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A consistent theoretical description of the spin dynamics underlying photo-PHIP (para-hydrogen
induced polarization) experiments is given and validated experimentally: spectra from zero-quantum
coherence (ZQC) “in-phase” and “out-of-phase” were obtained and evolution of ZQCs and the

population of singlet spin state was tracked and modeled. Data from recent literature [O. Torres et al.,

J. Am. Chem. Soc., 2014] are reinterpreted. Advantages of using M2S sequences such as APSOC for
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detecting photo-PHIP are demonstrated. A sequence for 2D ZQ spectroscopy based on APSOC is
proposed and the fundamental principles of ZQ spectroscopy are formulated. This investigation opens a
new way to obtain information on the sign of J-couplings using ZQ spectroscopy. The proposed

method is also useful to track the redistribution of the singlet spin population in various PHIP related

rsc.li/pccp

1. Introduction

Nuclear magnetic resonance (NMR) is a versatile technique that
is used in many areas of science, medicine and technology.
However, NMR suffers from low sensitivity which is caused by
the weak interaction of a magnetic field with a nuclear magnetic
moment being much smaller than the thermal energy, kT. The
resulting small difference in the population of the spin energy
levels, the nuclear spin polarization P, is directly proportional to
the signal amplitude. At thermal equilibrium under ambient
conditions and at a magnetic field of 10 T one gets only
P ~ 107 hence working off equilibrium can strongly boost
the NMR signal. For this approach the term hyperpolarization
has been coined. Various hyperpolarization techniques based
on different physical and chemical effects have been developed.
Particularly popular are dynamic nuclear polarization (DNP),"?
optical pumping,®>* chemically induced dynamic nuclear
polarization (CIDNP)® and para-hydrogen induced polarization
(PHIP).*” Our work presented here was inspired by a recent
contribution to the development of the PHIP hyperpolarization
technique, namely photo initiated PHIP (photo-PHIP).®

All PHIP methods exploit the spin order of the para-spin
isomer of H, with its nuclei in the singlet state that is usually
called para-hydrogen (pH,). Due to its intrinsic symmetry pH,
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experiments, which is essential for efficient polarization transfer to target nuclei.

is silent for NMR; hence, for making use of the huge non-
equilibrium population the symmetry must be broken. In
conventional PHIP experiments, the symmetry is broken in a
catalytic hydrogenation reaction (usually H, addition to a
double or triple C-C bond). As a result, the NMR signals of
the pair-wise hydrogenation product are enhanced up to several
orders of magnitude.®'® Usually, for PHIP preparation pH,
is bubbled through the sample containing the reagent and
catalyst, hence the preparation procedure is usually spread in
time over several seconds. The classical PHIP example follows
the protocol called parahydrogen and synthesis allow dramati-
cally enhanced nuclear alignment (PASADENA).'" Although the
starting pH, is silent for NMR an anti-phased signal is observed
in PASADENA because of the following reason: in the hydro-
genation reaction the molecular Hamiltonian abruptly changes.
The singlet spin state is not any more an eigen-state of the
reagent, hence the wave-function starts oscillating. Since the
reaction is distributed in time this oscillation dephases (loss of
coherence due to the averaging). The system reaches its new
eigen-states allowing one to obtain an observable signal.

In the conventional PHIP experiments the pure singlet state
can be kept after hydrogenation only under the action of a
strong RF-field,"” but in photo-PHIP experiments the singlet
state is generated after a single laser shot with high purity.®
Current applications of pure singlet states are mainly optimization
of generation of hyperpolarization in PHIP related experiments,*™**
and storage of hyperpolarization in long-lived spin states (LLS)
and in long-lived coherences (LLC).'®

In this contribution we are (1) giving an amendment to the
interpretation of photo-PHIP experiments as it was given in the
original paper,® as well as (2) a generalization of the theoretical

16,17
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description of spin evolution of photo-PHIP in weakly coupled
multi-spin systems™ that is confirmed by experimental observation.
Using this theoretical approach we (3) formulate the rules for zero-
quantum coherence spectroscopy (ZQCSy) in a weakly coupled spin
system and illustrate them by experimental observation of the
ZQ-spectrum of the AX pair in an AXYZ, spin system. Finally (4)
we suggest a way to investigate the evolution of coherent singlet spin
states for any spin system without the need of photo initiation.
While in the original photo-PHIP experiment the pure singlet
state can be prepared only in rather specific photo excited metal
complexes®'®*® our approach can be applied to arbitrary mole-
cules and used for determination of the relative sign of J-couplings
and for optimizing the strategy for generation of hyperpolarization,
e.g- in PHIP related experiments.

2. Results and discussion

2.1. Spin system

For experimental demonstration and analysis we use the photo-
PHIP complex [Ru(PPh;);(CO)(H),}-1.°> Under the action of light
excitation the Ru-HH protons dissociate; as a result complex 2,
[Ru(PPh,);(CO)], is formed (see Fig. 1). Complex 2 is transient, and
shortly after H, from the bulk binds to complex 2 to restore
complex 1. When the solvent is saturated by pH,, then after photo-
activation of complex 1 the non-polarized Ru-HH protons are imme-
diately (on the ps timescale) substituted by pH,. Hence, as a result of
light irradiation PHIP in complex 1 is generated. The relevant spin
system of complex 1 is an AXYZ, system (see Fig. 1) where A and X
stands for the two Ru-HH protons (H® and H'), Y for the equatorial
phosphorus (P°), and Z, for the two axial phosphorus nuclei
(P4 and Pj). Hereafter we assume that all spins are weakly coupled.
The NMR parameters of this spin system are shown in Table 1.

2.2. Sample preparation

We synthesized complex 1 according to the protocol described
in the literature.>" For all experiments shown here we used
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Fig. 1 Scheme of photo-PHIP generation resulting from photo-excitation
of complex 1 in the presence of para-hydrogen (pH,). Thermal NMR
spectrum of the Ru-HH protons of complex 1 in toluene-dg at 9.4 Tesla
(NMR) together with the simulated NMR spectrum using the parameters
shown in Table 1 (sim).
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Table 1 NMR parameters: chemical shifts, J-coupling constants for the
Ru-HH protons and 3P of complex 1 (AXYZ, spin system)

A X Y Z V4
J, Hz H¢ H" pe P2 P3
X H" —-6.5

Y P¢ —15.2 74.2

Z P3 30.7 28.4 17

Z Pi 30.7 28.4 17 —

3, ppm —6.527 —8.371 45.4 57.6

samples with 1 mM concentration of complex 1 in toluene-dg.
All photo-PHIP experiments were carried out on a Bruker
400 MHz Avance III HD NMR spectrometer. The 2D ZQ spectrum
shown in Fig. 10 was acquired on a Bruker 700 MHz Avance III HD
NMR spectrometer. For light excitation we used a Lambda Physik
excimer laser with 308 nm wave length. The sample was irradiated
from the side as described before.**

2.3. Coherent singlet spin state in a two spin  system

As mentioned above the spin system of complex 1 consists of
five nuclei: two protons (AX) and three phosphorus nuclei (YZ,).
Without loss of generality, let’s first analyze the spin evolution
of the two weakly coupled protons (AX) that are initially in the
singlet spin state. And after that, all theoretical considerations
will be compared with experimental observations of photo-
PHIP.

The scheme of the basic photo-PHIP experiment is shown in
Fig. 2. At the beginning the sample is saturated by pH,. As a
result of laser photo-excitation of 1 the non-polarized Ru-HH
protons are rapidly substituted by pH, (for simplicity and
without loss of generality let’s assume that we use 100%
enriched pH,). Hence, the initial state in our photo-PHIP
experiment will be a pure singlet spin state p(t = —0) = ps.
The first block of the pulse sequence (pH, bubbling and laser
irradiation) can, in principle, be substituted by any pulse
sequence for transfer of magnetization to singlet spin order
(M2S)**7*® to prepare the system in its pure singlet state ps. This
case will be discussed later in the text.

Now let’s see what will happen with the singlet spin state
during free evolution of the spin system. The Hamiltonian of
two weakly coupled nuclei in a liquid is the following:

Ho/2m = —vihyy — voloy + Jholsy

where vy, = (1 + 01,)yB/2n is the frequency of Zeeman inter-
action of the nuclei with the external magnetic field B, J is the
constant of scalar coupling, and J; is the chemical shift of the
ith nuclei.

It will be convenient for description of the spin dynamics to
introduce and use the following terms of spin order:

(1) Zero-quantum coherence (ZQ) “in-phase”:

7Qx = Iixdox + Iivloy

(2) Zero-quantum coherence “out of phase”:

ZQy = jlYfZX - lejZY

This journal is © the Owner Societies 2017
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Fig. 2 (top) Basic photo-PHIP experimental scheme; (bottom) dependence

of the following spin orders T17l27, ZQx. ZQy, s and pr, on the time t of free
evolution in an AX spin system in a photo-PHIP experiment. Initially the
system is in its pure singlet state ps. The parameters of the AX system are as
follows: 9, = —6.47 ppm, J, = —8.3 ppm, J = —6.5 Hz corresponding to the
parameters of the Ru-HH protons of complex 1 in toluene-dg. Here, the
magnetic field is 9.4 T.

(3) Density matrix of singlet state:

ps = El4 — (I1,I,) = E/A — Lizly — ZQx

(4) Density matrix of T, state:

pr, = El4 — Tighyy + 7Qx

The evolution of these spin orders is known and can be
found in several sources.>*™>8

Under the impact of Zeeman interaction the E/4 — ) -
term of pg does not evolve, while the —ZQyx coherence evolves in
the following way:

nBvr(ilszzz)

—ZQx — ZQx cos(2mdvt) + ZQy sin(2wdvr) (1)
Hence, the evolution of the singlet spin state of the two-spin
system can be easily described in terms of multiplet polarization,

E PN
1 I,1z1,z, and zero-quantum coherences, ZQx and ZQy, that

oscillate with a frequency equal to the chemical shift difference
& = |1, — 1,]. In some cases it is more convenient to track the
evolution of populations, but not of coherences as will be shown
in the text. The evolution of pg in terms of population of the S and
T, states and the coherences between them is expressed in the
following way:
wdve(Iz—1
Ps M cos?(ndvt) pg + sin® (Mdvt) ©)
2
+1/2(S)(To| — [To)(S|) sin(rvr)
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Hence, the population of ps goes via S-T, coherences to the
population of pr, and back with the frequency év. A numerical
computation of the free evolution of the ZQy, ZQy, Lz, ps and
pr, terms of the two-spin system is shown in Fig. 2.

Hence, in the photo-PHIP NMR spectrum the following three
components contribute: (1) multiplet spin order, E/4 — Iz,
(2) zero-quantum coherence “in phase”, ZQx, and (3) zero-
quantum coherence “out of phase”, ZQy. All terms of the density
matrix contribute differently to the observed NMR spectrum.
Hence, due to evolution of the singlet spin state the shape of
the NMR spectrum in photo-PHIP depends on the time span, T,
between generation of the pure singlet state and the moment of
registration. Let’s see how the different spin-orders depend on the
flip angle, ¢, of a hard RF-pulse applied before acquisition of the
free induction decay:

o(fix+1x) i

Lz + 1z 2(f1,+f2,)sin(go)...

PN w(flx+fzx) 1i,. . PN .
Lzl ———— —§§(1|7122+112127) sin(2¢) ...

o(lix+ix) 1i,. - ©)

ZQx ——— 55(11_122 + 1215 ) sin(29) ...

<ﬂ(i1x+f2x)1 PPN PPN R
V4 y ——— z( 12]2, — 11,122) s1n((p)

Only “—1” single quantum coherences are kept here (I,_, [; I, etc.)
because it is agreed that they give rise to the NMR signal.>**” From
formulas (3) one can conclude the following:

(1) The amplitudes of the “out of phase” zero-quantum
coherence, ZQy, and of the longitudinal magnetization, I, + Iz,
depend on the detection angle ¢ as sin(¢p).

(2) The amplitudes of the “in phase” zero-quantum coherence,
ZQx, and of the multiplet polarization, Lz, depend on the
registration angle ¢ as sin(2¢).

(3) If one uses a registration pulse with angle ¢ = /2 only
ZQy (and I, + I, if present) contributes to the NMR spectrum,
i.e. 0., and ZQy are filtered out.

(4) The amplitude of the NMR spectrum of ZQy recorded
with a (m/2) RF-pulse is twice the amplitude of the NMR
spectrum of ZQx or fizl,, recorded with a (m/4) RF-pulse as
conventionally used for detection in PHIP experiments.

In Fig. 3 the real and imaginary parts of NMR spectra from
the already mentioned spin orders, I zl,;, ZQx, ZQy and
I, + I,;, are shown for comparison and illustration of the
above-mentioned points. Here, two registration angles using
(45°) and (90°) hard-RF pulses are applied. In the following
subsection the theoretical predictions, which were obtained
here for a two-spin 1 system, will be illustrated by experimental
observations on complex 1.

2.4. Dependence of evolved singlet spin order on the
registration angle

To prove the theoretical consideration given above it is enough
to show that there are only two components in the NMR
spectrum of a system that starts from a pure singlet spin state:

Phys. Chem. Chem. Phys., 2017, 19, 25961-25969 | 25963
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Fig. 3 Calculated NMR spectra of the AX system of the Ru-HH protons in complex 1 for four different spin orders: (1) Z-magnetization, 1z + Iz,
(2) multiplet polarization, Ty71»7, (3) zero-quantum coherence “in phase”, ZQy, (4) zero-quantum coherence “out of phase”, ZQy. All spectra are calculated
for a hard RF-pulse with the (45°)x (left) and (90°)x (right) flip angle. The magnetic field is 9.4 T.

ZQy and a superposition of ZQyx and I05,. The strategy to
deconvolve the dependence of different spectral patterns on the
angle of a hard RF detection pulse is known.'>*° Here, we
applied it for photo-PHIP complex 1. We recorded 32 photo-
PHIP NMR spectra after a free evolution delay of t ~ 0.15 ms
with the angle ¢, = nk/16, k = 1, 2,...,32. Then we obtained the
components of the Fourier series that depend on the rotation
angle as sin(p) (FS1) and sin(2¢) (FS2). The experimental
spectra together with simulated spectra of different spin orders
of the Ru-HH protons of complex 1 are shown in Fig. 4. One can
see an excellent agreement between experimental observations
and theoretical predictions and compare the obtained results
with the simulated spectra for the two 1 spin system in Fig. 3.
ZQy differs from ZQx and 1,1, not only by its angular depen-
dence but also by the spectral pattern. The “in-phase’ (real part

Real
x Ru-H°  Ru-H

Fourier Series
/WW“I\ (RF-) pulsg 1nglc)
WWW\MW Ldlullduon WW\/\/» ‘\'\N\h} \

M}L FS2 +WW
VWWW\“ A A
72 64 -6.6 82 -8.4 72 64 -6.6 —82 -8.4

S/ppm 8/ppm

Imaginary
« Ru-H®  Ru-H'

Fig. 4 Real and imaginary parts of two Fourier harmonics of the photo-
PHIP NMR spectrum obtained after a free evolution delay of = ~ 0.15 ms.
The Fourier harmonics are taken with respect to the flip angle of the
detection RF-pulse (FS1, FS2): spectrum 1 (FS1) corresponds to spin order
that depends on the rotation angle ¢, as sin(p), spectrum 3 (FS2) — as
sin(2¢). Spectrum 2 is the computation of the NMR spectrum of “out of
phase” zero-quantum coherence ZQy, spectrum 4 corresponds to the
superposition of spin order —/1z/>z and ZQyx. Higher harmonics were not
observed experimentally. Asterisks indicate the thermally polarized signal
from the solvent. The external magnetic field is 9.4 Tesla.
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of the spectrum) component of the ZQy spectrum has a
dispersive pattern while the “in-phase” (real part of the spectrum)
component of ZQx and Ii1,; has an anti-phase pattern. The
imaginary parts of the spectra are vice versa. Hence the used
simplification of the five-spin system by a two-spin system is valid
and allows us to analytically explain the photo-PHIP spectral
components and obtain them separately for the first time.

2.5. Zero quantum beats and modulations

As pointed out it is more advantageous to use a 90-degree
registration RF-pulse, because we filter out the spectral con-
tributions from the I,,I,, and ZQyx components, i.e. we detect
only the spectrum from a single spin order, ZQy. Using the
photo-PHIP sequence shown in Fig. 2 we have tracked the free
evolution of the coherent singlet state in complex 1 by observation
of ZQy. The dependence of the ZQy coherence on the free
evolution time 7 is shown in Fig. 5. An almost identical protocol
was used in a previous article with the same complex:® the ZQC
oscillates due to the chemical shift difference of the two protons
with an oscillation frequency of v ~ 738 Hz at a field of 9.4 T;
however, no modulations of the ZQy coherence were found before
(compare Fig. 5(a) and 6(b) of ref. 8). In that publication the signal
decay in the interval from 0 to 6 ms was fitted by an exponentially
decaying sine function® and tentatively attributed to the decay by
relaxation processes. In contrast, we found that the oscillations in
the evolution of ZQy are proceeding much longer showing a
modulation with the frequency v, ~ 46 Hz (see Fig. 5(a)) and
measured the damping time of the evolution by sampling the
oscillation at intervals 7 = (k + 1/4)/6v with k belonging to natural
numbers. The kinetics is shown in Fig. 5(b). From the decay of the
modulation we can now estimate the lifetime of the zero quantum
coherence to be not less than 0.15 s. The Fourier transformation
of the 1D spectra in the indirect dimension gives us the 2D
spectrum shown in Fig. 5(c). It is seen that for each of the Ru-HH
protons the triplets corresponding to a different spin projection of
the equatorial phosphorus nuclei have a different resonance
frequency dv + v, in the indirect dimension.

These modulations are not predicted by the oversimplified
two-spin system and can be explained only if one includes all

This journal is © the Owner Societies 2017
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Fig. 5 Evolution of the “out of phase” zero-quantum coherence, ZQy, in
the photo-PHIP experiment for complex 1. (a) Fast oscillations are shown
(red circles) with their frequency equal to the chemical shift difference
8V = Ve — vyt = 737.7 Hz and compared to a numerical computation (red
solid line). (b) The modulation curve is shown (blue diamonds), as well as
the fitting function £ (t) = A cos(2nvtle 7 with frequency vy, = 44 Hz and
characteristic damping time T = 0.15 s. (c) Fourier transformation in the
indirect dimension for the series of 1D spectra analyzed in (a). The external
magnetic field is 9.4 Tesla.

other interactions in the spin system. In our case the main term
is coming from the three phosphorus nuclei. At first let’s track
the evolution of zero-quantum coherences in an AXY spin
system (here, the additional Y nucleus represents a single
phosphorus in our spin system). Evolution of zero and multiple
quantum coherences in general cases was investigated before;*®
here we will only give the derivation of spin evolution relevant
for us. Under the action of scalar coupling with spin Y the ZQx
component of the AX pair will evolve in the following way:

oS Ihzl3z

ZQx ——= ZQx cos(mJx 1) +2ZQy I3z sin(nJ) 1)

2ﬂf)\({f|zi3z

—X 5 ZQx cos(mAJ)y 1) + 27Qy i3z sin(nJ\x 7)

and ZQy in the following way:

onJYX Ihzl3z

ZQy ZQy cos(mJX1) — 2ZQx 13z sin(nJ} 1)

QRJ)\({ilZi}Z
LN

ZQy cos(nAJKX 1) — 27Qy i3z sin(chXXr)

where AJxx = J» — Jx. It follows that all additional nuclei
will cause modulation of ZQx and ZQy coherences with the
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frequency equal to half the difference in J-coupling of the Ru-HH
protons with the additional nucleus, AJix/2. And indeed, we
observed such modulation in our photo-PHIP experiment (see
ZQy modulations in Fig. 5(a) and splitting of NMR peaks in the
indirect dimension in Fig. 5(c)). The same splitting in 2D spectra
was recently found and explained for AXY and AXYZ spin
systems;'® however, the original experiments and their
explanation® were not discussed.

To model the free evolution of the pure singlet spin state in
arbitrarily coupled spin systems (up to 14 spins) we wrote
software which is available online.>® Our software calculates
the evolution of ZQx, ZQy, ps and pr, spin orders when a pair of
nuclei starts from a pure singlet state. Relaxation is taken into
account using the Redfield theory of relaxation with fluctuating
local magnetic fields.>"** If one takes the Fourier transforma-
tion over ZQx + iZQy (free ZQ decay) spectra analogous to those
shown in Fig. 6 are obtained. In Fig. 6 we demonstrate the effect
of extra nuclei on the evolution of the pure singlet spin state of
the AX pair in AX, AXY, AXYZ and AXYZ, spin systems. The
spectrum for the AXYZ, spin system corresponds to the split-
ting of the 2D NMR spectrum in the indirect dimension shown
in Fig. 5(c). In our experiment the extra splitting due to
interaction with two axial phosphorus nuclei was not observed
because photo-PHIP system 1 degrades after several tens of
laser shots; therefore it was not feasible to record the necessary
number of data. Below we will show how one can obtain the
same 2D ZQ spectrum for an arbitrary spin system without
photo-excitation.

It is interesting that the spectra from the free ZQC decay
resemble normal NMR spectra that are in fact spectra from a
free single quantum coherence decay. In summary, the rules for
explanation of spectra from ZQCs in weakly coupled spin
systems are the following:

(1) The resonance frequency in the ZQ spectrum of a spin
pair A and X is their chemical shift difference: év = [vy — vx]|.

(2) The structure of all multiplets is the same as in standard
NMR spectra, only that here the splitting is given by the

ZQ spectrum=FT[ZQx(7)+i ZQy(7)]

dv=|v,—v,|

AX

AJRx J
MAJ,&
e

750 800
Frequency/Hz

AXY

|
AXYZ M
I

AXNE,

650 700
Fig. 6 Fourier transformation of ZQy(x) + iZQy(z) in a photo-PHIP experi-
ment for AX, AXY, AXYZ and AXYZ, spin systems. Here AJfx = |Jk — JXI,
AJix = |J& — JZl. 8V = [va — vxl and T, = T = 5 s for all nuclei and a magnetic
field of 9.4 T. NMR parameters are taken from Table 1.
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difference in J-coupling with other nuclei, e.g. the splitting of
the ZQ spectrum of the AX pair interacting with nucleus Y is
given by Aix —~ X — Jx.

From the conventional NMR spectrum of weakly coupled
spin systems (see Fig. 1) we are able to determine the absolute
values of all J-couplings. From the splitting in the 1D ZQC
spectrum (see Fig. 6) or in the 2D ZQ spectrum (see Fig. 5(c)) we
can obtain the absolute value of the difference in J-coupling.
Using all information explained above we concluded the
following:

(1) Because 2vyn ~ AJRy, = |Jh — Jfi| =89.4 Hz
|75 | = 15.2 Hz it follows that sign(J5;) = —sign(JF,),

(2) Because |Jfc| = 30.7 Hz, |J5;| = 28.4 Hz and the absence
of any observable splitting of the order of |/fic| + [/5:| ~ 60 Hz,
we conclude that AJfy = |Jfe| — |7R:| = 2.3 Hz < 60 Hz and
sign(J5e) = sign(JF),

Spectra with better resolution in the indirect dimension will
be shown below that will prove the abovementioned conclu-
sions by direct observation of multiplet splittings in the 2D ZQC

and

spectrum with the value AJ%}; ~ 2.3 Hz due to interactions of
two protons with the axial phosphorus.

In summary, we have shown that analysis of ZQCs can be
helpful to characterize the spin system and determine e.g.
relative signs of J-couplings; however, it is rather inconvenient
to analyze anti-phase and dispersive multiplets from ZQx and ZQy
as shown in Fig. 4. In the following part of our article we describe
how one can directly follow the population of a singlet spin state
and observe in-phase spectra instead of anti-phase spectra.

2.6. S2M photo-PHIP detection scheme

The straightforward approach to investigate photo-PHIP does
not allow one to follow the evolution of a singlet spin state
directly since it is unobservable in NMR. However, one can
transfer singlet spin population to magnetization (S2M) using
techniques well described in the literature.***> Here we choose
the adiabatic passage spin-order conversion technique (APSOC)**
because of its generality and robustness in application. The
experimental photo-PHIP protocol with APSOC modification is
shown in Fig. 7. An appropriately set adiabatic RF-field ramp
transfers population of the singlet state into population of the
triplet state as schematically shown in Fig. 7.

The result of such an application of the APSOC sequence to
photo-PHIP is shown in Fig. 8(a). The sign of magnetization
of the Ru-HH protons depends on the frequency, v, of the
RF-field during the APSOC stage. The corresponding frequency
dependence (experimental and modeled) is shown in Fig. 8(b).
By using a “phase-frequency” cycle®® one can subtract the back-
ground signal from thermally polarized species (see Fig. 8(a)),
a procedure that is termed singlet order selection (SOS)filter.*®
The evolution of singlet spin population, ps, proceeds as the
[1 + cos(2mdvr)]/2 function as predicted by eqn (2) (see and
compare Fig. 2 and 8(c)). We observe the same features, an
oscillation given by the chemical shift difference, v, as in the
ZQy coherence (see Fig. 5) and modulations due to J-couplings
with phosphorus nuclei with frequency AJf; /2.
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Fig. 7 (top) Protocol of photo-PHIP experiment with the APSOC block
(fading RF-field of duration t,+ with frequency v, and initial amplitude v?)
that transfers population of the singlet state into population of the T, (or
T_) state. (bottom) Level anti-crossing (LAC) diagram during the APSOC
stage. Here, balls represent populations of spin states.
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Fig. 8 (a) NMR spectra of complex 1 in toluene-dg: (spectrum 1) thermal
NMR spectrum obtained after the accumulation of 256 transients; (spectra
2 and 3) photo-PHIP spectra obtained using APSOC with a linear RF-field
profile during the time period 7.+ = 0.2 s and an initial amplitude v, = 6 kHz;
RF-frequency, v, is —7.25 ppm and —7.55 ppm, respectively; (spectrum 4)
the difference of spectra 2 and 3. (b) Frequency dependence of photo-
PHIP on Net-magnetization conversion efficiency. Experimental measure-
ments are shown by circles, while the blue solid line represents simulation.
(c) =-Dependence of net polarization in photo-PHIP APSOC experiment.
The oscillation frequency here is 737.7 Hz, and modulation is about 44 Hz.
Enhancements of Ru-HH signals with respect to the thermal signal of all
Ru-HH protons are about ~100 at By = 9.4 Tesla.

It is advantageous to transfer singlet spin order to magne-
tization because: (1) a net polarized spectrum is easier to
analyze and (2) the same information on spin interactions
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Fig. 9 Photo-PHIP spectra of complex 1 detected by a 90-degree
RF-pulse (1-4) and photo-PHIP NMR spectra obtained using the APSOC
M2S procedure (5-8). Bo homogeneity was deliberately spoiled and it is
the same in pairs of spectraland 5, 2 and 6, 3 and 7, and 4 and 8. Average
SNRs of the two *H signals are given. Homogeneity of By increases from
bottom to top.

can be obtained. Also, we want to draw attention to the
importance of transferring multiplet polarization to magnetiza-
tion to improve the SNR in case of insufficient B, homogeneity.
For demonstration, we changed currents in the shim coils
(Zz and X) to spoil homogeneity of the B, magnetic field. You
can compare the SNR of photo-PHIP spectra detected by a
simple 90-degree RF-pulse with detection after the APSOC
S2M conversion procedure (see Fig. 9). While the SNR of the
photo-PHIP signal decreases by a factor of 10 the SNR of the
photo-PHIP + APSOC S2M block decreases only by 30%! Hence,
the advantages of using S2M conversion techniques are obvious,
and we suggest using it in future work not only with photo-PHIP,
but also in conventional high field PHIP experiments.

2.7. 2D ZQ spectra using Boltzmann polarization

If there is no problem with NMR-sensitivity it is sometimes
advantageous to use thermal polarization because, e.g., there
is no degradation of the complex due to light irradiation.
The APSOC S2M sequence can be used backwards to transfer
magnetization to singlet spin order (M2S). We suggest the
scheme shown in Fig. 10(a) to obtain 2D ZQ spectra that
will give the same amount of information as 2D photo-PHIP
experiments; however, this sequence can be applied to any
molecule of choice and to any coupled homonuclear spin pairs.
Here we applied it to the same complex 1. The 2D ZQ sequence
consists of a M2S block; in our case it is a rising linear RF-field
with frequency v,y = —7.25 ppm or v, = —7.55 ppm, duration
7¢ = 0.2 s and final amplitude v, = 6 kHz. To filter out
background signals we used the same “frequency-phase” cycle
as in an SOS-filter.>® Then the system freely evolves during the
time 7 and finally is detected using an appropriate registration
scheme. Here we applied a 90-degree pulse as in the photo-PHIP
experiment (compare the 2D ZQ protocol with the photo-PHIP
protocol in Fig. 2). We also applied *'P decoupling during the M2S
stage to improve the performance of the APSOC procedure.

We obtained 4k transients with dwell time 0.00012 s (with-
out quadrature detection in the indirect dimension) that
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Fig. 10 (a) 2D ZQ sequence. Here, for the M2S step APSOC is applied
(b). Spin states of phosphorus nuclei that correspond to different reso-
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together with 3P decoupling. (b) 2D ZQ spectrum of 1. Here, 4k transients
are acquired. All couplings with phosphorus nuclei are observable.
ATRy = |75 —J% | =89.5Hz, Ay =|Jhe —J%|=23Hz and dv =
Ve — Ve = 1291 Hz. (c—f) Expansions of the marked regions in spectrum
nance frequencies in the indirect dimension are given. The external

magnetic field is 16.4 Tesla.

corresponds to the following parameters in the indirect dimen-
sion: acquisition time ~0.5 s, spectral width ~8.3 kHz and
spectral resolution 2 Hz. We deliberately acquired enough
points to digitize the fastest frequency év ~ 1.2 kHz and obtain
spectral resolution in the indirect dimension of ca. 2 Hz to
demonstrate the 2D ZQ spectrum without aliasing. Due to the
degradation of complex 1 under light exposure it is impossible
to achieve such a high resolution in a photo-PHIP experiment.
The obtained 2D ZQ spectrum is shown in Fig. 10(b-f). As a
result, we have proved by direct observation of the splitting in
the 2D spectrum that indeed AJfy = |J/f. —J&| =23 Hz,
hence sign (/%) = sign(JF,). The projection of the 2D spectrum
on the indirect dimension coincides with the spectrum shown
in Fig. 6 for the AXYZ, spin system: it is a doublet of triplets
with resonance frequency dv and splitting constants equal to
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AJE, and AJT,. So we have shown that 2D ZQ spectroscopy can
be applied not only to photo-PHIP complexes, but it is a general
method that can be easily applied to any molecules of choice
because the APSOC approach can be applied for weakly and
strongly coupled spin systems equally efficiently.”*>®

3. Conclusions

In summary, a comprehensive description of the spin dynamics
of the photo-PHIP hyperpolarization technique is given. However,
the description is not limited to photo-PHIP complexes and
experiments, but can be applied to arbitrary spin systems and
sequences that prepare a system in its pure singlet spin state. The
theory is proved by experimental observation of the NMR spectra
of ZQx and ZQy coherences that were obtained from Fourier
analysis of the spectral variation with the detection angle ¢. The
observation confirms experimentally the presence of two spectral
components in photo-PHIP NMR spectra.

Modulation of ZQCs and pg due to spin-spin interaction
with hetero-nuclei that was incorrectly interpreted in earlier
photo-PHIP work® was observed and explained. Analysis of
oscillations and modulations of ZQCs allows us to formulate
the first principles of ZQ spectroscopy. It provides one with
information on the relative sign of J-coupling of two nuclei with
a third one.

Exploitation of the S2M technique based on APSOC for direct
observation of singlet spin order in photo-PHIP experiments is
suggested. The APSOC method (1) simplifies the analysis of
photo-PHIP spectra, because it converts anti-phase to in-phase
spectra, (2) gives the same information on magnetic interactions
as direct observation of ZQCs and (3) drastically improves SNR in
case of low magnetic field homogeneity.

We suggest using the 2D ZQ sequence based on the APSOC
M2S block to obtain 2D ZQ spectra in a more convenient
way than in the photo-PHIP experiment because it becomes
unnecessary to bubble the sample with para-hydrogen and
modify commercial NMR probes for irradiating the sample.
Moreover, the sequence is applicable not only to photo-PHIP
complexes but also to arbitrary spin systems that can be used to
analyze polarization pathways in products of pH, reactions of
hydrogenation.

We are convinced that the methods developed and applied
here will be helpful in future investigations of photo-PHIP and
other para-hydrogen based hyperpolarization methods such as
SABRE"™ and molecular tweezers."
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