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Abstract

The zero-field splitting (ZFS) parameters of the .
[Mn(EDTA)(H,0)]* -2H,0 and [Mn(MeNO2A)(H,0)]-2H,0 M
systems were estimated Dby using DFT andab 3948

initio CASSCF/NEVPT2 calculations (EDTA = 2)2'2"2"-

(ethane-1,2-diylbis(azanetriyl))tetraacetate; MeNO2A = 2,2'- f_ 2e+8 .
(7-methyl-1,4,7-triazonane-1,4-diyl)diacetate). ~ Subsequent = -
molecular dynamics calculations performed within the atom- Q
centered density matrix propagation (ADMP) approach o - &
provided access to the transient and static ZFS parameters, as p,Ot:n‘La " 10 0 00?1 &
well as to the correlation time of the transient ZFS. The '"’°’F'e<:ue,,cy My >
calculated ZFS parameters present a reasonable agreement Transient

with the experimental values obtained from the analysis of 'H

relaxation data. The correlation times calculated for the two systems investigated turned out to be very short
(te ~ 0.02-0.05 ps), which shows that the transient ZFS is modulated by molecular vibrations. On the
contrary, the static ZFS is modulated by the rotation of the complexes in solution, which for the small
complexes investigated here is characterized by rotational correlation times of tr ~ 35-60 ps. As a result,
electron spin relaxation in small Mn? complexes is dominated by the static ZFS.
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Introduction

Contrast agents (CAs) for magnetic resonance imaging (MRI) are generally paramagnetic substances that
increase image contrast by reducing the longitudinal and/or transverse relaxation times of *H nuclei of water
molecules in the vicinity of the agent.* Most of the CAs approved for clinical use are Gd** complexes with
polyaminopolycarboxylate ligands that ensure a high stability of the complex in solution, while leaving a
vacant coordination position that occupies a water molecule.*® The Gd**ion was chosen as the ideal
candidate for this purpose due to its slow electron spin relaxation time associated with the
symmetric S electronic ground state.®

High-spin Mn** complexes represent an attractive alternative to the clinically available Gd*"-based agents
due to their potential lower toxicity.”® For instance, the CA mangafodipir trisodium, (Nas[Mn(DPDP)],
TESLASCAN, see Scheme 1), has been used as a hepatocyte specific MRI contrast agent.’ Besides, the
toxicity associated with the administration of some CAs based on Gd** **" has triggered a renewed interest
in Mn?* agents.™® Furthermore, the recent development of fast field-cycling MRI scanners has made it
possible to improve image contrast by taking advantage of the high values and rapid variation of the
relaxivity of Mn?* complexes below 0.5 T.®
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Scheme 1. Ligands Discussed in the Present Work.

The efficiency of a Mn?*-based CA to enhance the relaxation rates of water proton nuclei is often interpreted
by using the Solomon-Bloembergen—Morgan'"? theory for inner-sphere relaxation and the Freed model for
the outer-sphere contribution.”* The inner-sphere contribution depends upon structural parameters such as the
number of water molecules coordinated to the metal ion (q) and the distance between the metal ion and the
inner-sphere water proton nuclei. Additionally, four correlation times play key roles in the relaxation
efficiency of the CA: the residence time of water protons in the metal coordination sphere (ty,), the rotational
correlation time of the Mn---H vector (1g), and the longitudinal and transverse electronic relaxation times of
the metal ion (Ty.and Ty). For decades, both Ty, and T, were assumed to be the result of fluctuations of a
transient zero-field splitting (ZFS) Hamiltonian.?? However, different groups have pointed out that the static



ZFS Hamiltonian should also provide an important source of electronic relaxation, at least in the case of
Gd* complexes.”®?

The correlation time for the transient ZFS 1, in Gd*" complexes was estimated to be ~1 ps by Fries et
al.?’ from the analysis of EPR spectra, whereas Pollet et al.?® obtained a value of ~0.1 ps using ab
initio molecular dynamics. However, the magnitude of t, for Mn®* complexes has not yet been estimated
experimentally or computationally. In recent papers, we showed that DFT calculations coupled to molecular
dynamics studies based on the atom centered density matrix propagation (ADMP) model provide a
straightforward access to 'O hyperfine coupling constants of [Mn(H;,0)¢]**, [Mn(EDTA)(H.0)]*, and
[Mn(MeNO2A)(H,0)] (Scheme 1).2* Furthermore, a combined analysis of the *H nuclear magnetic
relaxation dispersion (NMRD) profiles and 'O NMR chemical shifts and relaxation rates provided
experimental values of the zero-filed splitting energy. Thus, herein we extend these studies to investigate the
ZFS energies in [Mn(EDTA)(H,0)]* and [Mn(MeNO2A)(H,0)], as well as the fluctuation of the ZFS along
the trajectories calculated using ADMP molecular dynamics.

Computational Details

The geometries of the [Mn(EDTA)(H,0)]* -2H,0 and [Mn(MeNO2A)(H,0)]-2H,0 systems optimized in
aqueous solution at the TPSSh/SVP*"* level were described in our previous works.*® Classical trajectory
calculations were performed in agueous solution at the TPSSh/SVP level by using the atom-centered density
matrix ~ propagation (ADMP) molecular dynamics model.** ADMP calculations on the
[Mn(EDTA)(H,0)]* -2H,0 and [Mn(MeNO2A)(H,0)]-2H,0 systems were performed in aqueous solution
using time steps of 0.2 fs, whereas a total of 7000 steps were run for the trajectory simulations. The fictitious
electron mass was 0.1 amu. All the ADMP calculations were started from the corresponding optimized
geometries obtained as described above. Bulk solvent effects were included by using the integral equation
formalism variant of the polarizable continuum model (IEFPCM),* in which the solute cavity is built as an
envelope of spheres centered on atoms or atomic groups with appropriate radii. The universal force field
radii (UFF)* scaled by a factor of 1.1 were used to define the solute cavities. ADMP simulations in
combination with polarized continuum models were shown to provide good results for the prediction of
magnetic parameters (hyperfine tensors and g-tensors) that are tuned by short-time dynamical effects.®® The
ADMP approach provides O(N) scaling with computational time (Nbeing the number of
electrons),* making it a reasonable choice compared to computationally more expensive ab initio molecular
dynamics methods (i.e., Born—Oppenheimer molecular dynamics, BOMD).” These calculations were
performed by employing the Gaussian 09 package (Revision D.01).*

ZFS parameters were calculated using the ORCA program package (Version 3.0.1)* and the methodology
developed by Neese.” In these calculations we tested the popular B3LYP functional,**** the nonhybrid
variant of TPSSh, TPSS, and the TPSSO functional, a 25% exchange version of TPSSh (10% exchange) that
provides improved energetics.* The geometries of the complexes optimized with the Gaussian code as
described above were employed for the calculation of ZFS parameters. The TZVP basis set of Ahlrichs and
colleagues was used in these calculations.*” The RIJCOSX approximation*** was used to speed up
calculations of the ZFS parameters using the Def2-TZVPP/JK*® auxiliary basis set as constructed
automatically by ORCA. The spin—orbit contribution was considered employing the spin—orbit mean field
approach (SOMF) using the one-center approximation to the exchange term (SOMF(1X)).” The
convergence tolerances and integration accuracies of the calculations were increased from the defaults using
the available TightSCF and Grid5 options. Solvent effects (water) were taken into account by using the
conductor-like screening model (COSMO) as implemented in ORCA.>* Nonrelativistic energy levels and
wave functions were computed using the complete active space self-consistent field (CASSCF)
method™ along with the TZVP basis set and the COSMO solvation model. CASSCF calculations were



performed by using an active space including five electrons distributed into the five Mn 3d-based molecular
orbitals (CAS(5,5)). The orbitals were optimized by the average of 1 sextet, 24 quartet, and 75 doublet roots.
The ZFS parameters were subsequently calculated on the CASSCF wave functions using N-electron valence
perturbation theory to second order (NEVPT2),%**® which computes the energies and wave functions of all
magnetic sublevels by diagonalization of the full SOC matrix.

Results and Discussion

Model Systems

The geometries of the [Mn(EDTA)(H,0)]*-2H,0 and [Mn(MeNO2A)(H,0)]-2H,0 systems (Figure 1)
optimized in aqueous solution at the TPSSh/SVP level are presented in Figure 1. Our previous studies
showed that the explicit inclusion of at least two second sphere water molecules is critical to obtain accurate
Mn—O,,..tr distances and *’O hyperfine coupling constants. In the case of [Mn(EDTA)(H,0)]* -xH,0 the Mn—
Ouater distance decreases from 2.56 to 2.26 A as x increases from 0 to 2, whereas the calculated *’O hyperfine
coupling constants vary from —2.60 to —6.47 MHz (experimental value —6.45 MHz).* For
[Mn(MeNO2A)(H,0)]-xH,0 the Mn—O, distance shortens from 2.29 to 2.16 A upon inclusion of two
second-sphere water molecules. The Mn?* ion in [Mn(EDTA)(H,0)]* -2H,0 is seven-coordinated by the
N,O, donor set of the ligand and an oxygen atom of a coordinated water molecule, which results in a capped
trigonal  prismatic  coordination  environment. The metal coordination environment in
[Mn(MeNO2A)(H,0)]-2H,0 is distorted octahedral.

Figure 1. Optimized geometries of the [Mn(EDTA)(H,0)]* -2H,0 and [Mn(MeNO2A)(H,0)]-2H,0 systems
calculated at the TPSSh/SVP level.

Zero-Field Splitting Calculations

The electronic °S ground state high-spin Mn?* ion is characterized by an electronic spin state S = 5/2, which
implies that the degeneracy of the magnetic sublevels Mg = +5/2, +3/2, and £1/2 is broken in the absence of
any applied magnetic field due to zero-field splitting effects.®* The phenomenological ZFS Hamiltonian
contains the nine components of the D-tensor and can be expressed as®* **



Hzps = SDS 1)
Taking a coordinate system that diagonalizes the D tensor allows writing the ZFS Hamiltonian as
g 62 _la2 562 _ 82
Hzes = D (87 —282) + E($7 - $}) @)

where D and E are the axial and rhombic ZFS parameters, which take the forms

D =D, —~(Dxx + Dyy) 3)
E = %(Dxx —Dyy) (4)

The D and E values are normally given in a coordinate system that fulfills the relationship

ID| = 3E >0 (5)

The ZFS parameters D and E of the energy-minimized structures of [Mn(EDTA)(H,0)]*-2H,0 and
[Mn(MeNO2A)(H,0)]-2H,0 were calculated using four different functionals (B3LYP, TPSS, TPSSh, and
TPSS0) in combination with the TZVP basis set. A systematic DFT study of ZFS parameters in
Mn** complexes did not find any noticeable improvement of the calculated parameters using larger basis
sets.®® The calculated ZFS parameters are given in Table 1.

The results reported in Table 1 show that the calculated ZFS parameters vary significantly depending on the
particular functional employed in the calculation. Generally, the nonhybrid TPSS functional provides smaller
absolute D values than the hybrid B3LYP and TPSSh functionals. The TPSSO functional was included in this
investigation because it was found recently that it provides calculated g- and A-tensors in better agreement
with the experimental EPR data than TPSSh.** ® However, TPSSO leads to rather erratic results in the
present case. Overall, the results presented in Table 1 show that the ZFS parameters in Mn** complexes are
rather difficult to predict with DFT, which is in line with previous studies that provided accuracies of ~0.1
cm 2% Thus, the ZFS parameters were also calculated using ab initio CASSCF/NEVPT?2 calculations, which
were shown to provide ZFS values of transition metal complexes in excellent agreement with the
experiment.®®®® The results show that among the different functionals explored in this work TPSS provides
the best agreement with CASSCF/NEVPT2 calculations (Table 1).



Table 1. ZFS Parameters Obtained with DFT and CASSCF/NEVPT2 Calculations and Experimental Values Reported
in the Literature.

ligand D/icm™ E/D Alem™ A?110* rad® s

EDTA B3LYP —0.1064 0.3056 0.09832 34.3
TPSS —0.0405 0.2419 0.03585 4.56

TPSSh —0.1133 0.0291 0.09263 30.5

TPSSO —0.0487 0.0156 0.03980 5.62

NEVPT2° —0.0309 0.1376 0.0259 2.39

exp® 0.0418 6.19
MeNO2A B3LYP 0.1168 0.2063 0.01025 37.3
TPSS 0.0519 0.1422 0.0436 6.75

TPSSh 0.0451 0.1042 0.0374 4.97

TPSSO —0.1347 0.0803 0.11107 43.8

NEVPT2¢ 0.0452 0.1725 0.0385 5.26

exp® 0.0450 7.2

*From ref 62. °From ref 30. “Values obtained with NEVPT2 calculations using the CASSCF wave functions.

From the values of the axial and rhombic ZFS parameters the ZFS energy can be calculated according to

A= [%D? 4 2E? (6)
3

The values of A obtained with DFT calculations compare reasonably well with those obtained experimentally
from 'H relaxometric studies (Table 1), the best agreement being provided by the TPSS functional. This is in
line with recent results obtained for [GdF]* and [Gd(H,0)s]**, which showed that hybrid functionals are
less accurate than nonhybrid functionals when compared to CASSCF results, especially if a large amount of
Hartree—Fock (HF) exchange is added to the functional.®® This has been attributed in the case of
Gd** complexes to an increase of the HOMO-LUMO gap upon increasing HF exchange.®* A similar
behavior is found for the Mn*complexes investigated in this work. For instance, the energy difference
between the highest occupied and lowest unoccupied a orbitals in [Mn(MeNO2A)(H,0)]-2H,0 is 3.40, 4.65,
and 7.39 eV for the TPSS, TPSSh, and TPSSO0 functionals, respectively. The corresponding figures obtained
for [Mn(EDTA)(H,0)]* -2H,0 are 4.39 (TPSS), 4.64 (TPSSh), and 6.55 eV (TPSS0).

It is important to note that the experimental ZFS parameters were obtained without separation of the static
and transient contributions. However, the results reported in Table 1 indicate that our DFT calculations at the
TPSS/TZVP level on the energy-minimized structures provide at least the correct order of magnitude of the
ZFS in this family of compounds.

The ZFS is the result of a direct electron—electron magnetic dipole spin—spin (SS) interaction involving
unpaired electrons and the spin—orbit coupling (SOC) of excited states into the ground state.”® The calculated
SS and SOC contributions to the ZFS parameters of the mononuclear systems investigated here indicate that



the D values originate basically from the SOC part (Table 2). The relative contributions of the four different
types of excited states originating from a — o, p — B, o — B, and p — a excitations were found to vary
significantly depending on the particular complex.

Table 2. Spin—Spin (SS) and Spin—Orbit Coupling (SOC) Contributions to the D Values [cm™] Calculated at the
TPSS/TZVP Level

Dss Dsoc a—a Bp—B a—p B—a
EDTA 0.0038 —0.044 —0.042 -0.039 0.010 0.027
MeNO2A 0.0094 0.042 —0.006 0.000 0.039 0.010

Molecular Dynamics Simulations

The correlation time for the transient ZFS in Gd** complexes was estimated to be ~1 ps by Fries.”>? This
time scale can be rather easily accessed by ab initio molecular dynamics methods. Previous studies on
Gd* complexes showed that the transient ZFS is modulated by fast molecular vibrations.?® Thus, we have
carried out molecular dynamics simulations using the ADMP approach and a mixed cluster/continuum
model.”* These simulations were performed in solution at the TPSSh/SVP level starting on the optimized
geometries. Our simulations performed on the [Mn(MeNO2A)(H,0)]-2H,O system show that the bond
distances of the metal coordination environment experience relatively important fluctuations during the
length of the simulations (1.4 ps, Figure 2). The Mn—N distances fluctuate within the range 2.21-2.65 A,
whereas the Mn—O bonds oscillate between 1.94 and 2.27 A. Similarly, fluctuations in the ranges 2.27-2.71
and 2.03-2.51 A were observed for the Mn—N and Mn—O bonds in [Mn(EDTA)(H,0)]* -2H,0. The smaller
average Mn-—donor distances obtained for [Mn(MeNO2A)(H,0)]-2H,O are expected due to the lower
coordination number of the metal ion (CN = 6) when compared with that for [Mn(EDTA)(H,0)]* -2H,0
(CN=7).

The static ZFS interaction is obtained by averaging over the fast processes occurring in solution (vibrations,
collisions) and is modulated by rotation of the complex.”” The ZFS tensor is a symmetric 3 x 3 matrix with
the form?®

dqi1 dqp dys
Dzps = | da1 dpz dys (7
d3q ds; dss

The trajectories obtained from ADMP simulations were used to perform a configurational space sampling by
taking snapshots at regular intervals of 12 fs. The ZFS tensor was subsequently calculated for each snapshot
at the TPSS/TZVP level. The d; values calculated along the ADMP trajectories show nearly Gaussian
distributions around their average values (Figure 3). We notice a broader distribution of the d; values for
[Mn(MeNO2A)(H,0)]-2H,0 than for [Mn(EDTA)(H,0)]*-2H,0. The analysis of the dij parameters
calculated for [Mn(MeNO2A)(H,0)]-2H,0 reveals weak linear relationships between the dj; parameters,
with Pearson’s correlation coefficients of 0.57, 0.85, and 0.60 for the di1/d»,, d11/d3s, and dy,/ds3 data pairs,



respectively (Figure 4). The linear relationship is even weaker for [Mn(EDTA)(H,0)]*-2H,0, the Pearson
correlation coefficients being —0.03 (d;1/d,,), 0.18 (d11/da3), and 0.52 (d»,/ds3). The broader distribution and
higher correlation of dj;; values in [Mn(MeNO2A)(H,0)]-2H,0 might be related to a more important rigidity
of the complex associated with the macrocyclic nature of the ligand.
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Figure 2. Calculated Mn—donor distances during the full length of the ADMP simulations performed in agueous
solution for the [Mn(EDTA)(H,0)]* -2H,0 (top) and [Mn(MeNO2A)(H,0)]-2H,0 (bottom) systems.

Given the short lengths of our MD simulations, no rotation of the complex is expected and therefore the
laboratory and molecular frames can be considered identical.”® Thus, the static ZFS parameters were
estimated by diagonalization of the time average of the ZFS tensor along the trajectories obtained with
ADMP calculations. The results (Table 3) suggest that the magnitude of the static ZFS does not change
significantly with respect to values obtained using the minimum energy geometries. The
calculated D parameters are little affected by the inclusion of dynamic effects, which, however, causes an
increase of the rhombicity of the ZFS tensor (Table 3). This provokes changes of the sign of the D parameter
calculated for [Mn(EDTA)(H,0)]* -2H,0 along the trajectory, which is not surprising, because it has been
shown that the signs of D obtained with DFT methods become unreliable when E/D > 0.2.%
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Figure 3. Distributions of dy;, d,,, and ds; coefficients along the trajectory of the ADMP simulations performed in
aqueous solution for [Mn(MeNO2A)(H,0)]-2H,0 (left) and [Mn(EDTA)(H,0)]* -2H,0 (right).

The transient ZFS tensors were calculated along the trajectories of the ADMP simulations at the TPSS/TZVP
level by subtracting the static contribution to every instantaneous ZFS tensor. Subsequently, the average of
the normalized time correlation function of all nine dj; coefficients C(t) was calculated as proposed by
Pollet:?®

_1lys (4j©di;@®)
C(t) - 9 Zl,]:l <dl](0) dl](o)) (8)

As for the Gd** complexes studied by Pollet, the C(t) values (Figure 5) present a fast decay followed by
anticorrelation. The fitting of the data to monoexponential decay functions provided the correlation times
7. listed in Table 3. These correlation times (~0.02-0.04 ps) are somewhat shorter than those estimated by
Pollet (~0.1 ps) for Gd** complexes, but very similar to that obtained for [Ni(H,0)s]** using MD simulations
(~39 f5).”*™ The transient ZFS appears to be modulated by distortions of the metal coordination
environment, resulting from fast molecular vibrations. Thus, the lower electric charge and weaker metal—
donor electrostatic interactions of Mn*" complexes compared to those for Gd** analogues is likely
responsible for the shorter tcvalues of the former. Recent measurements of the longitudinal relaxation rates



of ligand nuclei around complexed Ln**ions and previous theoretical discussion about these systems
indicated that the vibrational correlation time gives a lower bound to the longitudinal electronic relaxation
time values, which should not be significantly less than the inverse of the solvent collision frequency (~0.1

ps)
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Figure 4. Correlations between the dy;, d,,, and das coefficients calculated along the trajectories of the ADMP
simulations performed in aqueous solution for [Mn(MeNO2A)(H,0)]-2H,0 (left) and [Mn(EDTA)(H,0)]* -2H,0

(right).

Table 3. Static (Ag) and Transient (A1) ZFS Obtained from Molecular Dynamics Simulations

Aslem™ Aslem™ T/ps T=/Ips TetlPS
EDTA 0.0310° 0.03 0.0463(9) 57° 28°
MeNO2A 0.0397" 0.06 0.0227(3) 36° 21°

% =0.0337 cm™; E/D = 0.3128 cm ™. "E = 0.0457 cm*; E/D = 0.2083 cm . °From ref 62.

9Erom ref 30.
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Figure 5. Normalized time autocorrelation functions of the transient ZFS contribution calculated for the

The transient ZFS (At) was estimated from the spread of the A values along the trajectories obtained with
ADMP simulations (Figure 6). The ZFS energy calculated for [Mn(MeNO2A)(H,0)]-2H,0 shows important
fluctuations along the trajectory of our MD simulations, whereas it fluctuates to a lesser extent for
[Mn(EDTA)(H,0)]* -2H,0. As a result, the At value obtained for [Mn(MeNO2A)(H,0)]-2H,0 is about
twice that of the EDTA analogue, which is in line with the broader distribution of d;; values obtained for the
former (Figure 3). For [Mn(EDTA)(H,0)]* -2H,0 we obtained a At value that is virtually identical to the
static ZFS (Table 3). Anyhow, our calculations indicate that the static and transient ZFS have comparable
values, as also suggested for Gd*" complexes on the basis of EPR studies.?®? Interestingly, Fries and
Belorizky found that At > As for the macrocyclic [Gd(DOTA)(H,O)] complex, whereas the situation was
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Static versus Transient ZFS Relaxation

The longitudinal and transverse relaxation rates of the electron spin, 1/T,, and 1/T,, are often approximated
by using eqs 9 and 10:”’

1 _ 1,5 B 1 4
Tre 25A 4SS +1) -3} (1+w521:2 + 1+w521:2) )
11 g[S 2
Toe 50A T{4S(S T 1) 3} (1+w521:2 t 1+wl? t 3) (10)

Historically, the correlation time T was assumed to be connected either to the molecular tumbling time tx or
to a correlation time due to distortions of the coordination geometry of the complex, t,.” It has been found
that for octahedral aqua ions the transient ZFS controls electron spin relaxation.” If the Redfield relaxation
theory is applicable (Astir < 1),eqs 9 and 10 can be used to describe transient as well as static ZFS
relaxation.””® Outside the extreme narrowing limit, electron spin relaxation is expected to be a
multiexponential process, although corrections for nonexponential relaxation in Mn®* complexes were found
to be small.® The parameters listed in Table 3 provide Aggvalues of ~0.33 and 0.25 for
[Mn(EDTA)(H,0)]* and [Mn(MeNO2A)(H,0)], respectively.

Electron spin relaxation rates 1/T; can be calculated from the parameters in Table 3 (Figure 7). For both
compounds the static contribution is dominant for 1/T,, over the full frequency range and for 1/T4. up to 100
MHz. At frequencies below 1 MHz all electron spin relaxation rates calculated are virtually the same.
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Figure 7. Electron spin relaxation rates calculated using the parameters in Table 3: [Mn(EDTA)(H,0)]*, blue;
[Mn(MeNO2A)(H,0)], red. Static ZFS contribution: 1/Ty, full lines; 1/T,,, dotted lines. Transient ZFS contributions:
1/T4 = 1/Ty, dashed lines.



Fries® proposed to use egs 9 and 10 with an effective ZFS magnitude (A«r) and an effective correlation time
Ter. The results in Table 3 suggest that electron spin relaxation in both Mn*complexes is governed by the
static ZFS modulated by molecular tumbling. Differences between 1 and the rotational correlation times
Tr Can be explained by differences in sensing anisotropy in the rotational motion of the complexes. The
rotational correlation times obtained from *H NMRD describe the rotational diffusion of the Mn—H vectors
in the complexes, whereas the static ZFS is modulated by the rotational diffusion of the ZFS tensor.
However, these deviations could also arise from the fact that eqs 9 and 10 are only valid when Agir < 1, a
situation that does not strictly hold even for the small complexes studied here.
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Figure 8. Top: *H NMRD profiles calculated with parameters determined for [Mn(MeNO2A)(H,0)]* and 1, increasing
from 0.02 to 20 ps (A% = 7.2 x 10" rad” s2). Bottom: *H NMRD profiles calculated with parameters determined for
[Mn(MeNO2A)(H,0)]* except the rotational correlation time set to 500 ps and 1, increasing from 0.02 to 20 ps.

Proton NMRD profiles for solutions of both complexes are influenced by electron spin relaxation for Larmor
frequencies up to about 10 MHz.**® At higher frequencies the short rotational correlation times of 1 < 60 ps
are largely dominating proton relaxivity, and thus relaxivity is not affected by electron spin relaxation. This
is confirmed by NMRD profiles calculated with parameters found for [Mn(MeNO2A)(H,0)]® and electron
spin relaxation rates calculated with 1, increasing from 0.02 to 20 ps (Figure 8). These calculations have been
performed using standard Solomon-Bloembergen—Morgan (SBM) theory. We are well aware that standard
SBM is in principle not valid for slowly rotating compounds. A full discussion of the validity of SBM
equations can be found in the literature.”?*® However, the overwhelming majority of studies of relaxation



enhancement induced by Gd**-based and Mn?*-based complexes still use SBM theory to evaluate their data.
Our simulations show that at v > 10 MHz the calculated relaxivity ry is independent of the electron spin
relaxation. For slowly rotating bigger compounds this would, however, no longer be true (Figure 8, bottom).
Electron spin relaxation now influences relaxivity at Larmor frequencies up to 100 MHz. However, one has
to keep in mind that for slowly rotating compounds the Redfield condition is no longer valid and egs 9 and
especially eq 10 are in principle no longer valid.

Conclusions

The ZFS parameters of two Mn®* complexes were computed using DFT calculations. Our results show that
the TPSS functional provides the correct order of magnitude for the ZFS parameters. The transient ZFS
parameters were evaluated by using MD simulations based on the ADMP approach. In spite of the relatively
short time length of the MD trajectories (~1.4 ps), these simulations allowed the calculation of time
correlation functions for the ZFS tensor, providing correlation times in the subpicosecond time scale (~0.02—
0.04 ps). These correlation times are much shorter than those obtained from the analysis of relaxation data.
Thus, the results reported in this work demonstrate that the electron spin relaxation in Mn?" complexes is
largely dominated by the static mechanism, which is modulated by rotation of the complex in solution.
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