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Sample preparation and experimental detail. In experiments we used a 5 mm NMR tube with 

700 µl of acetone-d6 as a solvent with variable amount of the substrate, dimethyl 

acetylenedicarboxylate (purchased from Sigma Aldrich), and the catalyst, 1,4-

Bis(diphenylphosphino)butane(1,5-cyclooctadiene)Rh(I) tetrafluoroborate (purchased in ABCR 

GmbH & Co.). We used 230 mM of the substrate and 2 mM of the catalyst for some of repeated 

measurements because in this case the experiment can be performed approximately 70 times 

without a significant loss of polarization. The best signal enhancement in a single-shot 

experiment (all substrate molecules are into the product in one experiment) was obtained for a 

sample with 4.7 mM of the substrate and 30 mM of the catalyst. Experiments were done at a 400 

MHz NMR spectrometer. Bubbling by para-H2 was performed at a high field of the NMR 

spectrometer. A plastic capillary was inserted into a 5 mm NMR tube with the sample. The 

thickness and diameter of the capillary were chosen in such a way that the change of the NMR 

linewidth was negligible and the size of gas bubbles was much less than the inner diameter of the 

tube. The pressure of gas in the capillary was adjusted to get uniform distribution of tiny bubbles 

in the sample. All bubbles in the sample disappear during the time period of less than 0.3 s when 

the H2 supply is stopped. In experiments we used the time period of �� = 9	� for bubbling and 

the time period of �� = 0.5	� after bubbling and before applying the RF-excitation is (see Figure 

1 in the main text). 

Calculation method. Let us now explain the form of the Hamiltonian in the DRF given by eqn. 

(1) in the main text. First, let us write the Hamiltonian in the laboratory frame in the presence of 

two RF-fields: 
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Thus, the Hamiltonian takes into account the interaction of protons and carbon with the external 

field and also with the oscillating RF-fields; the scalar spin-spin couplings are also taken into 

account. Transition to the rotating frame is required to get rid of the time-dependent terms; in our 

case it is necessary to apply rotation for both protons and carbons. To go to the rotating frame for 

protons one should apply the following operator: ��� = exp�2�����
� ��	�	 + �	�	
�� to modify the 

Hamiltonian: 

���� → ������������          (2S) 

After that, rotation should also be applied for the carbon nucleus; the following operator should 

be then used: ��
 = exp�2�����

 
��	��. The resulting Hamiltonian is as follows: 

����� = ��

������������������
         (3S) 

It is important to note that this Hamiltonian still has time-dependent terms. However, terms 

oscillating with frequencies ��
��
, 2��

��
, �


��
 2�


��
 and ���

��
± �


��
 are far off-resonance, i.e., they 

cannot induce transitions between the spin levels. For this reason, they can be neglected in the 

Hamiltonian, which then takes the form given by eqn. (1). 

To describe the resulting spin order we calculated the density matrix of the spin system. As 

initial condition we have taken the density matrix, ��
, which describes the singlet-state 

preparation of the protons originating from parahydrogen and zero polarization for the carbon 

spin. After that, we calculated the variation of this density matrix under the action of switched 



 

RFC-field by numerically solving the Liouville

Hamiltonian. Using the resulting density matrix

nucleus was calculated as the expectation values of the corresponding spin operator:

�� � Tr�����	�
   

This calculation scheme is known to be reasonably fast and precise to describe polarization 

transfer effects in PHIP and its recent off

Calculations were run with NMR parameters given in Chart 1S.

CHART 1S. NMR parameters of m

nuclei; spin-spin interactions (in Hz) are written on top of the corresponding doubles arrow connecting spins.

Time dependence of carbon polarization

given in Figure 1S. It is seen that 

����; the dependence for C2 saturates at long 

dependences should go to a constant value at very long 

time guarantees that the adiabatic conditions are fulfilled; consequently, re

thermal spin order proceeds in accordance with the theoretical consideration presented in the 

main text. However, in reality, at very long 

spin relaxation. For this reason, a compromise should be found between the time (i) long enough 

to provide adiabaticity and (ii) short enough to minimize relaxation losses; i.e., there is an 

field by numerically solving the Liouville-von Neumann equation with time

Hamiltonian. Using the resulting density matrix, �	�, spin magnetization, 

nucleus was calculated as the expectation values of the corresponding spin operator:

       

This calculation scheme is known to be reasonably fast and precise to describe polarization 

its recent off-spring SABRE.  

Calculations were run with NMR parameters given in Chart 1S. 

 
maleic acid dimethyl ester. Chemical shifts (underlined) are assigned

spin interactions (in Hz) are written on top of the corresponding doubles arrow connecting spins.

Time dependence of carbon polarization. Dependence of polarization on 

given in Figure 1S. It is seen that the dependence for the C1 carbon has a maximum at certain 

; the dependence for C2 saturates at long ���� . In the absence of relaxation both 

dependences should go to a constant value at very long ���� . This is because the long switching 

guarantees that the adiabatic conditions are fulfilled; consequently, re

thermal spin order proceeds in accordance with the theoretical consideration presented in the 

n reality, at very long ���� there is an overall decay of spin order due to 

spin relaxation. For this reason, a compromise should be found between the time (i) long enough 

to provide adiabaticity and (ii) short enough to minimize relaxation losses; i.e., there is an 
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von Neumann equation with time-dependent 

, spin magnetization, ��, of the carbon 

nucleus was calculated as the expectation values of the corresponding spin operator: 

  (4S) 

This calculation scheme is known to be reasonably fast and precise to describe polarization 

(underlined) are assigned to specific 

spin interactions (in Hz) are written on top of the corresponding doubles arrow connecting spins. 

. Dependence of polarization on ����  for C1 and C2 is 

the dependence for the C1 carbon has a maximum at certain 

. In the absence of relaxation both 

. This is because the long switching 

guarantees that the adiabatic conditions are fulfilled; consequently, re-distribution of non-

thermal spin order proceeds in accordance with the theoretical consideration presented in the 

erall decay of spin order due to 

spin relaxation. For this reason, a compromise should be found between the time (i) long enough 

to provide adiabaticity and (ii) short enough to minimize relaxation losses; i.e., there is an 



 5

optimal value of ����  for each carbon position. For the C1 position with shorter relaxation time 

the optimal ����  value is equal to 0.5 s and the corresponding NMR enhancement is equal to 

6,400. For the C2 position the ���� dependence reaches a plateau and saturates at about 12 s; the 

maximal enhancement is then about 2,500. The reason why adiabaticity is easier to fulfill (i.e., 

the enhancement grows faster with ����) for the C1 position than for the C2 position is the larger 

proton-carbon spin-spin interactions in the system with C1 as compared to the case of C2. 

 
FIGURE 1S. Dependence of carbon polarization on the time ���� of switching the RFC-field. In (A) the results are 

shown for C1 obtained with ���
� =134 ppm; in (B) the results are shown for C2 obtained with ���

� =173 ppm. The 

strength of the RFH-field was 2600 Hz and the initial strength of the RFC-field was slightly higher. Lines are drawn 

only to guide the eye. 

LAC positions and transfer pathways. The sign of the carbon polarization depends on the 

LACs, which are passed during the switch of the RFC-field. In turn, these LACs depend on the 

parameters of the two RF-fields; since in our case the parameters of the RFH-field were always 

kept the same, different LACs are exploited depending on the amplitude, ��

, and frequency, ���


 , 

of the RFC-field. 
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Here we present the energy levels in both spin systems under study, comprising the two protons 

originating from para-H2 and each of the two carbons. As is mentioned in the main text, LACs in 

these two systems are different: in the case of C1 there is a large proton-carbon coupling present, 

which results in the formation of triple LACs, whereas in the C2 case there are two isolated 

LACs instead. 

 
FIGURE 2S. Energy levels of the three-spin system comprising the C1 carbon as a function of ��

�. Here ��
�
= 2600 

Hz, ���
�

= 6.36 ppm; for (A, B) ���
�

= 155.92 ppm; for (C, D) ���
�

= 107 ppm. Arrows show the pathway of 

population re-distribution in the system upon decreasing ��
� ; black balls show the population of the levels before and 

after passing through the LACs. The populated adiabatic level is shown in red. 

The energy level diagrams for the three-spin system comprising the C1 carbon are shown in 

Figure 2S. Here two cases are considered, of positive and negative ��
 . For each case we show 

the three energy levels in two manifolds. In these manifolds, far away from LACs, the eigen-

states of the system are (in the DRDTF): ���, ���, �� and ���, ���, ��. In both manifolds 

there are triple LACs clearly seen when the proton and carbon frequencies are matched in the 

DRDTF. In subfigures A and B of Figure 2S a positive value of ��
 is chosen; in this case there 

are two adiabatic transitions occurring upon passage through the triple LAC: �� → ��� and 

�� → ���. Thus, for the initial ��-state the carbon spin state stays the same, whereas for the ��-

state the carbon spin flips; consequently, the singlet spin order of the two protons is converted 

into positive net polarization of the carbon spin. In the case of negative ��
 , which corresponds 
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to subfigures C and D of Figure 2S, the spin transitions occurring upon adiabatic passage through 

the LAC are: �� → ��� and �� → ���. Consequently, negative polarization of the carbon is 

formed. 

The energy level diagrams for the three-spin system comprising the C2 carbon are shown in 

Figure 3S. Again, here two cases are shown, of positive and negative ��
 . Since the proton-

proton coupling is the largest in the system there are two isolated LACs (crossings of �� and �± 

and of � and �±) instead of the single triple LAC, as is shown in Figure 2S. Despite the different 

appearance of the level diagram the spin mixing occurs in the same way as before when the 

Hamiltonian is changed in an adiabatic way. For positive ��
  (subfigures A and B of Figure 3S) 

the transitions are: �� → ��� and �� → ���. Consequently, the carbon spin acquires positive 

net polarization. In the case of negative ��
 (see subfigures C and D of Figure 3S) the spin 

transitions are: �� → ��� and �� → ��� and negative net polarization of the carbon is formed. 

 
FIGURE 3S. Energy levels of the three-spin system in case of C2 as a function of ��

� . Here ��
�
= 2600 Hz, 

���
�

= 6.36 ppm; for (A, B) ���
�

= 192 ppm; for (C, D) ���
�

= 142 ppm. Arrows show the pathway of population re-

distribution in the system upon decreasing ��
� ; black balls show the population of the levels before and after passing 

through the LACs. The populated adiabatic level is shown in red. 

In addition, we demonstrate how the energy levels change upon variation of ���

  instead of ��


, 

see Figures 4S and 5S. For the three-spin system comprising the C1 carbon, see Figure 4S, there 
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are also triple LACs in each of the two manifolds. When the system with the C2 carbon is 

considered, there are two isolated LACs. Thus, the same LACs can be accessed not only by 

varying the RFC-field strength at a fixed frequency but also by varying the frequency at fixed 

RFC-field amplitude. In this work, we pursued only the first option, which is technically easier 

and was shown to provide high efficiency of polarizing the carbon nuclei. 

 
FIGURE 4S. Energy levels of the three-spin system in the case of the C1 carbon as a function of ���

� . Here ��
�
=

2600 Hz, ���
�

= 6.36 ppm, ��
�
= 500 Hz. For (A, B) ��� > 0, for (C, D) ��� < 0.  

 
FIGURE 5S. Energy levels of the three-spin system in the case of the C1 carbon as a function of ���

� . Here ��
�
=

2600 Hz, ���
�

= 6.36 ppm, ��
�
= 500 Hz. For (A, B) ��� > 0, for (C, D) ��� < 0. 
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