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Abstract We performed an ab initio molecular dynamics
simulation of the paramagnetic transition metal ion Cr3* in
aqueous solution. Isotropic hyperfine coupling constants be-
tween the electron spin of the chromium ion and nuclear spins
of all water molecules have been determined for instanta-
neous snapshots extracted from the trajectory. The coupling
constant of first sphere oxygen, Aiso(70p) = 1.94+0.3MHz,
is independent on Cr—Oj distance but increases with the tilt
angle for the water molecule approaching 180°. First sphere
hydrogen spins have Aiso(lHI) = 2.1 & 0.2 MHz which de-
creases with increasing tilt angle and shows a Cr—Hj distance
dependence. The hyperfine coupling constants for second
sphere 70 is negative and an order of magnitude smaller
(—0.20 £ 0.02 MHz) compared to first sphere.

Keywords Ab initio molecular dynamics - Paramagnetic
ion - Hyperfine coupling constants

1 Introduction

Historically, the computational methods for approximate solv-
ing of the Schrodinger equation have been developed rather

separately in chemistry and physics. The reason for this divi-

sion is fairly simple — chemists are mainly interested in mole-

cules whereas physicists deal mainly with condensed matter.

During the last decade, these fields mutually penetrated due

to developments in the field of density functional theory and

progress of computer technology.
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Nowadays, density functional theory using plane wave
basis sets and pseudopotentials is de facto standard in con-
densed matter theory research. This approach offers two valu-
able advantages for chemists studying systems in solutions.
First, the plane waves are naturally periodic functions and
their use implies the imposition of periodic boundary con-
ditions on a system. Therefore, one can simulate solutions
using large enough simulation cells containing the solute
and a sufficient number of solvent molecules. This tech-
nique is called supercell approach. Second, pseudopotential
plane wave technique permits efficient implementations of
ab initio molecular dynamics (AIMD). In contrast to clas-
sical molecular dynamics, AIMD is based on the electronic
structure theory and does not use an empirical force field for
the description of chemical bonds and non-bonding interac-
tions. This simplifies its application to objects of coordina-
tion chemistry and allows simulations of chemical reactions
involving bond breaking and formation as well as electron
transfer. The evident disadvantage is the computational cost
of AIMD simulations. Currently, the system size is limited
to a few hundreds of atoms while a typical duration of sim-
ulation does not exceed a few picoseconds.

Nevertheless, a number of AIMD studies of ions in water
solution are already available in the literature. Among these
are simulations of H' [1,2], OH™ [3,4], Li™ [5], KT [6],
Be?* [7], Mg?* [8], Ca>* [9], AI*T [10], Cu®* [11], CI~
[12], Br™ [13], N5 [14] as well as the model redox reaction
Ag>t +Cut — Ag*t +Cu?T between copper and silver ions
[15].

In the present contribution, we extend the scope of
ab initio simulated metal ions to the paramagnetic d° transi-
tion metal ion Cr>*. Structure and dynamics of the first and
second hydration shell of Cr>* have been studied in the last
ten years experimentally [16-22] and by classical molec-
ular dynamics (MD) simulation [19,20,23,24]. Because of
the first coordination shell being very inert, the bare Cr>*
ion can be replaced by its hydrate [Cr(HzO)6]3+ in classical
MD simulations. The group of Marcos developed interac-
tion potentials for hydrated ion — water interactions using
ab initio calculations [24-26]. The group of Rode used a
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combined ab initio quantum mechanical/molecular mechan-
ical (QM/MM) approach to study structure and dynamics of
Cr’t in aqueous solution [27]. The inert first coordination
sphere, as well as strong hydrogen binding due to polariza-
tion of first sphere water molecules, leads to a well structured
second coordination sphere. A residence time of water mol-
ecules in the second sphere of 128 ps at 298 K could be mea-
sured by 170 NMR due to a significant hyperfine interaction
between the electron spin of Cr3* and the 7O nuclear spin
[19]. In our AIMD study we show that the second coordi-
nation sphere water molecules are subjected to a significant
Fermi contact hyperfine field.

2 Methodology and theoretical foundations

The periodically repeated simulation box consisted of a Cr3*
ion and 54 water molecules. The dimension of the cubic box
11.513Ax 11.513Ax 11.513 A were calculated on the ba-
sis of the experimental value for the absolute molar volume
of Cr*, VS (Cr’*) = —52.9molcm™3 [28]. The first two
coordination spheres of the chromium ion entirely fit into
the box of this size (Fig. 1). The 3+ charge of the ion was
neutralized by a uniform background charge.

AIMD calculations were performed using the CPMD3.9
code [29]. In our study we use a combined approach in which
the calculation of the hyperfine parameters is performed at
selected points of the MD simulation trajectory, so called
“snapshots”. The properties of interest are calculated at these
“snapshots” after quenching the wavefunction of the sys-
tem to the Born—Oppenheimer (BO) surface. Car-Parrinello
AIMD simulations [30] do not follow BO surface precisely
and the spin density distribution in the system tends to be

Fig. 1 A typical configuration of the ab initio molecular dynamics sim-
ulation of Cr3t with 54 water molecules in a cubic box at 350K

more delocalized which may significantly decrease the accu-
racy of calculated hyperfine coupling constants. Also, such a
methodology permits us to use higher plane-wave (PW) cut-
offs and specially tailored pseudopotentials in our property
calculations. In both cases we use the Becke exchange den-
sity functional [31] in combination with the Lee—Yang—Parr
correlation density functional [32] (BLYP). The calculations
were performed in unrestricted manner in order to take into
account spin-polarization effects. The MD simulation was
carried out for 2.5ps after an initial equilibration of 1 ps.
Limitations due to short simulation time were compensated
by the altered temperature which was kept around 350 K.
Hyperfine coupling constants are in general not temperature
dependent. The fictitious electron mass was set to 600 a.u.
The time step used was equal to Sa.u. (0.121fs). Hydrogen
nuclei were treated classically and had a mass of the deu-
terium isotope. For the MD simulation we used Vanderbilt
ultrasoft pseudopotentials [33] with a [Ne] core configura-
tion for the Cr3™. In addition, a nonlinear core correction
was used on the paramagnetic ion. The plane-wave kinetic
energy cutoff for valence electron wavefunctions was set to
30Ry.

For the calculation of isotropic hyperfine coupling con-
stants, Ajso, five snapshots were used, extracted from the MD
trajectory in 0.5 ps intervals. Thus, 30 Aiso(170y), 60 Ajso ("Hy)
for first sphere water and approximately 60 Aiso(”OH) for
second sphere water are available for statistical analysis.
The total amount of 270 of Ajs(!’0) and 540 values of
Aiso(VH) was calculated for the whole system. This amount
of data is sufficient for reliable statistical averaging. The
interval of time sampled is enough to provide the averag-
ing over the molecular vibrations in the system. Since only
octahedral coordination of the Cr** ion in aqueous solution
is expected, we suggest that the time interval of 2.5ps is
enough to get accurate mean values. The statistical errors
of the calculated hyperfine couplings are standard devia-
tions of the mean. The valence wavefunctions in the prop-
erty calculations were expanded in the plane wave basis set
to a cutoff of 80Ry. In these calculations we used norm-
conserving Troullier—Martins pseudopotentials [34] with a
[Ne]3s23 p6 core configuration for chromium. The wavefunc-
tions were converged with the preconditioned conjugate gra-
dient method using a maximum value of 10~ for the largest
element of the gradient of the wavefunction. The nonlinear
core correction [35] was used on both chromium and oxygen.

The isotropic (Fermi contact) hyperfine coupling constant
on nucleus N is given by

47 _
Aiso(N) = =< fengegns” f(Ry),

where . and By are the Bohr and nuclear magnetons, respec-
tively, ge and gn are free-electron and nuclear g-values, and
S is the total electronic spin of the atom, ion or molecule.
The electron spin density p*~#(Ry) at the point of nucleus
N is the difference between the majority spin («) and the
minority spin (8) densities, p*# (Rn) = p*(Rn) —p” (RN).
The 'H water isotropic hyperfine coupling constants and
valence contribution to 'O water hyperfine coupling con-
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stants were calculated from pseudopotential spin density us-
ing the method of Van de Walle and Blochl [36]. The 1 s core
spin-polarization contribution to !”O hyperfine coupling con-
stants was calculated using the frozen valence spin-density
atomic calculations according to Yazyev et al. [37].

3 Results and discussion
3.1 Coordination number and radial distribution functions

The Cr—O and Cr-H radial distribution functions (RDF) of
the AIMD simulation are given in Fig. 2. The octahedral coor-
dination sphere was stable and no first coordination sphere
water exchange events were observed during the simula-
tion. The average Cr—Oj distance in the first coordination
sphere is 2.033 A, and the Cr—Hj distance is 2.696 A. The
Cr-Og distance compares well with existing experimental
values of 2.03 + 0.02 A (large angle X-ray diffraction [38]),
1.97-1.99A (X-ray diffraction [39-41]), 1.98 A (neutron
diffraction [42]), 1.97-2.01 A (extended X-ray absorption
fine structure [21,22,38]) and other theoretical studies [19,
25,27,43,44] (see also Table 1 in ref. [19] and Table 1 in
ref. [27]).

The Cr—O RDF shows a well pronounced second coor-
dination sphere of Cr>* in aqueous solution. The limit of
the second coordination sphere, determined on the basis of
the second minimum of Cr—O RDF, is 4.75 A. The second
sphere coordination number is 12.6 and the average Cr—Opy
distance is 4.17 A. The available experimental data give val-
ues of 12—14 for the second sphere coordination number and
3.95-4.25A for the Cr-Oy; distance [21,25,38-40,42,43].
The combined QM/MM study [27] led to a slightly longer
Cr-Oyj distance of 4.36 A and connected that to a higher sec-
ond sphere coordination number of 15.4.

The distribution of oxygen atoms of water molecules out-
side the first coordination sphere around first shell oxygen
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Fig. 2 The Cr-O and Cr—H radial distribution functions (RDF)
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Fig. 3 The RDF of water oxygen outside the first coordination sphere
around first shell oxygen atoms Oy

atoms, Oy, is shown in Fig. 3. From the maximum of the first
peak a Oy — Oy distance of 2.67 A is obtained. This value is
markedly longer as the 2.41 A found in a classic MD simula-
tion [19]. However, the agreement with results from classical
MD using more sophisticated interaction potentials (2.58—
2.60A [20,23]) as well as experimental data (2.60-2.63 A
[38]) is very satisfactory.

3.2 Hyperfine coupling constants

Figures 4 and 5 show the dependence of Aiso(170) and Ao (‘H)
on the Cr—O and Cr—H distances, respectively. The mean
isotropic scalar coupling constant of (Aio(17Op) = 1.9+
0.3 MHz for first coordination sphere water molecules corre-
sponds to a negative average value of spin-density on the 7Oy
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Fig. 4 Isotropic scalar coupling constant, Ais,(170), as a function of
the Cr-O distance from five snapshots
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Fig. 5 Isotropic scalar coupling constant, Ajs,('H), as a function of the
Cr-H distance

nuclei, due to a negative gyromagnetic ratio for '’O. This
suggests a strong spin-polarization mechanism of the distri-
bution of unpaired electron density in the first coordination
sphere (Fig. 6, top). However, the positive value observed
for first shell water protons, (A ('Hy)) = 2.1 4+ 0.2MHz,
corresponds to a positive value of spin density at the posi-
tions of 'Hy nuclei. The Ajs ('Hj) values also show a clear
dependence on the Cr—Hj distance (Fig. 5). A possible expla-
nation is that the spin-delocalization depends on the tilt an-
gle 6 for first sphere water molecules (Figs. 7, Fig. 8) which
is commonly defined as the deviation from a radial align-
ment of the water dipoles. The Aiso(170Oy) increases when 6
approaches radial alignment of water dipoles, but at the same
time Ajs('7Or) shows no visible dependence on the Cr-Oy
distance. However, Ajs('Hj) decreases with 6 approaching
180°, and shows therefore a dependence on the Cr—Hj dis-
tance with a negative slope. The experimentally measured
value for AiSO(IHI) is 2.1 MHz [44,45], in prefect agreement
with our calculations. No experimental Aiso(170y) value is
available due to very slow exchange of first shell water mol-
ecules on Cr>t.

Our calculations show also considerable spin-
delocalization on the second coordination sphere water mol-
ecules (Fig. 6, bottom) leading to negative Aiso(”OH) values
for r (Cr—O) values between 3.7 and 4.8 A (Fig. 4). It is worth
noting that while the spin polarization over second coordi-
nation sphere bears mainly negative character (see Fig. 6,
bottom) the positive spin density at the positions of 7Oy
nuclei prevails. The average value for second coordination
sphere water is (Ais(!7Op)) = —0.20 £ 0.02MHz which is
an order of magnitude smaller than (Aiso(170OY)). Our calcu-
lated value is in agreement with the experimental values of
—0.215MHz and of —0.24 MHz [19,46] (recalculated for a
second sphere coordination number of 12).! An interesting
feature is the change in sign of Aj,(!7O) from positive to neg-

I Note the incorrect sign of Aiso(”O) in the cited publications.

Fig. 6 Isosurface plots of the spin-density distribution around the para-
magnetic Cr3t for an isovalue of 0.002a.u.~3 (top) and 0.0001 au 3
(bottom). The positive (excess spin) spin-density is shown in red and the
negative spin density is shown in blue. The spin-polarization of second
coordination sphere water molecules can be observed (bottom)

ative between first and second coordination sphere. Such a
behavior has been observed experimentally on [Ti(H,0)¢]3+
[47]. The outer sphere chemical shift of the 170 NMR res-
onance is about 5% of the first sphere shift with a negative
sign. Golding and Stubbs calculated as early as in 1979 isosh-
ielding maps for a d' transition metal ion in a strong crys-
tal field [48]. From their calculations, water oxygen sitting
close to the triangular faces of the octahedron formed by the



194

0. V. Yazyev, L. Helm

6 T T T T T
| | | | |
| | | o |
1 1 1 1 1
5p---oo oo frooooee booeooee poomooee oo
1 1 1 ! o 1 o
| | | 1o |
/) ommmeem Ammmmeee . bommmmmem oo
| | | | |
IR N R R
N ST LT e T e a g DT
T 1 1 1o | 'g
S ol e F [ SRR BRSNS
= i i i o ioo i
O L L ot ol o L
~ i i a% 7y v i
b ! ! :
R R A b pomeeee o
: o : ! :
I B I TS S R Lo
1 1 1 1 1
| | | | |
| | | | |
Y S bemneeeee dmmmmmes bomooeees bomomees om e
o | | | | |
1 1 1 1 1
| | | | |
3 L L L L L
120 130 140 150 160 170 180
60, deg

Fig. 7 Isotropic scalar coupling constant, Ajgo( 170) as function of the
tilt angle 0
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Fig. 8 Isotropic scalar coupling constant, Aiso('H), as a function of the
tilt angle 6

coordinated water molecules have opposite chemical shifts
in respect to those on the vertices of the octahedron.

Hyperfine coupling to second sphere water molecules is
also observed on polyaminocarboxylate complexes of gad-
olinium(II), used as contrast agents in magnetic resonance
imaging in medicine [49]. On these complexes, water
exchange of the first sphere water molecule is relatively slow
and an outer sphere term has to be used to fit the chemical
shift data. This outer sphere term is in general 1/10 of the
first sphere term which nicely corroborates with our findings
[50]. In the case of the Gd*>* aqua ion [Gd(H,0)g]3* such a
term could not be quantified because water exchange is very
fast [51].

4 Conclusions

We performed an AIMD simulation of the paramagnetic tran-
sition metal ion Cr** in aqueous solution. The simulation
reproduces experimental Cr°™ — oxygen distances of the first
coordination sphere of the ion and proves the existence of
well defined second coordination sphere consisting of about
12 water molecules. Isotropic hyperfine coupling constants
are calculated from snapshots of the AIMD simulation. First
sphere 'Hy and second sphere !”Oyy hyperfine coupling con-
stants are in excellent agreement with experimental results.
The value of the second coordination sphere water molecule
170 isotropic hyperfine coupling shows significant unpaired
electron delocalization even in the second coordination sphere
of Cr3t,
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