6 is the chemical shift of nucleus k,
opac = 27|Jas —Jas|/V2 is a LAC angular frequency for a three-
spin system and tan(20) = wpac/(@wa — 0 — 2w/aas) (for details
see ESIT). At the center of the LAC region sin?(26) = 1 and the
parameter A, has a sharp feature at the magnetic field corre-
sponding to LAC and is close to zero otherwise. In the case of
cross-relaxation, A takes the form

K (VRa +VRg)?

4
(k& +Ra) (k3 +Rp) “)

lincoh =
where Rg and Rp are substrate and hydrides relaxation rates in
the complex (see ESIf for derivation). Thus, we are able to take
a quantitative account for the finite dissociation rate and describe
the spin mixing efficiency. One clearly sees that for efficient hy-
perpolarization in the case of coherent transfer the rate of polar-
ization transfer (wpac) should be higher than kg. For incoherent
polarization transfer the condition k3 = \/RARp provides the max-
imal transfer efficiency. However, one should bear in mind that
too low k‘s1 values in addition result in lower [S*] concentrations;
thus, a compromise has to be found to ensure a high spin mixing
efficiency and a sufficiently high dissociation rate.

Interestingly, the simple expression (3) can account for the so-
called “quantum Zeno effect”.?> Frequent substrate association-
dissociation events act as quantum-mechanical “measurements”
on the nuclear spin system and do not allow the system to evolve
from the initial state, [Sa), to the other state, |T'. 3), at the LAC.
The functional dependence of A on k‘sjl is such that if we increase
both kgI and k§ keeping their ratio (kg /k§) constant, the overall

enhancement decreases: indeed, repetitive “quantum measure-
ments” on a spin system turn off the spin dynamics. Such an ef-
fect is absent in the cross-relaxation case (4), i. e., it is operative
only in the case of true coherent quantum-mechanical spin evo-
lution. A more detailed explanation of such behavior is given in
ESIf; a rigorous theoretical analysis based on a quantitative spin
dynamics simulation (taking into account the exact nature of spin
dynamics and exchange kinetics) can confirm the presence of the
quantum Zeno effect in SABRE experiments under multiple ex-
change events.2 It is interesting to note that our model gives
the maximal polarization as 50% (n = 0.5/Py,) for the substrate
in low-field SABRE. In the case of incoherent polarization trans-
fer the maximum achievable polarization depends on the cross-
relaxation rate and the relaxation rate in the free substrate and
the complex.

Summarizing all the results, one can see that the key parame-
ters of the system which should be optimized are the relaxation
rates (especially, Rc) and not the dissociation rate constants. In-
deed, k¢ is already on the order of 10 s!,” while the optimal
value derived from the simple analysis as kg = wpac should be
~4.5 57! (for Jag —Jarg = 1 Hz). As it was recently shown, there
is a direct correlation between the substrate exchange rate and
the m-accepting ability of the NHC ligands.2? This observation
together with the results presented here paves the way for pre-
diction of the structure of more efficient catalysts for SABRE. One
way to reduce the relaxation rate in the complex is to use deuter-
ated ligands and substrates, which reduces the efficiency of the
dipole-dipole relaxation mechanism in solution. It was shown by
Fekete et al. that the deuteration of the NHC ligand indeed sig-
nificantly increases polarization obtained by SABRE.28 Another
strategy is to increase the difference, Jag — Jarg, in J-couplings
between the hydride and substrate nuclei: consequently, A will
still be large even at higher kg. The J-coupling increase along
with the prolongation of TlC and TlS explains the much higher en-
hancements observed for N nuclei compared to 'H nuclei of the
substrates. 1

To conclude, we have derived the formula that describes the de-
pendence of the signal enhancement on the relevant parameters,
such as concentrations of the catalyst, parahydrogen and sub-
strate, J-couplings, relaxation rates and reaction rate constants
for SABRE experiments. Although our formula is relatively sim-
ple, it is in a good agreement with the data published so far.
Furthermore, based on its analysis we can formulate practical
recommendations on how to design an optimal chemical system
for SABRE: (i) the substrate-to-catalyst ratio should be as low
as possible as long as C (e. g., [Ir(L)S3H,]™) remains the main
catalyst form in solution, meaning that the optimal substrate-to-
metal loading is ~3 (for lower ratios the formation of non-active
species is expected); (ii) for low-field SABRE the substrate disso-
ciation rate constant should be on the order of the spin mixing
frequency at a LAC, kg = wpac, while for high-field SABRE kg
should be as high as possible; (iii) relaxation sink in the complex
C should be kept low, which can be achieved either by deuteration
of the ligands or by using ligands carrying as few magnetic nuclei
as possible; (iv) parahydrogen concentration in solution should
be increased, either by using proper solvent, high pressure or by
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an efficient gas-liquid mixing technology. We anticipate that the
analysis presented here will be useful for optimization of exper-
imental conditions in SABRE for the development of new NMR
and MRI applications.

DAB, KVK and IVK thank RFBR grants (14-03-00374-a, 14-03-

31239-mol-a and 14-03-93183 MCX _a) for support in conducting
NMR experiments. ANP and KLI thank the Russian Science Foun-
dation (grant No. 14-13-01053) for support in spin dynamics cal-
culations.
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