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a b s t r a c t

Aqueous solutions of simple nickel(II) salts are a classical test case for theories of the paramagnetic relax-
ation enhancement (PRE) and its dependence on the magnetic field (nuclear magnetic relaxation disper-
sion, NMRD), going back to late fifties. We present here new experimental data, extending the NMRD
range up to 21 T (900 MHz). In addition to salt solutions in (acidified) water, we have also measured
on solutions containing glycerol. The aqueous solution data do not show any significant changes com-
pared to the earlier experiments. The interpretation, based on the general (‘‘slow-motion”) theory is also
similar to the earlier work from our laboratory. The NMRD-data in mixed solvents are qualitatively dif-
ferent, indicating that the glycerol not only changes the solution viscosity, but may also enter the first
coordination sphere of the metal ion, resulting in lower symmetry complexes, characterized by non-van-
ishing averaged zero-field splitting. This hypothesis is corroborated by molecular dynamics simulations.
A strategy appropriate for interpreting the NMRD-data for the chemically complicated systems of this
type is proposed.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Studies of proton spin-lattice relaxation rates as a function of
the magnetic field (nuclear magnetic relaxation dispersion, NMRD)
in aqueous solutions of paramagnetic complexes have been an ac-
tive field of research for long time. The status of the field is de-
scribed in recent books [1,2] and a review volume [3].
Investigations of this kind carry potentially a wealth of information
on structure and dynamics of the species involved, provided that
an appropriate model for the paramagnetic effects on the relaxa-
tion rate, denoted commonly as paramagnetic relaxation enhance-
ment, PRE, is available. Modelling the PRE has long been
recognized as difficult [4], but it seems that some of the fundamen-
tal problems have been solved. In a recent study, various models
proposed in the literature were compared with each other [5]
and it was demonstrated that two of the models agreed very clo-
sely, in spite of large differences in the mathematical treatment,
which is highly encouraging.

Even the advanced physical models assume, inevitably, major
simplification of the complicated reality of chemical systems. In
this communication, we return to a very simple case of acidified
ll rights reserved.
aqueous solutions of the nickel ions, Ni(II). The system has been
studied many times, beginning with the classical study by Mor-
gan and Nolle [6], who found no field dependence for the proton
spin-lattice relaxation time in the field range 0.05–1.4 T. Bloem-
bergen and Morgan [7] explained this observation in terms of
rapid electron spin relaxation, caused by fluctuations of the
zero-field splitting, ZFS, originating from collisional distortions
of the hydration sphere of the ion. In late eighties, we reported
an investigation of low-pH aqueous solution of Ni(II) at a series
of magnetic field up to 11.7 T [8] and interpreted the experimen-
tal data using a theoretical model of Westlund et al. [9]. The same
data sets were re-interpreted by Svoboda et al. [10], using a
slightly more sophisticated version of the theory. The experi-
ments show that the PRE increases with increasing magnetic field
in the high-field range. This is in agreement with theory which
predicts, however, that the NMRD curve should reach a maximum
and then turn down. In this work, we report an attempt to reach
the maximum by extending the measurements to even higher
magnetic field, 21.1 T (900 MHz 1H resonance frequency). In addi-
tion, we have also measured the NMRD profiles for Ni(II) dis-
solved in a mixture of water and glycerol, deuterated in the
chain. The effect of adding glycerol turned out to be quite compli-
cated. This led us to detailed considerations of suitable strategies
for fitting extended experimental NMRD-data sets. Moreover, we

mailto:jk@physc.su.se
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


104 J. Kowalewski et al. / Journal of Magnetic Resonance 195 (2008) 103–111
found it motivated to complement the NMRD measurements by
molecular dynamics (MD) simulations.
Table 1
Composition of the samples used in this study

Sample cNi, M cH2O, M cgly, M PM

0% Glycerol 0.0889 55.0 — 9.7 � 10�3

35% Glycerol 0.063 40.9 4.1 7.4 � 10�3

55% Glycerol 0.046 29.6 6.7 6.4 � 10�3
2. Materials and methods

Nickel(II) trifluoromethanesulfonate was prepared as follows.
Ni(OH)2 (purchased from Sigma–Aldrich) was dissolved in the aque-
ous pH 0.2 trifluoromethanesulfonic (triflic) acid, the pH was deter-
mined afterward to be 0.14. A concentration cNi = 0.0889 M in this
stem solution was determined for Ni(II) ion using standard gravi-
metrical methods. Glycerol-(1,1,2,3,3-d5) was obtained from Cam-
bridge Isotope Laboratories and used without further purification.
The solutions for NMR relaxation work were prepared as follows.
Three different samples of nickel(II) trifluoromethanesulfonate con-
taining 0, 4.1 and 6.7 M glycerol, equivalent to, respectively, 0%, 35%
and 55% w/w, were prepared by weighing glycerol and adding the
stem solution up to the desired volume and weighing again. The
solutions were transferred to 3, 5 and 10 mm o.d. NMR tubes. The
10 mm samples were used in the field-cycling apparatus, 5 mm at
4.7 T and 3 mm at 9.4 and 14.1 T. The measurements at 21.1 T were
carried out on a separately prepared solution, with a slightly differ-
ent Ni(II) concentration but with the same solvent mixtures. The
measurements at that field were performed on capillaries, im-
mersed in 5 mm tubes filled with DMSO-d6. The samples used for
relaxation measurement are below denoted as ‘‘no-glycerol”, ‘‘glyc-
erol35%” and ‘‘glycerol55%”.

The measurements at fields up to 0.94 T (40 MHz 1H resonance
frequency) were performed using the Stelar SPINMASTER FFC field-
cycling relaxometer at the Magnetic Resonance Center (CERM) at
the University of Florence. Measurements at high fields, 4.7, 9.4
and 21.1 T were performed on Bruker Advance spectrometers,
while a Varian Inova was used at 14.1 T. Spin-lattice relaxation
rates at high fields were measured using inversion-recovery tech-
nique. The major difficulty in these experiments is to avoid radia-
tion damping, when using samples with close to 100 M proton
solutions. At 4.7 – 14.1 T, this was achieved by making measure-
ments with the decoupler channel on broadband probeheads opti-
mized for larger sample diameters than used in our experiments. In
some cases, the probeheads were in addition detuned to reduce the
Q-values. The problem was of course most severe at the highest
field (where a very high sensitivity cryo-probehead was used),
but the problem was in that case solved by using a minute amount
(2 ll) of the Ni(II) solutions. The temperature was in all cases con-
trolled using the standard variable temperature equipment pro-
vided by the manufacturers. The spin-lattice relaxation rates
were evaluated using the standard software provided by instru-
ment manufacturers. The measurements at high fields were re-
peated at least three-times, the experimental uncertainties are
estimated to be about 5%. Field-cycling measurements have accu-
racy of about 1%.

The paramagnetic relaxation enhancement was obtained by
subtracting the diamagnetic rates, assumed to be independent of
the magnetic field. With the high concentration of Ni(II) in the
paramagnetic samples, the diamagnetic corrections were always
less than 1% of the paramagnetic rates.

The paramagnetic relaxation enhancement arises through the
so-called inner-sphere and outer-sphere mechanisms. The former
refers to the contribution from protons residing in the first coordi-
nation sphere of the paramagnetic metal ion, the latter to protons
outside of the first sphere. The inner-sphere PRE is often dominant.
According to Luz and Meiboom [11], the inner-sphere PRE depends
on the spin-lattice relaxation time of protons in the complex, T1M,
the exchange lifetime of the protons in the first coordination
sphere, sM, and the mole fraction of ligand protons in the bound
position, PM:
PRE ¼ T�1
1para � T�1

1dia ¼
PM

T1M þ sM
ð1Þ

If sM� T1M, the fast exchange conditions prevail and the PRE
expression simplifies to PM/T1M. The PRE is thus a product of a
molecular property, 1/T1M, and the molar ratio which, in turn, is
proportional to the number of protons in the inner-sphere complex
and to the concentration of the paramagnetic species.

As was discussed by Hertz the use of strongly acidified solutions
and elevated temperatures (that is why we chose to work at 323
and 343 K) ascertains the fast exchange conditions [12]. The calcu-
lation of the mole fraction of bound protons is trivial for the solu-
tion without glycerol: PM ¼ cNi � qH=2cH2O ¼ 9:70 � 10�3, where qH is
the number of protons in the aqueous complex (equal to twelve),
cH2O is the concentration of water (we set it to 55 M, neglecting
the acid) and cNi = 0.0889 M. The same calculation requires a cer-
tain care in the mixed solvent cases. The molar concentrations of
Ni(II), cNi, glycerol (cgly) and water (cH2O) are calculated from the
known masses/volumes of the stem solution and the mixtures
(see Table 1). We see in all cases only one proton signal arising
from the water protons in fast exchange with the hydroxyl protons
of glycerol. We consider thus the protons of these two kinds as a
single pool. Every water molecule contributes two protons to that
pool, while every glycerol contributes three protons from the hy-
droxyl groups. The expression for PM thus becomes:
PM ¼ cNi � qH=ð2cH2O þ 3cglyÞ. We assume that qH = 11 in the glyc-
erol-containing samples (see Section 3 below). This results in the
PM values in the ‘‘glycerol35%” and ‘‘glycerol55%” samples listed
in Table 1.

The experimental in-complex relaxation rates, T�1
1M , obtained

from Eq. [1] are compared with calculations using the general
‘‘Swedish slow-motion theory” [13]. In order to perform least-
squares fits of the parameters of the models to the experimental
data, the slow-motion program was interfaced to the Minuit pro-
gram package [14]. In order to estimate the possible outer-sphere
contributions, we also report some calculations using the outer-
sphere version of the theory [15].

Molecular dynamics (MD) simulations were carried out in an
isothermal-isobaric, (NPT) ensemble at 298 K and atmospheric
pressure. A solution of one Ni(II) ion among 100 glycerol and 340
water molecules, concentration about 60 weight per cent of glyc-
erol, was simulated in a cubic cell with the periodic boundary con-
ditions. The temperature was kept constant by using Nose–Hoover
method [16,17], and the pressure by the Nose–Hoover barostat
[18]. The equations of motion were solved using the double time
step algorithm by Tuckerman et al. [18,19] with a long time step
of 10 short time steps of 0.2 fs. The long-range Coulomb forces
were calculated using the Ewald summation method.

Water is simulated with the flexible SPC-F model by Toukan and
Rahman [20]. To describe glycerol molecules, the slightly modified
version of Blieck et al. [21] potential based on the AMBER force-
field, adopted by Chelli et al. [22], was used. In the present simula-
tions, the value of atomic charge of the aliphatic hydrogen of cen-
tral CH group was increased to 0.044 electronic units in order to
bring the net molecule charge to zero. The stretching type poten-
tials for C–H and O–H bonds, which are considered to be rigid in
the original force-field, were added also. The corresponding force
constants were taken from CHARMM22 force-field [23] which is
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based on high-level ab initio calculations. Ni(II)-water interactions
were simulated with the potential proposed by Chillemi et al. [24].
To our knowledge, there is no potential especially adapted to de-
scribe Ni(II)–glycerol interactions available in the literature. In
the present simulations the standard sum of Coulomb and Len-
nard–Jones 6–12 potentials was used. Two variants of Ni(II) Len-
nard–Jones parameters were considered: rNi = 2.050 Å,
eNi = 0.4184 kJ/mol proposed by Wallen et al. [25], and
rNi = 2.525 Å, eNi = 0.0628 kJ/mol by Rappe et al. [26]. Both vari-
ants, henceforth referred to as W-nickel [25] and R-nickel [26],
respectively, were used in the simulations.

3. Results and discussion

The full set of experimental in-complex relaxation rates, T�1
1M , is

shown in Fig. 1. The results for the sample without glycerol are in
very good agreement with earlier data [6,8]. At low field, we see
practically no variation with either the magnetic field or tempera-
ture, while some variability can be seen in the high-field range. The
results for the two glycerol-containing samples are characterized
by qualitatively different NMRD profiles compared to the aqueous
sample. Also in these cases, the profiles at low-field are flat and
essentially temperature-independent, while the high-field data
span much broader range of relaxation rates, in particular for the
55% glycerol sample. For all data sets, we can see that 21.1 T was
not sufficiently high field to yield the expected turning point in
the NMRD profiles. The physical origin of the maximum in the
NMRD profiles is a combination of, on the one hand, an increase
of the PRE caused by reduced effective electron spin relaxation rate
at high-field and, on the other hand, a decrease of the electron
spin–nuclear spin dipolar spectral density as the nuclear Larmor
frequency goes up.

One of the goals of this study is to develop a suitable strategy for
fitting a large data set of NMRD-data, including several solution
compositions and temperatures. We have decided to treat each
of the samples separately, but to try to fit the two-temperature
data sets jointly, keeping as many parameters as possible temper-
ature-independent.

Before going into the details of the fitting strategy, we wish to
review briefly the model we use and its parameters [4,5,13]. The
model assumes that the PRE is caused by the dipole–dipole (DD)
interaction between the nuclear spin (I) and the electron spin (S).
The strength of the DD interaction is inversely proportional to
the third power of an effective distance between the spins, rIS.
The DD interaction is modulated by two processes: reorientation
Fig. 1. Experimental NMRD profiles (in-complex relaxation rate, T�1
1M
of the IS axis and electron spin relaxation. In principle, the chemi-
cal exchange could also be a modulation mechanism for the DD
interaction, but we assume that it is much slower than reorienta-
tion and electron spin relaxation, at the same time as we consider
the exchange to be very fast compared to nuclear spin relaxation.
The reorientation process is considered as isotropic rotational dif-
fusion in small steps, described by a rank–two rotational correla-
tion time, sR. The electron spin relaxation is a complicated
process, governed by the interplay of the Zeeman interaction and
the zero-field splitting (ZFS) interaction. The ZFS interaction is a
rank-two tensorial interaction, which is assumed to contain two
components. The first one is ‘‘static” or ‘‘permanent” (in the same
sense as molecules have a permanent dipole moment) and arises
through averaging over fast motions (deformations of the complex
by collisions and/or damped vibrations). Its principal axis system
reorients with the molecule, in a similar way as the dipole–dipole
axis. The static ZFS is assumed to be cylindrically symmetric and
thus characterized by a single parameter, denoted DS. In addition
to that, we talk about a ‘‘transient” ZFS component, which can be
thought of as a deviation of the instantaneous ZFS interaction from
the static one. Also the transient ZFS is assumed to have cylindrical
symmetry, with a single interaction strength parameter, DT. The
motion of the principal axis of the transient ZFS is also assumed
to be possible to describe by isotropic rotational diffusion equation.
This ‘‘pseudorotation” model [27] of the transient ZFS introduces
thus a second dynamic parameter, a pseudorotational correlation
time, sD. The pseudorotation model is a gross oversimplification
of very complex dynamics [28,29], but seems to be able to capture
the features which are most important for the PRE and its field
dependence [30]. The problem of calculation of the PRE as a func-
tion of the magnetic field is complicated mainly for following rea-
sons. (1) The ZFS is often so strong that the electron spin relaxation
problem cannot be treated using perturbation theory (or Redfield
theory [31]). (2) The processes of modulation of the DD interaction
by reorientation and by electron relaxation are not statistically
independent. (3) As we vary the magnetic field, the relative impor-
tance of the Zeeman and ZFS interaction changes. The Swedish
slow-motion theory deals with the problem in frequency domain,
by setting up and inverting a very big matrix representation of
the relevant interactions and the rotational and distortional mo-
tions. As demonstrated recently [5], the method is numerically
equivalent to the time-domain approaches proposed by Fries, Rast
and coworkers [32,33] and by Westlund and Åman [34]. Summa-
rizing the parameters of the model, we have to deal with three
‘‘interaction strength” parameters: rIS, DS and DT, and two correla-
, vs. magnetic field) for the three samples. (a) 323 K; (b) 343 K.
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tion times, sR and sD. This number of parameters is much lower
than the number of points in any of the NMRD profiles, but not
obviously smaller than the number of distinct and characteristic
features in a profile.

We begin the discussion with the ‘‘no-glycerol” sample. Qualita-
tively, the profiles at both temperatures are flat at low-field, up to
about 1 Tesla, show a weak dip close to 5 Tesla and a weak increase
above that field. Such features were noticed and explained in the
early theoretical paper on the pseudorotation model by Westlund
et al. [9]. We assume, in analogy with the earlier studies [8,10] that
the static ZFS can be set to zero, because of the octahedral coordi-
nation (averaged on the time scale of molecular reorientation). In
the earlier studies, the data at each temperature were fitted sepa-
rately. Initially, we have done this also in the present case, but the
fitted parameters obtained at the two temperatures turned out to
be inconsistent with each other. Therefore we have decided, as a
general strategy, to fit together the data sets at two temperatures
(323,343 K) for each sample. All interaction strength parameters
are considered as temperature independent, while we use slightly
different assumption concerning the temperature dependence of
the correlation times for different samples. In the case of the
‘‘no-glycerol” sample, we allowed both the rotational correlation
and the distortional correlation times to be different at the two
temperatures. We performed the fits along two lines, which dif-
fered somewhat from each other. First, we adjusted parameters
in groups, with the rotational correlation times, sR(323) and
sR(343) in one group and the parameters related to transient ZFS,
sD(323), sD(343) and DT in the other. Parameters in each group
were adjusted, together with the interspin distance rIS, while the
parameters in the other group were held fixed. This stepwise fit-
ting was repeated until convergence and led to a very good agree-
ment between calculations and experiments, displayed in Fig. 2a.
The corresponding parameters are listed in Table 2. We have then
tried a global least-squares fit of all six parameters together, cf. Ta-
Fig. 2. Experimental and fitted NMRD profiles for the ‘‘no-glycerol” sample. (a) sD at
independent (stepwise fit). Corresponding parameters are listed in Table 2.

Table 2
Best-fit parameters for the ‘‘no-glycerol” sample

Fit Distance, pm sD(323), ps sD(343), p

Stepwise 246 2.6 1.6
Global 240 2.3 1.3
Single sD, stepwise 246 2.0 2.0
Single sD, global 246 2.0 2.0
ble 2. The parameters changed in a non-negligible way, which we
interpret as an indication of a certain numerical instability of the
fitting strategy. The parameters obtained are quite reasonable.
The nickel–proton distance is consistent with the X-ray structures
of some Ni(II) salt hydrates, where the nickel–oxygen distance was
reported as around 207 pm [35,36]. The comparison is based on the
assumption that the electron spin can be treated as a point dipole
[37], i.e. that the fitted distance corresponds to the nickel–hydro-
gen distance. The neutron diffraction data yield both the NiO (the
same as X-rays) and the NiD distance (in the D2O solution) of about
267 pm [38]. Enderby points out, however, that the measured NiD
distance is a result of averaging over a wagging motion, character-
ized by a fairly broad distribution function [38]. The NiH distance
obtained from EXAFS measurements was given as 277 pm [35].

The rotational correlation time attains a smaller value at a high-
er temperature as expected [39]. The values in Table 2 are in rea-
sonable agreement with the value of rank-two rotational
correlation time of 8 ps obtained for the HH vector in the first shell
of the Ni2+ ion through MD simulations at 298 K [40]. Also the dis-
tortional correlation time shortens at higher temperature; here,
however, it is difficult to say how reasonable this temperature var-
iation is, since the pseudorotation model is a clear oversimplifica-
tion of the physical reality [28,29]. Finally, the magnitude of the
transient ZFS makes sense in comparison with estimates by Fried-
man et al. [41] and quantum chemical calculations [28].

Because of the instability of the fit and uncertain situation con-
cerning the temperature variation of sD, we have also decided to
perform least-squares fits with a temperature-independent distor-
tional correlation time. Also the parameters resulting from this fit
(denoted single sD) are shown in Table 2. The quality of the fit,
measured by the target function (sum of squared errors, v2), be-
comes much worse, but the results are not dependent on the fitting
procedure (stepwise or global). The agreement between the calcu-
lated and experimental NMRD profiles is still quite good, cf. Fig. 2b.
each temperature adjusted separately (stepwise fit); (b) single sD, temperature-

s sR(323), ps sR (343), ps DT, cm�1 v2

7.8 6.0 4.3 0.22
6.8 5.2 5.1 0.18
7.7 6.1 4.3 1.97
7.8 6.1 4.2 1.97
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In the single distortional correlation time case, we have also per-
formed fittings using a fixed NiH distance of 267 pm (from the neu-
tron diffraction). The results obtained were unsatisfactory, in the
sense that the resulting v2 was about 4.7, much higher than the
other values in Table 2.

We then turn to the glycerol55% sample. Comparing the mea-
surements on this sample with the ‘‘no-glycerol” results in Fig. 1
indicates a qualitative rather than quantitative difference. In fact,
the NMRD profile for the glycerol55% sample reminds of the water
proton profiles reported for Ni(II) complexes of symmetry lower
than octahedral [42]. We tried nevertheless to fit the data using
a similar approach as for the sample without glycerol (after some
preliminary fitting attempts, performed in different ways, we real-
ized that a large part of the target function came from the point
4.7 T and 323 K. This point was discarded in subsequent analysis).
The T�1

1M values used in the fitting were obtained using the PM of Ta-
ble 1, based on the assumption of qH = 11. This qH is more consis-
tent with the discussion below, allowing for a glycerol molecule
in the first coordination sphere, but we use it also in this first fit-
ting approach in order to work with a single ‘‘experimental” set
of T�1

1M values. This analysis yielded a very long effective nickel–
proton distance and a rather mediocre fit, cf. the first line Table 3
and Fig. 3a.

This led us to considering an alternative explanation, which
might be that the dominant species at this solution composition
is not a hexaaquo-Ni(II), but rather a species containing a glycerol
molecule in the first coordination shell. The mixed water/glycerol
solutions of Fe(III), Cr(III) and Mn(II) were studied earlier by Bertini
et al. and their data indicated clearly the possibility of glycerol
entering the first coordination sphere [43–45]. In order to investi-
gate whether this was a reasonable possibility for Ni(II), we em-
barked on a series of molecular dynamics simulations (see
Table 3
Best-fit parameters for the glycerol-containing samples, assuming single species

Sample/fit Distance, pm sD(323), ps sD(343

Glycerol55%, single sD, no static ZFS 288 4.4 4.4
Glycerol55%, single sD, DT locked 260 3.7 3.7
Glycerol55%, single sD, global 256 3.4 3.4
Glycerol55%, T-dep. sD, stepwise 262 4.9 6.6
Glycerol55%, T-dep. sD, global 269 6.2 9.1
Glycerol35%, single sD 259 4.8 4.8

a Locked in the fitting.

Fig. 3. Experimental and fitted NMRD profiles for the ‘‘glycerol55%” sample. (a) DS fixed, e
in Table 3, 2nd line.
Section 2 for details) starting with different possible structures of
the Ni(II) coordination sphere, Fig. 4.

These configurations either appeared spontaneously during the
preliminary MD runs or were manually constructed. The following
equilibration procedure was performed for each of the latter struc-
tures. The complex was inserted into the manually created cavity
in the periodic cell. The positions of all atoms in the complex were
fixed during the 1 ns equilibration run. Thereafter, water molecules
of the complex were allowed to move freely during the following
1 ns run. Finally, all the molecules in the complex were free to
move and a complete simulation run was performed. The duration
of simulation run varied from at least 5–10 ns.

Concerning ligand exchange processes, the species with five
waters and one glycerol (the 5-1 structure) as well as hexaaquo-
Ni(II), 6-0, remained stable over the simulation time of 10 ns, while
4-2 and 3-1 complexes both did transform to 5-1 type structures.
The stability of 4-1-13 (the notation means four waters and one
glycerol in the first sphere, with the glycerol molecule acting as
bidentate ligand, binding in the positions 1 and 3) and 4-1-23 com-
plexes appears to depend on the type of Ni–glycerol potential em-
ployed. For R-nickel, the 4-1-13 complex remained stable over 5 ns
simulation run whereas 4-1-23 transformed to 5-1 type structure.
For W-nickel the situation changed: 4-1-23 complex remained sta-
ble over 5 ns whereas 4-1-13 transformed to 5-1 type structure.
Thus, the MD simulations give at least some support to our hypoth-
esis about the NMRD profile corresponding to a structure of lower
symmetry, characterized by the presence of both a static and a
transient ZFS.

In addition, MD simulations were performed within the ex-
panded ensemble (MDEE) [46,47] in order to compute the free en-
ergy of solvation using both the Ni–glycerol interaction potentials
(W and R). A 20 ns run was carried out in expanded space using the
), ps sR(323), ps sR (343), ps DT, cm�1 DS, cm�1 v2

42 35 3.3 0 13.4
23 19 4.3a 5.7 6.8
22 18 4.8 6.1 6.5
25 20 5.5 3.3 4.9
30 23 5.8 2.1 4.5
17 13 4.3a 2.6 1.2

qual to zero; (b) DS adjusted, DT fixed, single sD. Corresponding parameters are listed



Fig. 4. Complex structures used as starting points for MD simulations.

Fig. 5. Fitted rotational correlation times versus the viscosity divide by tempera-
ture for water–glycerol mixtures at 323 and 343 K. The viscosities were interpo-
lated using the data from Landolt-Börnstein [48].
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R potential and starting the simulations from the 5-1 structure.
Altogether 20 different configurations of the first coordinations
sphere of the nickel ion were observed. Only in one case (in the
beginning of the simulation) there was a preference of the initial
complex structure, in all other cases the 6-0 was dominant. Using
the W-model, 16 configurations were observed during the 20 ns
run and all of them suggest the six-water structure as the most
dominant configuration for the first coordination sphere around
nickel. In principle, the computationally much more CPU-demand-
ing MDEE method should give more reliable results but the num-
ber of configurations observed during the simulations is still
rather limited, which makes it difficult to draw definite conclu-
sions. In summary we can say that the 6-0 configuration has the
highest preference but that there is still a finite probability to ob-
serve even 5-1 in light of both the standard MD simulations and
the MDEE simulations. More studies with improved potential mod-
els as well as ab initio simulations may give more definitive an-
swers to this question. Two additional pieces of information
obtained from the MD simulations are of interest for the present
study. First, the rank-two rotational correlation time for a water
molecule in the 6-0 first shell of the nickel(II) ion in the mixed sol-
vent at 298 K was in the range 80-86 ps, while the corresponding
value for the 5-1 species was 62–69 ps. Second, the mean distance
between the nickel ion and the exchangeable pool protons in the
first shell, calculated as the sixth root of 1/hr�6i, was 282 pm in
the 6-0 and 305 pm in the 5-1 species, respectively. A more com-
plete account of the MD simulations is beyond the scope of this pa-
per and will be presented in a separate communication.

We moved then on to fitting the glycerol55% data without set-
ting the static ZFS to zero. We began with assuming a single, tem-
perature-independent distortional correlation time. In the first
round, the parameters sD and DT were also assumed to be the same
as in the sample without glycerol, sD = 2 ps and DT = 4.3 cm�1. In
the second round we let one of these parameter to be adjusted,
along with rIS, DS, sR(323) and sR(343). Locking DT = 4.3 cm�1 gave
the best fit and reasonable parameters, listed in the second line of
Table 3. Then, we also performed a global fit with a single sD (cf.
Table 3), which did not lead to very large changes. We can note
that the metal–proton distance comes out in this case longer than
for the pure aqueous sample. This is reasonable, as the proton pool
now also contains the hydroxyl protons, at least some of which do
not come very close to the nickel ion. Also, it is in agreement with
the MD simulations. Another parameter with a clear physical sig-
nificance is the rotational correlation time. According to the simple
Stokes–Einstein–Debye theory, the correlation time is expected to
be proportional to viscosity (g) divided by temperature. We plot
the rotational correlation time (values corresponding to global fit
with single sD) vs. g/T in Fig. 5 (we display in that graph the corre-
lation times given in the 2nd line of Table 3). The resulting plot is
reasonably linear. Moreover, the rotational correlation times in the
Table are in decent agreement with the MD results, given the fact
that these were obtained at lower temperature. The static ZFS
turned out to be somewhat larger than its transient counterpart.
The fitted single sD in the glycerol55% sample is larger than in
the ‘‘no-glycerol” case, but we abstain from drawing any conclu-
sions from this observation.

In the next step, we also allowed for the distortional correlation
time to be dependent on the temperature, performing the fitting in
a stepwise or global manner. In analogy to the ‘‘no-glycerol” data,
the two fits differed in a non-negligible way. All the fitted param-
eters are shown in Table 3. We can note that fits with distinct
sD(323) and sD(343) produced sD(343) > sD(323). While this does
not need to be unphysical, because of the oversimplified nature
of the pseudorotation model (and while the uncertainties of the fit-
ted parameters are certainly quite large), it strengthens our
impression that, for the glycerol55% sample, it might be wisest to
use a single sD value. The result of such a fit (corresponding to
the 2nd line of Table 3) is displayed in Fig. 3b.
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Before leaving the glycerol55% sample, we wish to mention an-
other possible explanation of the change the NMRD profile (and in
particular its low-field part) compared to the ‘‘no-glycerol” sample,
not involving any lengthening of the NiH distance. In the system
with low symmetry, such as our 5-1 species, the static ZFS does
not need to be axially-symmetric. The presence of a static rhombic
ZFS component, ES, has a large effect on the low-field PRE for S = 1
[49–51]. The observed decrease of the low-field PRE upon adding
glycerol might reflect this phenomenon. We have done some tests
of this possibility but the results were inconclusive.

Finally, we turn to the glycerol35% data. We have in this case
adopted two distinct strategies. Looking again at Fig. 1, we can
see that the shapes of the NMRD profiles for the two glycerol-con-
taining samples are quite similar. Therefore, one of the natural
strategies for this sample might be analogous to what we did for
the glycerol55% sample. In the last line of Table 3, we show the re-
sults obtained in this way, again locking the transient ZFS at
DT = 4.3 cm�1 and fitting the rIS, DS, sR(323) and sR(343), as well
as a single, temperature-independent sD. The fitted distance turns
out be similar to the results for glycerol55%. The rotational correla-
tion times follow, at least roughly, the viscosity changes also in this
case, cf. Fig. 5. The static ZFS is smaller than what we have obtained
for the glycerol55% sample. The best-fit NMRD profiles calculated
in this way are compared with experimental data in Fig. 6a.

There is one problem with that fitting strategy: it assumes a sin-
gle kind of paramagnetic species in solution. According to our MD
simulations, we are not likely to have only low-symmetric com-
plexes in solution. Therefore, we tried also another strategy: to
fit the NMRD profile in term of two species in fast exchange with
each other and with different populations. One of the species
was assumed to retain the octahedral-symmetry around the Ni(II)
ion, with vanishing static ZFS. The other one was assumed to be of
lower symmetry, in analogy with the species assumed to dominate
in the glycerol55% sample.
Fig. 6. Experimental and fitted NMRD profiles for the ‘‘glycerol35%” sample. (a) single s
Table 4.

Table 4
Best-fit parameters for the glycerol35% sample, assuming two species

Species Distance, pm DS, cm�1 sR(323), ps

1 246a — 13
2 260a 5.7a 19

The parameters related to the transient ZFS were fixed throughout: sD = 3 ps, DT = 4.3 cm
a Locked in the fitting.
When trying to fit this model, we must be careful with the
choice of parameters to be fitted. We decided to keep the number
of fitted parameter at a minimum: four rotational correlation
times (one for each of the two species at each of the two temper-
atures) and one of the populations at each temperature (the other
population is obtained by subtracting the former from unity). All
other parameters are assigned fixed values. The fixed and the ad-
justed parameters are collected in Table 4 and the calculated
NMRD profile is shown in Fig. 6b. The rotational correlation times
for the octahedral-symmetry species come out as somewhat
shorter than for the low-symmetry complex at both tempera-
tures. Both rotational correlation times decrease with increasing
temperature. The populations at 343 K are closer to each other
than at 323 K. All these findings make good sense. The quality
of the fit is similar to that resulting from the single species
assumption. One can of course ask the question whether the glyc-
erol55% sample also corresponds to more than one species. The
answer is that it very well might be so, but that we in that case
do not really have another option than assuming a single species
in the analysis.

All the analysis above was carried out assuming that all the
measured PRE arises through the inner-sphere mechanism. This
assumption can be validated a posteriori by estimating the out-
er-sphere contributions for the samples with the lowest viscos-
ity (no-glycerol at 343 K) and with the highest viscosity
(glycerol55% at 323 K) samples. We performed these calcula-
tions assuming that we deal with force-free diffusion in aque-
ous solutions, that the distance of closest approach is 350 pm
and that the diffusion coefficients are proportional to the in-
verse viscosity. All other parameters are based on Tables 2
and 3. The results are that the maximum outer-sphere contri-
bution would be 1.5% (the low viscosity case) or 3.5% (the high
viscosity case), which validates the assumption that it could be
neglected.
pecies (parameters listed in Table 3, last line); (b) two species, parameters listed in

sR (343), ps Population (323) Population (343)

12 0.37 0.45
12 0.63 0.55

�1. The target function is 1.4.
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4. Concluding remarks

We present in this study an extensive set of multiple-field para-
magnetic relaxation enhancement measurements for a nickel(II)
salt solution in acidified water and in water–glycerol mixtures at
two temperatures. The conditions are selected to ascertain that
the fast exchange conditions pertain. The data are fitted using
state-of-the art theoretical tools. Different strategies for parameter
adjustment are compared to each other and discussed. In the ‘‘no-
glycerol” sample, we deal with species with octahedral-symmetry,
on average, with no permanent ZFS. The glycerol-containing sam-
ples display qualitatively different NMRD profiles, consistent with
the presence of a species with the symmetry lower than octahedral
and thus characterized by a permanent ZFS. It is also possible that
more than one species is present in the glycerol-containing solu-
tions. These findings are to a certain extent corroborated by molec-
ular dynamics simulations. The parameters obtained in the fits are,
by and large, very reasonable.
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