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Improving the Potential of ParaCEST through Magnetic-coupling 
Induced Line Sharpening 

Xin Guo,a Lei Zhang,bc Jiesheng Hu,a Balázs Szilágyi,de Meng Yu,*a Shizhen Chen,*bc Gyula Tircsó,d Xin 

Zhou,bc Jun Tao*a 

Magnetic coupling between paramagnetic centers is a crucial phenomenon in the design of efficient MRI contrast agents. In 

this study, we investigate the paraCEST properties and magnetic coupling effects of a novel homodinuclear Ni(II) complex, 

1, containing a Robson type macrocyclic ligand. A thorough analysis of the complex’s electronic and magnetic properties 

revealing that the magnetic coupling effect reduces the transverse relaxation rate and enhances the sharpness of the proton 

resonances, leading to enhanced CEST efficiency. This novel mechanism, which we coined as “magnetic-coupling induced 

line sharpening” (MILS), can be crucial for optimizing the performance of paramagnetic metal complexes in paraCEST 

imaging. Moreover, magnetic coupling plays a critical role in the relaxation properties of homodinuclear complexes. Our 

study not only paves the way for the creation of advanced paraCEST agents with enhanced CEST capabilities and sensitivity 

but also provides valuable guidance for the design of other MRI contrast agents utilizing dinuclear metal complexes.

Introduction 

Paramagnetic chemical exchange saturation transfer (paraCEST) 

agents are a crucial subclass of CEST magnetic resonance imaging 

(MRI) agents that have undergone significant progress over the last 

few decades.1, 2 Compared to traditional Gd(III)-based proton 

relaxation agents, paraCEST agents utilize the paramagnetic shift 

effect of paramagnetic metals to create a substantial chemical 

shift difference (∆𝜔) between the labile or exchangeable protons 

and the bulk water protons. The selective irradiation of the 

exchangeable proton’s resonance frequency, in conjunction with 

chemical exchange ( 𝑘ex ) with bulk water protons, results in the 

suppression of the bulk water signal, thereby generating negative 

image contrast.3 It is noteworthy that the unique imaging mechanism 

of CEST confers several salient benefits, such as the ease of on/off 

switching of image contrast, multicolor imaging through frequency 

encoding (by using different metal ions), temperature-sensitive 

contrast signals, and responsive paraCEST agents for sensing 

applications.4-8 Importantly, as ∆𝜔 ≥ 𝑘ex  is the prerequisite for 

CEST,9 the intrinsic large ∆𝜔  associated with paraCEST agents 

naturally expand the scope of exchangeable protons due to higher 

𝑘ex tolerance, while concurrently greatly reducing the unwanted off-

resonance saturation and background interference. However, it 

should be noted that 𝑘ex is also limited by the maximum permissible 

saturation pulse power for in vivo applications. 

A fundamental challenge in the use of paraCEST agents is the 

trade-off between the advantage of large ∆𝜔 and the detrimental 

line broadening arising from paramagnetic relaxation enhancement 

(PRE).1 To mitigate PRE, transition metal ions with short electronic 

relaxation time (𝜏𝑠) are prefered. In this context, high-spin Co2+(Oh), 

high-spin Fe2+(Oh), and low-spin Fe3+(Oh) with degenerate ground 

states and low-lying excited energy levels can exhibit short 𝜏𝑒 

ranging from 10–11 to 10–12 s due to efficient Orbach-type relaxation 

mechanisms.10 Conversely, Ni2+(Oh) is associated with a longer 𝜏𝑠 

(~10–10 s) as its dominant relaxation mechanism is the modulation of 

the zero-field splitting (ZFS) through reorientation or collisions due 

to its orbitally nondegenerate ground state (3A).10 Moreover, the 

magnitude of the proton hyperfine shift ( ∆𝜔 ) depends on both 

magnetic moment and magnetic anisotropy that encompasses 

through-bond contact and through-space pseudocontact shift (PCS) 

contributions.11, 12 These stringent requirements restrict the options 

available in terms of paramagnetic metal ions when designing 

paraCEST agents, leading the majority of research efforts to focus on 

the optimization of ligand structures to enhance the sensitivity of 

paraCEST agents. The necessity for a strategy to tune the magnetic 

properties of metal ions cannot be overstated. 

Magnetic exchange coupling is a promising approach to 

modulate the magnetic properties of metal ions. This exchange 

interaction involves the electronic spin magnetic moments of metal 

ions, resulting in the formation of new spin energy levels and altering 

the spin quantum number. Magnetic exchange coupling can be 

further classified into ferromagnetic and antiferromagnetic coupling  
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Fig.1 Structural representation of acyclic and cyclic ligands discussed in this study. 

depending on the ground state preference. The impact of magnetic 

exchange coupling on the proton relaxation rate and linewidth is 

significant. For instance, the decrease in relaxivity observed in an 

antiferromagnetically coupled μ-oxo-bridged Fe(III) dimeric complex 

has been exploited to probe pH changes and enzymatic activity by 

Gale’s group.13, 14 The relaxation properties in a series of 

heterodinuclear transition metal Gd(III) complexes have also been 

investigated by Meade and coworkers.15 Magnetic exchange 

coupling also affects the electronic relaxation time (𝜏𝑠) of metal ions. 

In heterodimers, the presence of a paramagnetic metal ion with 

shorter 𝜏𝑠 can effectively reduce the 𝜏𝑠 of the slower relaxing metal 

ion. In the case of homodimers, it can be proven theoretically that 𝜏𝑠 

remains constant as in principle no further relaxation pathway is 

introduced. Nonetheless, a two-fold decrease should be expected in 

proton relaxation assuming a nucleus senses one metal ion, which is 

particularly beneficiary for paraCEST. However, the presence of new 

relaxation pathways and a consequent decrease in 𝜏𝑠 arising from 

new spin energy levels cannot be ruled out, i.e., the presence of large 

ZFS of the new S = 1 level is responsible for the sharp NMR linewidths 

of some copper(II) dimers.16 Among these lines, Harris’ group has 

carried out some pioneering studies where the paraCEST properties 

of dimeric copper(II), cobalt(II), and mixed-valent iron(II)/(III) 

complexes were investigated.7, 17, 18 The utilization of magnetic 

coupling as a means of manipulating the magnetic properties in the 

development of paraCEST agents has shown promising potential. 

However, there is a scarcity of examples of paraCEST complexes 

based on this strategy, and much remains to be understood in order 

to fully exploit the concept of magnetic coupling. 

Octahedral nickel(II) complexes, with borderline 𝜏𝑠  value of 

Ni2+(Oh), are typically not optimal for paraCEST applications due to 

their broad proton resonances. One innovative approach proposed 

by Morrow and colleagues utilizes a mixed aza-oxa 4,10-diaza-15-

crown-5 macrocycle, resulting in sharp 1H NMR resonances and 

strong paraCEST signal, possibly attributed to the pentagonal 

bipyramidal coordination geometry of the complex in solution 

endowed with short 𝜏𝑠 value of Ni2+ (on the order of 10–12 s).19-21 

Magnetic exchange coupling may also be a viable strategy for 

improving the paraCEST properties, with dinuclear Ni(II) complexes 

serving as a potential test subject. In this respect, we seek for a 

reliable ligand platform that can support the simultaneous 

accommodation of two metal ions and promote magnetic coupling. 

Acyclic compartmental ligands such as BIMP, CH3HXTA, and BAMP 

(Fig. 1) have been considered as potential candidates due to their 

ease of synthesis and literature precedent.17, 22, 23 Notably, the p 

orbitals on phenolate oxygen atoms provide superexchange 

pathways for magnetic interactions between the metal centers. 

However, their unsaturated coordination scaffold requires the 

incorporation of exogenous ligands (phosphate, acetate, azide, etc.) 

to complete the coordination sphere of the metal ion, which can 

compromise the biological stability of the resulting metal complexes. 

To this end, we have designed and synthesized a Robson macrocyclic 

ligand that is appended with carboxamide side arms (Fig. 1). The pre-

organized binding cavities of the Robson macrocycle make it an 

attractive option for forming stable dinuclear complexes.24, 25 

Additionally, the versatility of the Robson macrocycle enables fine-

tuning of its ring size and further modifications. Comprehensive 

studies have been conducted on the solution stability, magnetic 

properties, and paraCEST properties of the resulting dinuclear Ni(II) 

complex, unveiling the pivotal role of magnetic coupling in 

modulating the CEST efficiency. Specifically, in this magnetically 

coupled dinuclear system, the enhanced efficacy of CEST is attributed 

to the effect we refer to as “magnetic-coupling induced line 

sharpening” (MILS), which arises from the population of newly 

generated magnetic states according to Boltzmann distribution. To 

our knowledge, this is the first demonstration of a paraCEST agent 

based on a dinuclear Ni(II) complex. 

Results and discussion 

Syntheses and Structural Characterization 

The metal-free Robson macrocycle was synthesized by reacting 2-

hydroxy-5-methylisophthalaldehyde with 1,3-diaminopropane in the 

presence of NaClO4 that acts as a template. Reduction of the imine 

with NaBH4 followed by SN2 substitution with 2-bromoacetamide 

produced the target ligand (L). Refluxing L with two equiv of 

Ni(OAc)2·4H2O in MeOH, followed by reversed-phase 

chromatography, afforded [Ni2L](OAc)2·H2O·2CH3OH (1) as a blue 

powder. For comparison, a magnetically uncoupled heterodinuclear 

compound was synthesized by first reacting L with one equivalent of 

Ga(NO3)3·xH2O, followed by another equivalent of Ni(OAc)2·4H2O, to 

form [GaNiL]Br·CH3OH (2). The trivalent Ga(III) was selected here 

over divalent Zn(II) due to its better synthetic feasibility. The 

complete synthesis procedure can be found in the ESI. 

Single crystals of 1 were obtained through slow diffusion of 

diisopropyl ether into a methanolic solution, resulting in blue, block-

shaped crystals. The crystal structure of 1 was determined using 

single-crystal X-ray diffraction, revealing that it crystallizes in the 

monoclinic space group C2/c. The asymmetric unit consists of half a 

cationic Ni2 complex, one methanol, half a water molecule, and one 

acetate ion. Each Ni(II) ion is hexacoordinated with two μ-phenolate 

oxygen atoms, two trans-oriented carboxamide oxygen atoms, and 

two nitrogen atoms from the macrocycle. The coordination 

geometry was evaluated using the continuous shape measure 

(CShM) approach, which yielded a CShM value of 1.231 (OC-6), 

indicating a slight distortion from octahedral symmetry parameters 
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Fig. 2 Crystal structures of 1 and 2. Hydrogen atoms, solvent molecules, disordered 
atoms, and counter-ions are omitted for clarity. C, gray; N, blue; O, red; Ni, green; 
Ga, pink. 

determined to be 64.61° (Σ) and 207.14° (Θ).26, 27 The coordination 

bond distances range from 2.01-2.12 Å with Ni–O (carboxamide) 

bond lengths being slightly longer than the rest. The Ni···Ni distance 

is 3.02 Å with a Ni–O–Ni bridge angle (𝜃) of 97.2°. The phenolato-

rings exhibit a dihedral angle (ϕ) of 17.47°, forming a bend up and 

down from the Ni2O2 basal plane defined by the two Ni atoms and 

two phenolate O atoms (Fig. S1). Both bridge and plane angles have 

important implications in determining the magnetic coupling 

interactions (vide infra). Interestingly, one of the propane backbone 

carbons was found to be disordered over two positions, indicating its 

highly flexible nature. Single crystals of [Ni2L]Cl2·3H2O (1′) were also 

obtained through slow evaporation of a 50 mM HEPES solution (pH = 

7.2, 0.1 M NaCl) of 1, with a crystal structure closely resembling 1 (Fig. 

S2).  

Single crystals of 2 were obtained using a similar method to that 

used for 1. However, the coordination geometry of 2 was found to 

be drastically different from that of 1 and 1′. Firstly, the Ga(III) metal 

center is axially coordinated to the deprotonated amide nitrogen 

atoms (N5 and N8) instead of the carboxamide oxygen atoms, which 

can be rationalized by the strong Lewis acidity of trivalent Ga(III) ion 

that promotes amide deprotonation and prefers negatively charged 

nitrogen donors. Similar phenomenon has been previously observed 

in Ga(III), Co(III), and Cr(III) complexes.28-30 Secondly, the orientation 

of the carboxamide arms connected to N2 and N3 nitrogen atoms is 

in an "anti" conformation, whereas in 1 and 1', a "syn" conformation 

is adopted. As a result, the phenolate rings are no longer parallel and 

form a dihedral angle of 23.48° (Fig. S5). The electrostatic potential 

map indicates that this significant conformational change may be 

due to the need to minimize the steric/electrostatic repulsion 

between the amide pendant arms (Fig. S6). Thirdly, the axial Ga–

Ncarboxamide bond distances (1.96 and 1.97 Å) are noticeably shorter 

than their Ni(II) counterparts (2.07 and 2.09 Å). Surprisingly, the Ga–

Ophenolate bond lengths are only slightly shorter than those of Ni(II) 

(Table S2), which is likely due to the Coulomb repulsion between the 

metal centers that counteracts the bond contraction. Additionally, 

the equatorial Ga–Nmacrocycle bond lengths are elongated compared 

to Ni–Nmacrocycle bonds (Table S2), which is attributed to the longer C–

N bond than the C=O bond of the amide groups, causing a size 

expansion of the five-membered chelate ring and concomitant Ga–

Nmacrocycle bond elongation. In conclusion, the difference in 

coordination mode leads to substantial structural changes in 2. 

 
Fig.3 Species distribution curves calculated for Ni(II) system at 1:1 (a) and 2:1 (b) 
metal-to-ligand ratio ([Ni(II)] = [Lig] = 0.002 M (upper) and [Ni(II)] = 2[Lig] = 0.002 
M (bottom), 0.15 M NaCl, 25 °C). NiL and NiH-1L are not shown in (b) due to their 
low concentrations. 

Aqueous stability and speciation 

The aqueous stability of 1 was assessed by probing it against ion 

substitution using UV–vis spectroscopy. In the presence of large 

excess amount of Ca2+, Zn2+, CO3
2– and H2PO4

–, the UV–vis spectra of 

1 does not exhibit any noticeable change, demonstrating its excellent 

kinetic stability against adventitious ions (Fig. S9–S12). More 

thorough stability analysis of 1 comes from pH potentiometric 

titration experiments. The protonation constants of the ligand were 

determined by pH-potentiometric method using 0.15 M NaCl ionic 

strength at 25 °C. Precipitation was observed during titration at pH 

above 8.0, therefore the protonation processes of the ligand were 

investigated by UV–visible spectrophotometry in the alkaline pH 

range using significantly more diluted (0.162 mM) ligand samples. 

The determined protonation constants are summarized in Table S6. 

Based on UV–visible spectrophotometric titration, the phenolic OH 

groups possess fairly basic pKa values (pKa1 = 13.40(6) and pKa2 = 

12.39(8)) while all other constants can be assigned to the 

protonation of the nitrogen atoms of the macrocycle. The pKa values 

of the phenolic OH group are relatively higher than anticipated, a 

phenomenon potentially attributed to intramolecular hydrogen 

bonding with neighboring nitrogen atoms within the macrocycle.31 

The stability of the Ni(II) complexes was determined by fitting 

titration curves measured at 1:1 and 1:2 ligand:metal ratios (ESI). The 

equilibrium involving the ligand is rather complicated, as the ligand 

has six protonation sites and ten donor atoms, which leads to the 

formation of several protonated complexes in acidic/near to neutral 

pH region. Furthermore, the chelator has two nearly equivalent Ni(II) 

binding sites, therefore the formation of dinuclear complexes were 

also assumed (as confirmed by X-ray crystallographic studies). Finally, 

in the alkaline pH range, metal-induced deprotonation of the amide 
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groups might also occur, both in the case of mono- (NiLH-1) and 

dinuclear Ni(II) complexes (Ni2LH-1 and Ni2LH-2 species).32 Taking 

these considerations into account, the measured titration curves 

were well fitted with an equilibrium model involving ten complex 

species (Table S6). Notably, coordination of one Ni(II) decreases the 

phenolic pKa values significantly (pKa1 = 7.57(4) and pKa2 = 10.46(4)), 

which further decreases after coordinating with a second one (pKa1 = 

5.88(2) and 7.04(2)). The stability constants logK(NiL) and logK(Ni2L) 

were determined to be 13.82(4) and 8.15(4), respectively, consistent 

with the excellent thermodynamic stability of the Ni(II) complex. 

Regardless of the fact that the ligand synthesized forms 

thermodynamically stable mono- and dinuclear complexes with Ni(II) 

ion, the kinetic inertness of the chelates suggested for in vivo 

applications is also critical. In order to test the performance of our 

Ni(II) chelate, we have studied a transmetalation reaction 

propagated by Cu(II) ions (available from a labile [Cu(Cit)]- complex 

c[Ni2L] = 0.25 mM and c[Cu(Cit)]−  =0.50 mM, Cit = citrate) at pH=7.4 

by UV-vis spectrophotometry. The preliminary study returned a half-

life of 120 hours for the dissociation of the chelate, indicating a 

relatively high inertness of the dinuclear complex studied. Based on 

these data, concentration distribution curves were calculated (Fig. 3), 

which indicates the dominance of dinuclear complexes in the 

presence of two equivalents Ni(II) above pH = 5 (the CEST spectra 

were recorded at pH = 7.4 where Ni2L and Ni2HL dominates). 

 

Magnetic properties 

Magnetic susceptibility data for 1 was collected over a temperature 

range of 2–300 K at 5000 Oe (Figure 4). The 𝜒𝑀𝑇  value is 2.37 

cm3mol−1K at 300 K, consistent with two non-interacting Ni(II) ions 

with spin orbit coupling contribution. The 𝜒𝑀𝑇  falls off gradually 

upon cooling, reaching 1.68 cm3mol−1K  at 50 K, after which the 

value drops abruptly to 0.14 cm3mol−1K  at 2 K. This gradual 

decrease between 50–300 K indicates weak antiferromagnetic 

interaction between the Ni(II) centers, while the precipitous drop 

below 50 K arises from both zero-field splitting and weak 

intermolecular antiferromagnetic coupling. The PHI program was 

used to fit the magnetic susceptibility data of 1,33 based on the 

following spin-Hamiltonian (eq 1): 

 

Fig. 4 Variable-temperature magnetic susceptibility data for 1 collected at 5000 

Oe. Red and blue lines correspond to fits of the magnetic data. 

 
Fig. 5 Left: symmetric combinations of the 𝑑𝑥2 −𝑦2  magnetic orbitals of Ni(II) ion in 

1 (isovalue: 0.025 a.u.). The overlap integral ( 𝑆𝛼𝛽 ) is 0.090. Right: calculated 

broken-symmetry spin density distribution for 1 (isovalue: 0.002 a.u.).  

𝐻̂ = −2𝐽𝑆̂Ni1 𝑆̂Ni2 + 𝐷 (𝑆̂Ni1,z
2

+ 𝑆̂Ni2,z
2

−
2𝑆(𝑆+1)

3
) −

2𝑧𝐽′𝑆̂Ni𝑖〈𝑆̂Ni𝑖〉 + 𝜇B𝑔𝑖𝐻(𝑆̂Ni1 + 𝑆̂Ni2)    (1) 

which takes into account zero-field splitting (D), intramolecular 

magnetic exchange for Ni(II)–Ni(II) coupling ( 𝐽 ), and an 

intermolecular exchange interaction parameter (𝑧𝐽′). The last term 

represents Zeeman interactions, where 𝜇B  stands for the Bohr 

magneton and 𝑔 corresponds to electronic Landé factor for Ni(II). To 

better account for the low temperature magnetic susceptibility data, 

the introduction of paramagnetic impurity, assumed as a Ni(II) 

monomer, was necessary. The magnetic data could be well 

reproduced with 𝐽 = −6.39 cm−1 , 𝐷 = 26.2 cm−1 , 𝑧𝐽′ =

−0.62 cm−1 , 𝑔 = 2.28 , and 𝜌 = 0.048  (fraction of monomeric 

impurity). Based on the work of Nag et al. on dinuclear Ni(II) 

complexes, there exists a linear correlation between the Ni–O–Ni 

bridge angle (𝜃) and magnetic coupling constant (𝐽). The crossover 

angle between ferromagnetic and antiferromagnetic interaction is 

97°, which closely resembles those of dinuclear Cu(II) systems (97.5°) 

due to the dominant role of 𝑑𝑥2−𝑦2  magnetic orbital over 𝑑𝑧2  in 

dictating magnetic interaction.34-37 1 follows this criterion with a 

weak antiferromagnetic interaction indicated by the 97.2° bridge 

angle. Broken symmetry DFT calculations using ORCA 5.0.3 software 

package correctly predict the antiferromagnetic coupling constant 

qualitatively but overestimate 𝐽  value (see ESI) due to systematic 

over-localization of electrons in the DFT approach.38, 39 Magnetic 

orbitals derived from broken symmetry calculations reveal that the 

main magnetic exchange pathway is the anti-ferromagnetic kinetic 

exchange contribution through 𝑑𝑥2−𝑦2 orbitals (Fig. 5). The deviation 

from coplanarity around the bridging oxygen atoms, represented by 

the out of plane dihedral angle (𝜙 = 17.47°) (vide supra), diminishes 

the extent of orbital overlap responsible for magnetic exchange 

coupling and contributes to the observed weak 

antiferromagnetism.40, 41 The significant zero-field splitting ( 𝐷 =

26.2 cm−1) is supported by the nonsuperimposable isofield lines in 

the reduced magnetization data (Fig. S15). 

 

Solution NMR studies 

At 25 °C in aqueous buffer solution (pH 7.2), the magnetic moment 

(𝜇 eff) of 1 was determined to be 3.06 𝜇 B (per Ni2+ ion, assuming 

noninteracting metal centers) by Evans method, consistent with a 

high-spin octahedral Ni(II) complex (S = 1) with contributions from 

orbital angular momentum. The magnetic moment was found to vary 
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insignificantly from pH 6.6 to 8.2, indicating good aqueous stability 

and minimal change of coordination environment around the metal 

center (Fig. S16). At 310 K, 1H NMR spectrum of 1 in D2O displayed 

seven paramagnetically shifted proton resonance signals at 186.2, 

114.7, 63.8, 20.7, 9.4, 1.5, and –9.5 ppm, which is simpler than 

expected from the Ci molecular symmetry based on crystal structure 

(Fig. S17). This can be rationalized by the fluxional motion of the 

macrocyclic framework, giving rise to a pseudo C2h symmetry in 

solution, which is supported by the disorder of propane carbon in the 

crystal structure (vide supra). Moreover, the 1H NMR spectra of 1 

exhibit minimal variation in the peak widths of the proton 

resonances between 25 °C and 37 °C (Fig. S18), suggesting that 

dynamic processes involving structural fluctuations do not 

significantly contribute to the overall line widths. The Solomon 

equation suggests that dipolar coupling-induced proton relaxation 

rate is inversely proportional to the sixth power of the proton-metal 

distance (r). Based on integration, T1 relaxation times, and line widths 

(full width at half-maximum, FWHM), the resonances at 1.5 and 20.7 

ppm can be firmly attributed to phenol methyl groups and aromatic 

protons. Assigning the remaining protons poses a challenge as they 

do not strictly adhere to the predictions of the Solomon equation, 

possibly owing to the influence of other relaxation mechanisms, such 

as Fermi contact coupling. Nevertheless, we attempted to assign all 

the protons by comparing with similar complexes reported 

previously (Table S7).42 Notably, a new peak around 66 ppm was 

assigned to the exchangeable carboxamide protons based on the 1H 

NMR spectrum in HEPES buffer solution (Fig. S19). In principle, one 

would anticipate the presence of two sets of magnetically equivalent 

carboxamide protons. The signal arising from the second set of 

exchangeable protons is likely concealed by the water signal. 

 

CEST properties 

CEST spectra were obtained by collecting CEST data in an aqueous 

solution containing 10 mM of 1 with 50 mM HEPES and 100 mM NaCl 

buffered at pH 7.40 using a presaturation pulse of 24 𝜇T for 4 s at 

37 °C. The spectra were plotted by normalizing the intensity of the 

water 1H NMR signal (Mz/M0) against various presaturation 

frequencies ranging from 100 to –40 ppm referenced to the bulk 

water signal at 0 ppm. In accordance with the solution NMR results 

(Fig. S19), a strong CEST peak was observed at 59 ppm from the bulk 

water signal (Fig. 5), corresponding to a 20% decrease in water signal 

intensity due to the exchangeable amide protons. At pH 7.15, the 

signal decreased to 13% (Fig. S20), and the proton exchange rate 

(𝑘ex) at pH 7.40 was estimated to be 288 s−1 by the Omega plot, 

which drops to 240 s−1  at pH 7.15, indicating a base-catalyzed 

exchange mechanism (Fig. S23, S24), coherent with the observation 

that the fraction of Ni2HL species increases with decreasing pH (vide 

supra).43 The paraCEST properties of 1 were compared with those of 

other mononuclear Ni(II) complexes reported in the literature, as 

shown in Table S5. While direct comparison is rendered challenging 

by variations in NMR instruments, sample conditions as well as the 

number of exchangeable protons contributing to the CEST signal, the 

paraCEST effect produced by 1 is comparable or better than most of 

Ni(II)-based paraCEST agents. In fact, it only falls short of the mixed 

dioxa-triaza macrocyclic systems developed by Morrow.6, 19  

 
Fig. 6. CEST spectrum recorded at 9.4 T of 10 mM 1 (top) and 30 mM 2 (bottom) 
in 50 mM HEPES buffer solution at pH 7.40 and 37 °C, with a 4 s presaturation 
pulse of 24 𝜇T. 

In contrast to 1, the CEST spectrum of 2 exhibits a peak at 66 ppm 

from the bulk water signal, indicating a relatively small reduction of 

only 6% in water intensity attributed to the CEST effect from the 

carboxamide protons coordinated to the Ni(II) center. Moreover, in 

our case, the CEST signal originating from the carboxamide protons 

coordinated to the diamagnetic Ga(III) center is not observed, 

possibly overshadowed by the water resonance. Notably, despite a  

much higher concentration, the CEST signal of 2 is significantly 

weaker than that of 1, although this could be partially attributed to 

its lower symmetry and less equivalent exchangeable protons. In 

hindsight, the hyperfine shift of amide protons in 1 is comparable to 

that of 2, which is somewhat underwhelming considering the 

dinuclear nature of 1. Both contact and pseudocontact shifts 

contribute to the observed hyperfine shift, with through-bond 

contact contribution maintaining relatively constant in both 

mononuclear and dinuclear systems due to the proximity of amide 

protons around the nickel center. In contrast, the dipolar, 

pseudocontact shift is additive to the effect of individual metal ions, 

provided they have similar unpaired electron density distribution.44 

The underwhelming hyperfine shift of amide protons suggests that 

the dipolar effects of Ni(II) ions are probably opposite or more 

sophisticated than we expected. 

 

Mechanistic implications 

The significantly improved paraCEST property of 1 compared to 2 

requires further clarification. Proton relaxation time measurements 

can provide valuable information about 𝜏𝑠 . In the absence of 

chemical exchange, the dipolar and contact contributions to proton 

longitudinal and transverse relaxation rates can be expressed by the 

Solomon equation:45 
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Dipolar contribution: 

𝑇1𝑀
−1 =

2

15
(

𝜇0

4𝜋
)

2 𝛾𝐼
2𝑔𝑒

2𝜇𝐵
2 𝑆(𝑆 + 1)

𝑟6 (
7𝜏𝑐

1 + 𝜔𝑠
2𝜏𝑐

2 +
3𝜏𝑐

1 + 𝜔𝐼
2𝜏𝑐

2) (2) 

𝑇2𝑀
−1 =

1

15
(

𝜇0

4𝜋
)

2 𝛾𝐼
2𝑔𝑒

2𝜇𝐵
2 𝑆(𝑆 + 1)

𝑟6 (4𝜏𝑐 +
13𝜏𝑐

1 + 𝜔𝑠
2𝜏𝑐

2

+
3𝜏𝑐

1 + 𝜔𝐼
2𝜏𝑐

2) (3) 

Contact contribution: 

𝑇1𝑀
−1 =

2

3
(

𝐴

ℏ
)

2

𝑆(𝑆 + 1)
𝜏𝑠

1 + 𝜔𝑠
2𝜏𝑠

2  (4) 

𝑇2𝑀
−1 =

1

3
(

𝐴

ℏ
)

2

𝑆(𝑆 + 1) (
𝜏𝑠

1 + 𝜔𝑠
2𝜏𝑠

2 + 𝜏𝑠) (5) 

A is the hyperfine coupling constant, S is the spin quantum number, 

r is the metal-proton distance, and 𝜔𝑠  and 𝜔𝐼  are electron and 

nucleus transition frequencies, respectively. The correlation time 𝜏𝑐 

in eq 2-5 can be expressed as 

𝜏𝑐
−1 = 𝜏𝑠

−1 + 𝜏𝑟
−1 (6) 

where 𝜏𝑠
−1  is the electronic relaxation rate, 𝜏𝑟

−1  is the rotational 

correlation rate. Using the Stokes–Einstein equation:46 

𝜏𝑟 =
4𝜋𝜂𝑎3

3𝑘𝑇
 (7) 

where 𝜂 is the solvent viscosity and 𝑎 is the radius of the molecule. 

The length can be estimated for the distance between the phenol 

methyl groups in the crystal structure of 1, which is approximately 

1.40 nm. This results in a 𝜏𝑟 value of 3.17 × 10−10 s, which serves as 

an upper bound estimate, as it was calculated using the longest 

molecular axis. We can estimate the correlation time 𝜏𝑐  from T1 

relaxation time by considering the dipolar contribution only, which is 

a valid assumption for the remote phenol methyl protons. In a 

system where the two nickel(II) centers are coupled, eq 2 should be 

modified by a multiplication coefficient that takes into account the 

Boltzmann population of newly generated electronic energy levels 

(|𝐽| ≪ 𝑘𝑇). For a homodinuclear system in the strong coupling limit 

(|𝐽| > ℏ𝜏𝑐
−1), it has been previously shown that the coefficient is ½,47 

resulting in the modified equation having the following form: 

𝑇1𝑀
−1 =

1

2
𝐾𝑀(𝑟1

−6 + 𝑟2
−6)𝑓(𝜏𝑐) (8) 

where 𝐾𝑀 is the product of constants when S = 1 and 𝑓(𝜏𝑐) is the 
correlation time term in parentheses in eq 2. 𝑟1

−6 and 𝑟2
−6 should be 

considered as the average of 𝑟−6 values based on the distances of 
protons to metal 1 and metal 2 determined from crystallographic 
data. To avoid complication from contact contributions, the remote 
aromatic methyl protons were chosen with approximately equal 𝑟1

−6 

and 𝑟2
−6. Thus, applying a T1 value of 16.16 ms to eq 8, 𝜏𝑐 is calculated 

to be 1.13 × 10−10 s , which appears to be dominated by the 
rotational correlation time (𝜏𝑟). Due to the complex and convoluted 
nature of the NMR spectrum of compound 2, precise assignment of 
proton resonances and determination of 𝜏𝑐  were challenging. It is 
uncertain whether magnetic coupling results in a reduction of 𝜏𝑠, and 
even if it does, it is not possible to determine this solely based on the 
value of 𝜏𝑐 due to the dominance of 𝜏𝑟. However, proton transverse 
relaxation rate is significantly affected by the contact contribution as 
indicated by a comparison of eq 3 and 5. Therefore, neglecting 
dipolar contributions, the NMR linewidth can be used as a qualitative 
indicator of 𝜏𝑠. In comparison, the proton resonances in 2 exhibit 
very broad resonances from 200 to –20 ppm, broader than those of 
1. However, this difference is not significant enough to suggest a 
notable change in 𝜏𝑠  value (Fig. S25). Additionally, the magnetic 

coupling between the two metal ions automatically results in a 
reduction of proton relaxation rates approximately by half based on 
eq 8, which theoretically should lead to a two-fold sharpening of line 
widths.  

The longitudinal relaxation time (T1) of bulk water protons is 

another critical factor that can significantly impact the CEST effect. 

This relationship is described by the following equation: 

𝑀𝑧/𝑀0(%) = 100 ∕ (1 +
𝑐𝑞𝑇1

111𝑘𝑒𝑥
−1) (9) 

where c is the concentration of paraCEST agent, q is the number of 

exchangeable protons, and 𝑘ex is the exchange rate of proton. When 

the longitudinal relaxation time (T1) of bulk water is shorter than 𝜏𝑀 

at the exchangeable site, the magnetization will no longer be 

saturated, which can attenuate the CEST effect. The relaxation times 

of bulk water in the presence of 1 or 2 in pH 7.4 HEPES buffer at 37 °C 

has been obtained. The R1 values are 0.126(4) mM-1s-1 and 0.142(8) 

mM-1s-1 for 1 and 2, respectively (Fig. S26, S27). Counterintuitively, 

the relaxivity per complex molecule are almost the same for dimeric 

1 and monomeric 2! Although factors influencing relaxivity can be 

quite complicated2 and it may be tempting to attribute the less 

efficient proton relaxation of 1 to its shorter 𝜏𝑠  value17, it is 

important to note that, due to magnetic coupling, the same effect of 

halving the T1 relaxation rate (eq 8) applies to both nearby water 

protons and ligand protons, which contributes to the observed 

underwhelming relaxation enhancement. While it can be argued that 

a significant drawback of utilizing dinuclear or polynuclear metal 

complexes in paraCEST applications is the adverse T1 shortening 

effect on bulk water, our study reveals that this concern is mitigated 

when strong magnetic coupling is present (𝑘𝑇 ≫ |𝐽| > ℏ𝜏𝑐
−1). In fact, 

the T1 shortening effect is comparable to the monomeric counterpart. 

However, it should be noted that when the magnetic coupling effect 

is weak, allowing each metal ion to be treated individually, the 

argument regarding T1 shortening becomes relevant, as the 

relaxation effects on bulk water become additive among the metal 

ions.  

In summary, the enhanced paraCEST properties of 1 primarily 

stem from the Boltzmann population of newly generated energy 

levels resulting from magnetic coupling. As discussed above, in 

strongly coupled systems, this phenomenon leads to a multiplication 

coefficient of ½ in homodinuclear complexes, resulting in a reduction 

in proton relaxation rate and sharpening of proton resonances. It is 

worth noting that this effect has been extensively investigated by 

Drago and Bertini.16, 44, 48 Furthermore, it is conceivable that this 

phenomenon may also influence the relaxation effects on bulk water 

in dinuclear systems. However, the exploration of this phenomenon 

remains limited within the paraCEST and contrast agent research 

community. Finally, we also note that the above discussion does not 

take into account the zero-field splitting factors within the newly 

generated magnetic states but the same trend should hold. 

Conclusions 

In conclusion, we have presented a comprehensive study on the 

design, synthesis, and characterization of a dinuclear Ni(II) complex 

that exhibit paraCEST properties. Through the utilization of various 

characterization techniques, we have identified the key factor 

contributing to the enhanced paraCEST efficiency of 1 as the 
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“magnetic-coupling induced line sharpening” (MILS) effect, which 

mitigates the PRE effect on proton linewidth. This effect operates 

under the condition of satisfying the “strong-coupling limit”, 

regardless of the intrinsic magnetic coupling nature 

(antiferromagnetic or ferromagnetic) as long as |𝐽| ≪ 𝑘𝑇 . 

Nevertheless, we observe ambiguity in whether magnetic coupling 

results in a reduction of 𝜏𝑠  solely based on the value of 𝜏𝑐 . Our 

findings underscore the crucial role of magnetic coupling in 

addressing challenges and optimizing the performance of 

paramagnetic metal complexes in paraCEST imaging. Furthermore, 

the underlying concept can be potentially applied to all paraCEST 

agents employing first-row transition metals, and ongoing research 

in our lab aims to further explore this concept. In the context of in 

vivo applications, paraCEST agents encounter a notable challenge: 

their relatively low sensitivity compared to traditional MRI 

techniques. This sensitivity limitation primarily stems from 

constraints related to the maximum permissible saturation pulse 

power and the interference from exchanging proton species within 

biological tissues. The MILS strategy presented in our study provides 

valuable insights for enhancing paraCEST agent sensitivity at the 

single-molecule level. However, it is essential to acknowledge that 

addressing the sensitivity issue comprehensively requires further 

endeavors. This could involve optimizing local agent concentrations 

through meticulous chemical design and, complementarily, 

employing advanced material-based approaches. The latter may 

involve encapsulating paraCEST agents within diverse carrier systems 

such as micelles, polymers, and nanoparticles. 
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