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Simulation of 59Co NMR Chemical Shifts in Aqueous Solution

Michael B"hl,* Sonja Grigoleit, Hendrik Kabrede, and Frank T. Mauschick[a]

Introduction

NMR chemical shifts obtained from quantum chemistry are
known to be “sensitive to everything”.[1] For a computation-
al chemist trying to reproduce spectra recorded in typical
inert solvents of low polarity, accounting for this surround-
ing medium is usually not of primary concern, as the choice
of quantum-chemical model,[2] basis set,[3] and geometry[4]

tend to be much more important for the property under
scrutiny. This situation may change for highly polar and/or
protic solvents, however, in particular if specific interactions
such as hydrogen bonds are involved, as these may have a
strong impact on the chemical shifts. In this respect, aqueous
solutions are among the most challenging targets. Here, the
popular method of including the bulk medium by way of a
polarizable continuum[5] in the NMR computation[6] may not
be sufficient,[7] and it may be necessary to include discrete
solvent molecules or, better yet, a large part of the solution
as dynamic ensemble.[8] We have adopted the latter proce-
dure, based on molecular dynamics (MD) simulations in a
density functional theory (DFT) framework, to assess chem-
ical shifts of transition-metal nuclei in complexes dissolved
in water.[9–12] These nuclei are deemed of special interest be-

cause, owing to their large chemical-shift ranges,[13] transi-
tion-metal nuclei can be much more sensitive to medium ef-
fects than the first-row nuclei.[8]

Indeed, the simulations revealed noticeable changes in
magnetic shieldings or chemical shifts of the metal nuclei on
immersion in water, albeit to a variable extent: these solva-
tion effects can range from only a few dozen parts per mil-
lion, as in permanganate ion[11] and most vanadates studied
so far,[9,12] to about 2000 ppm for a highly charged ion such
as [Fe(CN)6]

4�.[10] In the last-named case, this large effect re-
sulted from a pronounced change in geometry on solvation,
notably a strong contraction of the metal–ligand bond, and
an unusual sensitivity of the 57Fe magnetic shielding toward
this geometrical parameter.
Similar effects might be anticipated for the isoelectronic

complex [Co(CN)6]
3� (1). In the form of its aqueous potassi-

um salt, 1 is the standard for 59Co NMR spectroscopy. This
nucleus stands out because of its remarkably large chemical
shift range on the order of 20000 ppm.[14] 59Co chemical
shifts spanning essentially this entire range have been repro-
duced reasonably well in computations for isolated mole-
cules and ions, by employing both static[15–17] and dynamic[17]

approaches. The latter have been designed to model effects
on the d(metal) values of thermal averaging in the absence
of a solvent. In line with recent results for other metal
nuclei,[18] these thermal effects can be notable, up to nearly
2000 ppm for [Co(H2O)6]

3+ (2),[17] but do not serve to im-
prove the static, equilibrium de values in all cases. Larger
deviations have become apparent, in particular for ions such
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as 2 which were measured in aqueous solution. In addition,
a systematic offset of up to about 600 ppm (depending on
the particular theoretical level) was noted when the 59Co
chemical shifts of a larger test set were referenced directly
relative to pristine 1.[17] These systematic deviations have
been ascribed to the aforementioned expected solvent effect
on that ion, and an alternative referencing procedure has
been adopted, based on the evaluation of the standard mag-
netic shielding from a correlation of computed shieldings
and observed chemical shifts. While this procedure is quite
common in cases where the actual standard is difficult or
impossible to calculate, its disadvantage is that, in principle,
the reference value would have to be re-evaluated for each
new complex that is investigated. Eventually, it would be de-
sirable to model substrates and standard in a realistic fash-
ion,[19] so that d values can be computed and predicted with-
out having to resort to experimental data.
We have now modeled aqueous solutions of 1 and 2 using

a variety of methods, namely, molecular dynamics simula-
tions with periodic, fully quantum-mechanical (Car–Parri-
nello MD) and nonperiodic, mixed quantum-mechanical/
molecular mechanical approaches, as well as a polarizable
continuum model (PCM).[20] In the last-named calculations,
we attempted to go beyond static equilibrium values by in-
clusion of zero-point vibrational corrections, evaluated by a
recent perturbational approach.[21] To our knowledge, this is
the first assessment of zero-point effects on chemical shifts
in solution.[22]

In addition to the hexaquo complex 2, which marks the
deshielded end of the d(59Co) scale, we included the hexam-
mine complex [Co(NH3)6]

3+ (3), with a significantly less de-
shielded nucleus, and the tetracarbonyl ion [Co(CO)4]

� (4),
which is close to the shielded end of the d(59Co) scale, so
that a large part of the total chemical shift range of this nu-
cleus is covered.

Computational Details

Molecular dynamics simulations were performed by using the Car–Parri-
nello scheme[23] as implemented in the CPMD program.[24] The BP86
combination of density functionals was used,[25,26] together with norm-
conserving Troullier–Martins pseudopotentials in the Kleinman–Bylander
form,[27] including that for Co constructed and validated in ref. [17]. Peri-
odic boundary conditions were imposed by using cubic supercells with
box sizes of 13.0 J for 1–3 and 11.5 J for 4, which contained 61 and 45
water molecules, respectively. Kohn–Sham orbitals were expanded in
plane waves up to a kinetic energy cutoff of 80 Ry at the G point. In the
dynamical simulations a fictitious electronic mass of 600 a.u. and a time
step of 0.121 fs were used. To increase the simulation time step, hydrogen
was substituted by deuterium. The systems were equilibrated for 0.5 ps,
maintaining a temperature of 300(�50) K by velocity rescaling, and were
then propagated as microcanonical ensemble for an additional 1–2 ps,
during which statistical averages and snapshots for the NMR calculations
were collected (the latter usually from the first picosecond).

Additional Born–Oppenheimer MD simulations (denoted BOMD) were
performed by using the following QM/MM approach: The Co complexes
were described at the BP86/AE1 level, that is, with the extended Wacht-
ers basis on Co[28] and 6-31G* on the ligands,[29] making use of the resolu-
tion-of-identity (RI) approximation as implemented in the TURBO-
MOLE program,[30] together with suitable auxiliary basis sets.[31] Water
was described by the CHARMm force field in the MSI-CHARMm 25b2
program.[32] For the coupling between QM and MM parts, a polarized
embedding scheme was used.[33] MD simulations were performed using
the ChemShell program[34] for NVT ensembles at 300 K for 4 ps, with a
time step of 1 fs. Data sampling was started after the first 2 ps (snapshots
from NMR computations after the first 3 ps), which were taken for equi-
libration. For the aqueous species, the complexes were placed at the
center of a spherical water cluster with a diameter of 30 J containing a
total of 453 water molecules. After a short minimization (100 steps), the
outmost layer to a depth of 5 J from the surface was completely frozen
to avoid evaporation of the minidroplet. To increase the time step, the
O�H distances in the water monomers were frozen with the SHAKE al-
gorithm. For the hexaquo and hexammine complexes, 15 and 16 water
molecules, respectively, were included in the QM part; in those cases, no
distance constraints were applied within the QM region, and the mass of
deuterium was used for all H atoms. Isolated complexes were simulated
for 1.5 ps (the first 0.5 ps of which were counted as equilibration) with a
time step of 0.5 fs.

PCM calculations were effected at the BP86/AE1 level using the parame-
ters of water and the implementation[35] in Gaussian03.[36] Zero-point cor-
rections were evaluated following the procedure from reference [21] and
the step-size parameters recommended in ref. [37]. Effective (vibration-
ally averaged) geometries reff were constructed at the BP86/AE1 level in
the continuum, using the gradient technique (i.e., using analytical first
derivatives in the numerical evaluation of the cubic force field)[37] and a
stepsize of 0.25 a.u.

In all of these static and dynamic calculations the BP86 functional was
employed, which performs very well for the description of structures, en-
ergies, harmonic frequencies, etc., of transition metal complexes.[38]

Magnetic shieldings s were computed at the B3LYP level[39,40] for snap-
shots taken from the MD simulations, employing GIAOs (gauge-includ-
ing atomic orbitals)[41] and basis II’, that is, the augmented Wachters
basis[28] on Co, IGLO-basis[3] II for C, N, O (which is essentially of polar-
ized triple-zeta quality), and IGLO basis DZ for H. This level has been
shown to perform very well for chemical shifts of transition metals in
general,[42] and 59Co in particular.[17] No periodic boundary conditions
were imposed in the chemical-shift calculations. Representative snapshots
were taken every 20 fs. Following the procedure from reference [10] a
number of nearest solvent water molecules were included explicitly in
the NMR calculation (20, 20, 15, and 10 for 1–4, respectively). In all
cases, the running averages of s were reasonably well converged after 1–
1.5 ps (40–60 snapshots), with uncertainties of about �50 ppm for s-
(59Co), as estimated from the variations in the final values of the running
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average. Chemical shifts of 2–4 are reported relative to 1, for which the
shielding constants are collected in Table 1.

In the perturbational calculation of zero-point corrections, magnetic
shieldings were computed at the B3LYP/II’ level for the BP86/PCM-de-
rived effective geometry (denoted seff) and vibrationally averaged (de-
noted s0) using numerical evaluation of the second derivative of the
shielding surface[21] (stepsize 0.1 a.u.).[37] In addition to the anharmonicity
effects contained in the vibrationally averaged effective geometry, this
procedure accounts for the curvature of the magnetic shielding hypersur-
face around the latter. In these computations, the polarizable continuum
was also included in the NMR part.

Results and Discussion

[Co(CN)6]
3� : CPMD and QM/MM-BOMD simulations

were performed for 1; the latter used the last configuration
from the corresponding well-equilibrated run for
[Fe(CN)6]

4� as starting point.[10] Before turning to the NMR
parameters, we first discuss the structural aspects.
The mean C�N bond length does not vary much and is

close to about 1.18–1.19 J throughout all optimizations and
simulations (Table 1). The Co�C distance, in contrast, is
more sensitive to dynamics and environment. On going
from the equilibrium value to the dynamic average in the
gas phase, this distance increases noticeably, by 0.010 J
(compare BP86/AE1 and BOMD entries in Table 1) or by
0.017 J (compare CP-opt and CPMD). On going from the
mean value in the gas phase to that in solution, the bond
shrinks considerably, by 0.035 J (compare BOMD and
BOMD/H2O entries in Table 1) or by 0.040 J (compare
CPMD and CPMD/D2O). Qualitatively, these are the same
structural trends that were found in the related iron species
[Fe(CN)6]

4� and [Fe(CN)5(NO)]
2� ;[10] quantitatively, the ef-

fects encountered in 1 are bracketed by those of the latter
iron species. For instance, the BOMD-derived M�C bond
contraction on hydration is about 0.03, 0.04, and 0.06 J for
[Fe(CN)5(NO)]

2�, [Co(CN)6]
3�, and [Fe(CN)6]

4�, respective-

ly. Thus, the effect increases strongly with increasing molec-
ular charge.
In the case of tetraanionic [Fe(CN)6]

4�, earlier periodic
CPMD simulations were plagued by artifacts due to the too-
small box size (11.5 J) that could be employed at that
time.[10b] The mutual Coulomb repulsion between the anion
and its replicated images resulted in a significant additional
contraction of the Fe�C bonds by about 0.02 J, as assessed
by the difference between periodic CPMD and nonperiodic
BOMD results. Due to the lower charge in tervalent 1, and
further aided by the use of a somewhat larger box (13.0 J),
such artifacts are, apparently, suppressed to a large extent:
the CPMD-derived mean Co�O distances are still smaller
than the BOMD values, but only by 0.004 J (BOMD versus
CPMD entries in Table 1) or by 0.009 J (BOMD/H2O
versus CPMD/D2O entries). While bond-length differences
of this magnitude may still translate into noticeable changes
in magnetic shieldings (see below), it appears that our
CPMD simulations offer a reasonable qualitative and semi-
quantitative description of structure and dynamics of aque-
ous 1.
As with the iron analogues, the cyano nitrogen atoms in 1

act as hydrogen-bond acceptors from the solvent. Based on
purely geometrical criteria,[43] the total number of water
molecules H-bonded to 1 varies between 8 and 14, with an
average of 11.6. This first solvation shell is also apparent
from the gNO(r) pair-correlation function[44] displayed in
Figure 1, which shows a distinct maximum at r=2.9 J (g=
1.4).

The Co�C distances modeled in aqueous solution are
close to 1.90 J, both with BOMD and CPMD variants. Inci-
dentally, this value is close to that typically observed in crys-
tals containing 1, such as K3[Co(CN)6] (see values in
Table 1),[45] but also in solids with more bulky counterions
and crystal water.[46] Both types of environment, that of an
aqueous solution and that of a polar crystal matrix, appear
to favor shorter metal–ligand bonds. Packing forces in the

Table 1. Geometric parameters (mean bond lengths [J]) and magnetic
shielding constants [ppm] for reference compound [Co(CN)6]

3� (1).[a]

Level of approximation r(Co�C) r(C�N) s(Co)

BP86/AE1[b] (r,s)e 1.929 1.188 �6413
BP86/BOMD (r,s)av 1.939 1.189 �6827
BP86/BOMD/H2O (r,s)av 1.904 1.186 �5929
BP86/CP-opt[b] (r,s)e 1.918 1.175 �6025
BP86/CPMD[b] (r,s)av 1.935 1.176 �6680
BP86/CPMD/D2O (r,s)av 1.895 1.173 �5475
BP86/AE1[b] (r,s)eff 1.937 1.186 �6646
BP86/AE1[b] s0 – – �6670
BP86/PCM/AE1[c] (r,s)e 1.914 1.187 �5977
BP86/PCM/AE1[c] (r,s)eff 1.912 1.182 �5893
BP86/PCM/AE1[c] s0 – – �5916
experiment[d] 1.89(1) 1.16(1)

�1.90(1) �1.17(1)

[a] Geometries evaluated with AE1 or plane-wave basis sets; magnetic
shieldings at the GIAO-B3LYP/II’ level; explicit water molecules includ-
ed for BOMD/H2O and CPMD/D2O (see Computational Details).
[b] From ref. [17]. [c] FIXGRD,FIXHSS options. [d] Solid K3[Co(CN)6],
three molecules in the unit cell.[45]

Figure 1. NO pair correlation function g(r) from a CPMD simulation of
aqueous 1 (solid line); dashed: nO(r)=1sg(r)4pr2dr, which integrates to
the total number of oxygen atoms in a sphere with radius r around nitro-
gen.
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crystal notwithstanding, a possible reason could be that the
polar surrounding acts as a dielectric that reduces the intra-
molecular repulsion between the cyanide ligands with their
high negative charge (formally �0.5e).
Such an effect should already be captured in a simple

PCM approach with a polarizable continuum without explic-
it solvent. Indeed, embedding 1 in such a continuum with
the dielectric constant of water by using a molecule-shaped
cavity results in a similar contraction of the Co�C bond.
With the default settings in Gaussian03, an optimized dis-
tance of 1.902 J is obtained, in very good accord with the
above-mentioned MD-derived values. However, some in-
consistencies in the subsequent evaluation of the rovibra-
tional contributions in the continuum were encountered
with this setup, namely, conspicuously large gradients in
some of the displaced geometries and unrealistically long
bonds in the final, effective geometry. No such artifacts
were apparent when the geometrical contributions to the
first and second derivatives of the electrostatic energy were
neglected (i.e. , computed at “fixed cavity”). This procedure,
which we therefore chose to adopt for 1, affords an opti-
mized Co�C distance of 1.914 J (BP86/PCM/AE1 entry in
Table 2). Even though this value is slightly larger than that

obtained when the forces from the cavity are formally taken
into full account, the qualitative result is unaffected by these
computational details, namely, that a pronounced bond con-
traction occurs on solvation. At this point one should recall
that despite its wide applicability and success, the PCM ap-
proach is based on a very simple model, and the results can
also depend on other computational details, notably cavity
size. Quantitative accuracy should therefore not be expect-
ed, in particular when, as in our case, specific interactions
with the solvent molecules are neglected.[47] We therefore

consider the numerical PCM data for 1 and the other com-
plexes of this study with a grain of salt, and focus on the
qualitative aspects brought about by the simple continuum.
Zero-point corrections to the structural parameters for 1

in the continuum are quite small; in particular, the Co�C
bond length is virtually unaltered (compare BP86/PCM/AE1
re and reff entries in Table 1). The corresponding vibrational
corrections in the gas phase lead to a slight elongation of
this bond, by 0.008 J (compare BP86/AE1 re and reff entries
in Table 1), qualitatively similar to the classical thermal
effect modeled by BOMD and CPMD simulation (see
above).[48]

What is the effect of dynamics and solvation on the 59Co
magnetic shielding? The computed s(Co) values in Table 1
exhibit a notable degree of variation, between about �5500
and �6800 ppm, largely following the mean Co�C bond
lengths. The longer this bond, the more deshielded is the
metal nucleus.[49] Even though they stem from different sour-
ces (equilibrium, effective, and ensemble-averaged values
with and without solvent or continuum), the r(Co�C) and
s(Co) values from Table 1 show a good linear correlation
(correlation coefficient 0.98) with a slope of �285 ppmpm�1,
very similar to the corresponding, actual shielding/bond-
length derivative in pristine 1: @sCo/@rCoC=�312 ppmpm�1

at the GIAO-B3LYP/II’ level.[17] This result implies that the
effect of the solvent on s(Co) in 1 is mainly indirect, result-
ing from the change in the geometrical parameters on solva-
tion, a notion which is corroborated by a few explicit test
calculations: only minor changes are found for s(Co) in a
CPMD snapshot or in a PCM calculation when the sur-
rounding 20 water molecules or the continuum, respectively,
are removed (by 18 and 13 ppm, respectively). Similar ob-
servations were made for the iron cyanide complexes men-
tioned above.[10]

As was noted previously,[16,17] the B3LYP-computed
shielding/bond length derivative for 1 is smaller than the ex-
perimental estimate for that complex (@sCo/@rCoC=
�75 ppmpm�1 per bond).[50] The computed value is still
quite sizeable, though, and means that any uncertainty in
optimized or modeled Co�C distances on the order of
0.01 J (such as possible artifacts due to box size in the peri-
odic calculations, or due to details of the PCM calculations
discussed above) can easily translate into variations in the
59Co magnetic shielding of about 300 ppm. This value should
thus be regarded as the lowest error margin for the relative
chemical shifts of the other substrates, to which we now turn
our attention.

[Co(H2O)6]
3+ (2): At d=15100 ppm, this cation marks the

deshielded end of the 59Co chemical shift scale.[14, 51] Optimi-
zations and simulations of pristine 2 have afforded theoreti-
cal chemical shifts exceeding this value by thousands of
parts per million.[17] At the same time, this complex was
found to be most sensitive to structural changes, with a com-
puted shielding/bond length derivative of @sCo/@rCoO=
�693 ppmpm�1.[17] If solvation were to have a similar effect
on the geometrical parameters for 2 as it has for 1, a pro-

Table 2. Geometric parameters (mean bond lengths [J]) and 59Co chemi-
cal shifts [ppm] for cationic complexes [CoL6]

3+ (L=H2O, NH3).
[a]

Level of approximation L=H2O (2) L=NH3 (3)
r(Co�O) d(59Co) r(Co�N) d(59Co)

BP86/AE1[b] (r,d)e 1.957 15869 2.032 8491
BP86/BOMD (r,d)av 1.979 17657 2.069 10132
BP86/BOMD/D2O (r,d)av 1.940 13821 1.995 7184
BP86/CP-opt[b] (r,d)e 1.954 16221 2.019 8265
BP86/CPMD[b] (r,d)av 1.975 17747 2.047 8829
BP86/CPMD/D2O (r,d)av 1.952 15723 2.010 8538
BP86/AE1[b] (r,d)eff 1.966 16758 2.047 9010
BP86/AE1[b] d0 – 16784 – 9026
BP86/PCM/AE1 (r,d)e 1.922 12696 1.982 6760
BP86/PCM/AE1 (r,d)eff 1.929 14645 2.009 8070
BP86/PCM/AE1 d0 – 14655 – 8082
experiment 1.873(5)[c] 15100[d] 1.962(6) 8176[f]

�1.981(7)[e]

[a] Geometries evaluated with AE1 or plane-wave basis sets; magnetic
shieldings at the GIAO-B3LYP/II’ level; explicit water molecules includ-
ed for BOMD/D2O and CPMD/D2O (see Computational Details).
[b] From ref. [17]. [c] Solid CsCo(SO4)2·12H2O, from ref. [58]; see text.
[d] Ref. [55]. [e] Ref. [62a]. [f] Ref. [14a].
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nounced effect on the 59Co chemical shift could thus be ex-
pected.
When a CPMD simulation was started for 2 in a water

box (using the same cell parameter as for 1, i.e. , 13 J), a
surprising observation was made: 2 was not stable under
these conditions, but almost instantaneously transferred one
proton to the surrounding liquid to afford [Co-
(H2O)5(OH)]

2+ (5) and a hydronium ion H3O
+ . Very rapid-

ly, these two ions dissociated via the well-known proton-
relay transport mechanism[52] of aqueous H3O

+ . The same
was found in a second simulation when, after 0.9 ps of equi-
libration with fixed OH bonds, these constraints were lifted;
here the first proton transfer occurred after the next 1.4 ps,
immediately followed (within 0.1 ps) by relay transfer.
These processes were monitored by way of suitable O�H
distances and snapshots of the trajectory (Figure 2).
With these results in mind, we set up a QM/MM-BOMD

simulation including complex 2 together with 15 additional
water molecules from the solvent in the QM part, in order
to enable similar proton transfers. However, no such trans-
fers occurred during the total simulation time of 4 ps at the
BP86/AE1 level.[53] The reason for this apparent discrepancy
between the two simulations, facile or spontaneous proton

transfer in CPMD versus no such event in QM/MM-BOMD,
is not clear at present. In any event, the occurrence or ab-
sence of such a singular event in the rather short simulation
times should not be overinterpreted. Much longer simula-
tion times, possibly with inclusion of counterions as well,[54]

would be necessary for a definitive assessment. It may also
be mandatory to use a larger QM region in the QM/MM
calculations to allow for cooperative transport mechanisms
as illustrated in Figure 2.
That deprotonation of 2 may occur in water is not at all

improbable, since aqua complexes of high-valent metal cati-
ons can be strong Brønsted acids. Indeed, there is evidence
for an equilibrium between 2 and 5 from studies of 59Co
NMR relaxation times.[55] Owing to the instability of aque-
ous Co3+ solutions, which are rapidly reduced to aqueous
Co2+ , the pKa of hydrated Co3+ , and thus the composition
of the equilibrium mixture between 2 and 5, is not known.
Typical pKa values of aqueous trivalent transition metal ions
fall in the range between about 4 (Cr3+) and 2 (Fe3+).[56] As-
suming that the latter value (which is close to that of phos-
phoric acid) would also apply to Co3+ , a degree of dissocia-
tion between about 10 and 30% can be anticipated for a
pure solution, depending on the total Co concentration (the
given percentages correspond to 1m and 0.1m, respectively).
The experimental 59Co NMR spectrum, from which the

cited d value was obtained, was recorded in 4m HClO4 solu-
tion.[55] Under these acidic conditions, undissociated 2 will
certainly be the principal component of the mixture. We will
therefore first evaluate and discuss results from MD trajec-
tories for this species, both from the last 2 ps of the BOMD
run and from that part of the CPMD simulation in which
the trivalent cation 2 remained intact (taken from 0.4 to
1.4 ps after equilibration in the simulation from Figure 2).
In both cases, each water ligand coordinated to Co do-

nates essentially two hydrogen bonds to the solvent. Since
the water ligands are tilted with respect to the Co�O axes,
that is, the O atoms appear to coordinate via an sp3-, rather
than an sp2-type lone pair,[17] they could also accept an addi-
tional hydrogen bond from solvent molecules. Such interac-
tions are very rare, however, so that the average number of
water molecules coordinated to the hexaquo complex (the
second solvation shell around the metal, in other words) is
close to 12. This result is also apparent from the gCoO(r)
pair-correlation function in Figure 3, which shows a broad,
but pronounced peak at r�4 J, with an integrated number
of O atoms (up to the next minimum at r�4.5 J) of 11.5
and 11.3 for CPMD and BOMD, respectively.
Up to a distance of r�4.5 J, which marks the approxi-

mate boundary between QM and MM regions in the
BOMD calculation, the gCoO(r) curves obtained from
CPMD and BOMD simulations are remarkably similar, de-
spite the different computational setup (compare black and
gray curves in Figure 3). This is especially true for position
and shape of the first maximum marking the Co�O distance
of the directly coordinated water ligands (cf. the peak posi-
tions in the CPMD and BOMD curves) at r�1.95–1.96 and
1.94 J, respectively (the former maximum is somewhat

Figure 2. Proton transfers in CPMD simulation of 2 in water (after 0.9 ps
of constrained equilibration and 1 ps of unconstrained MD), as followed
by the evolution of relevant O�H distances (see top for definition) and
illustrative snapshots (bottom, other water molecules omitted).

Chem. Eur. J. 2006, 12, 477 – 488 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 481

FULL PAPERSimulation of 59Co NMR Chemical Shifts in Aqueous Solution

www.chemeurj.org


broader than the latter), or the actual ensemble averages in
Table 2 of r�1.952 and 1.941 J, respectively (see, however,
the results for 3 in the next section). Again, both approaches
predict a noticeable decrease in the Co–ligand bond length
on solvation, namely, by 0.023 and 0.039 J with CPMD and
BOMD, respectively (compare the relevant MD and MD/
D2O data in Table 2). Incidentally, a similar effect is ob-
served in the simple PCM calculations (cf. BP86/AE1 and
BP86/PCM/AE1 data), both for equilibrium (jDre j=
0.035 J) and effective geometries (jDreff j=0.037 J,
Table 2).
All optimizations or simulations including thermal and

solvent effects agree that the Co�O distance in aqueous 2 is
in the range of about 1.93–1.95 J. Structural characteriza-
tion of this highly reactive cation in solution, for instance,
by neutron or X-ray scattering studies,[57] is difficult and has
not yet been accomplished. Few solids containing tervalent
2 are stable enough to be characterized; the alum-type crys-
tal of CsCo(SO4)2·12H2O, or rather [Cs(H2O)6][Co(H2O)6]-
(SO4)2, is a prototypical example.

[58] The Co�O distance of
1.873 J in the latter is significantly shorter than that from
our simulations in the aqueous phase. Apparently, the ef-
fects of the polar crystal matrix are more pronounced in this
case than for anion 1 discussed in the previous section,
which is probably related to extensive hydrogen bonding be-
tween 2 and the highly charged sulfate anions present in this
type of compounds.[59]

How are the computed chemical shifts affected by these
geometrical changes? As with 1, there is a clear correlation
between calculated mean Co�O bond lengths and d(59Co)
values. As the former vary between about 1.92 and 1.98 J,
the latter cover a span of about 13000–18000 ppm (for
actual values, see Table 2). The linear regression between
the two variables is fair (correlation coefficient 0.96), and
the chemical shift/bond length derivative is +831 ppmpm�1,
a remarkable sensitivity.[60] Best accord with the experimen-
tal value is indeed found when both solvent and dynamical
effects are accounted for, that is, in the BOMD/D2O dav,
CPMD/D2O dav, and PCM d0 (or deff) values, with absolute

errors from experiment of about 1280, 620, and 450 ppm, re-
spectively. Larger deviations are found for the thermal or
zero-point averages in the absence of solvent (e.g., see
BOMD and CPMD entries in Table 2). Deceptively good
accord with experiment is found for the equilibrium values
in the gas phase (see BP86/AE1 and CP-opt data), due to
fortuitous error cancellation from the neglect of the mutual-
ly opposing dynamic and solvent effects.
In this case, direct solvation effects on 59Co shielding

become noticeable: switching off the continuum in the
NMR calculation for the PCM-optimized structure results in
an additional shielding of the metal nucleus by 262 ppm. A
similar shielding effect, up to about 380 ppm, is brought
about by deleting the extra solvent molecules in selected
MD snapshots. Apparently, the H2O ligands in 2 are small
enough to allow solvent molecules or a continuum to ap-
proach the metal center more closely than in 1, for which
negligible direct solvation effects were found (vide supra).
In light of the uncertainty in d(59Co) arising from the results
for the latter standard (see preceding section), however,
these direct solvation effects for 2 are barely significant, and
the indirect effect via geometrical changes is dominant.
Finally, we evaluated the CPMD results for the deproton-

ated species in water, that is, for 5·H3O
+ (0–1 ps after equili-

bration in the first, unconstrained simulation). In this case,
the OH ligand in 5 mostly donates one H-bond to the sol-
vent and accepts two others, one of which involves the
proton that initially dissociated from 2. The mean Co�O dis-
tance and 59Co chemical shift in the aqueous phase are
1.957 J and 15635 ppm, respectively, remarkably similar to
the corresponding values for intact 2 (cf. CPMD/D2O values
in Table 2). CP optimization and CPMD simulation of pris-
tine 5 in the gas phase also lead to mean Co�O bond
lengths (1.951 J and 1.963 J, respectively) similar to the
corresponding values for free 2 (see CP-opt and CPMD
values in Table 2). The reason for this seemingly small ge-
ometry change on deprotonation is that the contraction of
the hydroxyl C�O bond is compensated by elongation of
the Co�O bond to the water ligand in trans position (CP-
opt parameters are 1.868 and 2.051 J, respectively). The
computed d(59Co) resonance in gaseous 5 of 14798 and
15324 ppm at CP-opt and CPMD levels, respectively, is sig-
nificantly shielded with respect to that of free 2 (see values
in Table 2), by up to about 2400 ppm for the CPMD-derived
average.[61] It is interesting that in the simulations involving
either 2 or 5 in water, this sizeable difference between the
two forms essentially vanishes, and their simulated d(59Co)
values are virtually indistinguishable. Apparently, the strong
interaction of the hydroxyl ligand in 5 with the solvent, re-
flected in the above-mentioned larger number of H-bonding
interactions, has a strong impact on the shielding constant of
the metal atom. Thus, 2 should display no unusual depend-
ence of d(59Co) on pH, in contrast to what would have been
predicted from the results in the gas phase.

[Co(NH3)6] (3): The number of known cobaltammines is
legion, and the parent hexammine complex 3 has been ex-

Figure 3. CoO pair correlation function g(r) from CPMD and QM/MM-
BOMD simulations (bold and gray lines, respectively) of aqueous 2 ;
dashed: nO(r) (see Figure 1 for definition).
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tensively studied since the days of Alfred Werner. This ter-
valent cation is part of numerous solids that have been
charaterized by X-ray crystallography. Typical Co�N distan-
ces are scattered around 1.94–1.98 J, with longest distances
usually found in solids with bulky counterions and crystal
water.[62] Again, the simulations in the bulk liquid afford
somewhat longer bonds, around 2.00–2.01 J (Table 2),[63]

which are significantly shorter than those simulated in vacuo
(ca. 2.05 to 2.07 J, BOMD/CPMD rav and BP86/AE1 reff
values). Here, we note a minor inconsistency between the
QM/MM-BOMD and CPMD simulations: the former pre-
dicts a somewhat shorter Co�N distance in the liquid than
the latter, by 0.015 J, and in particular, a much larger bond
contraction on solvation, 0.074 J (BOMD versus BOMD/
D2O values in Table 2), as compared to 0.037 J (CPMD
versus CPMD/D2O).
From the gCoO(r) pair-correlation function (above r=3 J

in Figure 4) it is apparent that the entire second solvation
shell is packed more tightly around the complex in the QM/

MM-BOMD than in the CPMD trajectory: The first gCoO(r)
maximum in the former is shifted somewhat closer to the
metal (at r�4 J, gray line) than in the latter (at r well
above 4 J, bold line), and, when integrated up to r=5 J,
contains a larger number of water molecules (15.7 versus
10.8, respectively).
Closer inspection of the BOMD trajectory reveals a possi-

ble reason for this discrepancy:[64] During the total simula-
tion time of 4 ps, several of the water molecules of the QM
region that was initially part of the second solvation shell
(i.e., H-bonded to NH3 ligands), have trailed off into the
bulk solvent, to be replaced with a larger number of water
molecules from the MM part. Apparently, the latter are
bound somewhat tighter to the complex than the former.
Similar observations were made in a detailed analysis of the
QM/MM-BOMD and CPMD gNO(r) functions of aqueous
[Fe(CN)6]

4�.[10b] In the QM/MM-BOMD simulation for 2, in
contrast, the water molecules are bound more strongly to

the complex from the beginning, so that the molecules of
the QM region remain in a closer sphere around the solute
during the limited simulation time, without significant pene-
tration of “MM water” into this second solvation shell. It is
possible that in this simulation, if continued long enough,
exchange between water molecules from the second solva-
tion sphere and the bulk liquid will take place eventually,
and that the structures of the water shell around 2, as they
emerge from QM/MM-BOMD and CPMD simulations
(Figure 3), will become more disparate. A circumvention of
this problem could be to increase the QM part, or to assign
QM and MM regions not to specific atoms throughout, but
to predefined regions in space, by employing suitable
smoothing functions that allow for continuous transition of
molecules from one region to the other.[65, 66] Clearly, further
theoretical work in that direction is warranted.[67] With these
artifacts of the present QM/MM-BOMD simulation in
mind, we now turn to the 59Co chemical shift of 3.
As with the results for 2 discussed above, the metal–

ligand distance strongly affects the d(59Co) value of 3. Since
the Co�X shielding/bond length derivative in pristine 3 of
�471 ppmpm�1,[17,68] is smaller than that in 2, the sensitivity
of d(59Co) in 3 is somewhat less pronounced than in the hex-
aquo complex, but with d�7000–10000 ppm the variations
are still sizeable. Apart from the fortuitously good accuracy
of the BP86/AE1 and CP-opt equilibrium de data, best
accord with experiment is found for the CPMD/D2O (dav)
and BP86/PCM values (deff or d0, Table 2). In line with the
preceding discussion of the solvation shell derived from the
QM/MM-BOMD simulations in water, the 59Co chemical
shift is significantly underestimated by this model, and falls
short of experiment by almost 1000 ppm (see BOMD/D2O
entry in Table 2). Apparently, the extent of the bond con-
traction in solution, that is, the indirect solvation effect, is
overestimated in our simulation, probably by some 0.01–
0.02 J.
In addition to the relative sensitivity of the 59Co shielding

in 2 and 3 toward the geometrical parameters,[17] the direct
solvation effect on this property decreases somewhat on
going from 2 to 3. For instance, omitting the continuum in
the NMR calculation for the BP86/PCM optimized structure
of 3 affords an additional shielding of the metal by 176 ppm.
The differential effect between the CPMD and QM/MM-
BOMD results due to the more compact second solvation
shell in the latter simulation should be even smaller. Thus, it
is the averaged parameters of the metal complex itself that
are decisive for the computed 59Co chemical shift of aqueous
3. The ability to reproduce both is thus a stringent test for
QM/MM methods.
Finally, we mention an additional potential source of devi-

ations between the experimental value given in Table 2 and
some of the computed d(59Co) data: In the CPMD simula-
tions (as well as in the QM/MM-BOMD runs), H atoms
were substituted by deuterium to improve the stability of
the simulation in terms of energy conservation in the chosen
time step. Thus, these computations are actually modeling
[Co(ND3)6]

3+ ([D18]-3), for which a noticeable isotope effect

Figure 4. Co(N,O) pair correlation function g(r) from CPMD and QM/
MM-BOMD simulations (bold and gray lines, respectively) of aqueous 3 ;
dashed: n(N,O)(r) (see Figure 1 for definition). The left peaks around 2 J
correspond to gCoN(r), and the curves on the right-hand side to gCoO(r).
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was noted experimentally: the observed upfield shift of 5.2–
5.6 ppm per H/D substitution in 3[69] amounts to a total iso-
tope effect of Dd(59Co)��100 ppm for the fully deuterated
complex.[70] We have evaluated this secondary isotope effect
for 3, employing the (mass-dependent) perturbational zero-
point corrections in the gas phase. With this method, even
more subtle H/D isotope effects in cobaloximes[71] have
been reproduced and interpreted computationally.[17] On
going from 3 to [D18]-3, a shielding of the

59Co resonance of
�105 ppm is computed, in excellent agreement with experi-
ment. This increase in shielding can be traced back to a
slight contraction of the Co�N bond (by 0.002 J) on deuter-
ation. It is gratifying that such relative trends between iso-
topomers can be fairly well modeled computationally. How-
ever, as far as d(59Co) values between the different species
of this study are concerned, such isotope effects are well
below the uncertainty of 300 ppm estimated from the results
for the standard 1 (see above).

[Co(CO)4]
� (4): To test the performance of the methods ap-

plied so far in cases where much smaller solvation effects
are to be expected, we included the tetracarbonylate com-
plex 4 in this study. Owing to the more hydrophobic nature
of its ligands and its overall smaller charge, the interaction
with a polar solvent and thus the effect of the latter on the
59Co magnetic shielding constant should be much less pro-
nounced in this case. This was specifically tested for two ap-
proaches: a CPMD simulation in water and PCM computa-
tions. The results are summarized in Table 3.

This ion is frequently encountered in organocobalt
chemistry and has been structurally characterized in dozens
of single crystals, albeit in none containing additional water
molecules, the solvent used in the NMR experiments. Most
Co�C distances fall into the range between about 1.74 and
1.77 J, with larger values typically observed in low-tempera-
ture structures containing bulky counterions and cocrystal-
lized organic solvent molecules.[72] Slightly larger distances,
between about 1.77 and 1.78 J are obtained from optimiza-

tions or simulations (Table 3). As expected, relatively small
solvation effects on this parameter are indicated by CPMD
and PCM calculations, which afford slight bond contractions
of less than 0.01 J (compare CPMD versus CPMD/D2O
and BP86/AE1 versus BP86/PCM/AE1 entries).
In the CPMD simulation in water, little specific interac-

tion between solvent and solute is apparent. Occasionally,
O�H bonds of the former point toward carbonyl O atoms of
the latter such that the formal geometrical criteria[43] for an
O···H�O hydrogen bond are fulfilled. Such contacts are
sparse and short-lived, however, and on average the number
of such potential H-bonded water molecules around 4 is
only about 2. The lack of such specific interactions is also re-
flected in the O(carbonyl)/O(water) pair-correlation func-
tion displayed in Figure 5, which shows no pronounced max-
imum up to r=3.5 J,[73] in contrast to the corresponding
gNO(r) curve in trianionic 1, which has a distinct peak at r
�2.8 J (Figure 1).

Consistent with these weak solvent–solute interactions,
the small geometrical changes on solvation, and the compa-
ratively small sensitivity toward the Co�C bond length
(shielding/bond length derivative �132 ppmpm�1),[17] we
find only minor variations in the 59Co shielding constant,
barely exceeding 100 ppm, with the different approaches.
The large fluctuations of d(59Co) apparent in Table 3 are a
consequence of the changes in s of the standard 1 with the
computational model (see Table 1). The large deshielding of
the metal nucleus in 1 when thermal or zero-point correc-
tions are included in the gas phase only leads to a noticeable
upfield shift of the corresponding d(59Co) resonances of 4
relative to this standard, by up to about 500–600 ppm (see
CPMD dav and BP86/AE1 deff and d0 values in Table 3). In
contrast, a downfield shift of d(59Co) by about the same
amount is found from the CPMD/D2O simulations. In this
case it is just the PCM approaches that afford 59Co chemical
shifts well within 300 ppm of experiment.

Table 3. Geometric parameters (mean bond lengths [J]) and 59Co chemi-
cal shifts [ppm] for [Co(CO)4]

� (4).[a]

Level of approximation r(Co�C) d(59Co)

BP86/AE1[b] (r,d)e 1.777 �3493
BP86/CP-opt[b] (r,d)e 1.771 �3196
BP86/CPMD[b] (r,d)av 1.777 �3721
BP86/CPMD/D2O (r,d)av 1.769 �2594
BP86/AE1[b] (r,d)eff 1.782 �3667
BP86/AE1[b] d0 – �3680
BP86/PCM/AE1 (r,d)e 1.770 �3118
BP86/PCM/AE1 (r,d)eff 1.782 �2985
BP86/PCM/AE1 d0 – �2995
experiment 1.754(5) �3100[d]

�1.764(5)[c]

[a] Geometries evaluated with AE1 or plane-wave basis sets; magnetic
shieldings at the GIAO-B3LYP/II’ level; explicit water molecules includ-
ed for CPMD/D2O (see Computational Details). [b] From ref. [17].
[c] Solid, from ref. [72a]. [d] Na+ salt in water, from ref. [14a].

Figure 5. O(carbonyl)/O’(water) pair correlation function g(r) from a
CPMD simulation of aqueous 4 (solid line); dashed: total number of
water oxygen atoms in a sphere of radius r around the carbonyl O atoms.

www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 477 – 488484

M. BChl et al.

www.chemeurj.org


Final Assessment and Conclusion

How well do the various approaches employed here perform
in the computation of the 59Co chemical shifts of 1–4? Qual-
itatively, the correct sequence and orders of magnitude are
reproduced by all of the DFT methods applied. The factors
that govern these qualitative aspects are well understood,
and 59Co chemical shifts can be successfully interpreted in
terms of simple ligand-field parameters.[74] In a quantum-me-
chanical picture, the ordering and spacing of chemical shifts
is usually governed by the paramagnetic part of the shield-
ing constant, arising from the magnetic coupling of suitable
occupied and unoccupied MOs.[75,76] The key requirements
for the presence of large paramagnetic contributions are
proper symmetries of such MO pairs that contain large con-
tributions from the nucleus under scrutiny, and small ener-
getic separations between these MOs.
Compared to these underlying characteristics of the elec-

tronic structure, the thermal and solvation effects which are
the target of this study are more subtle and more difficult to
analyze. We limit ourselves to a comparative assessment of
the various methods employed, gauging their merits in the
ability to reproduce the d(59Co) values of 1–4 as accurately
as possible. A summary of results from linear regressions of
the experimental 59Co chemical shifts versus those computed
with the various approaches is collected in Table 4 and, for
some illustrative levels, displayed in Figure 6.
We are aware that a set of just four compounds is too

small to obtain statistically meaningful results. However, the
data in Table 4 and the plots in Figure 6 nicely illustrate
some of the recurring themes from the preceding discussions
of the individual species. As was noted for a larger test set
of Co complexes,[17] static gas-phase equilibrium values are

in fortuitously good accord with experiment (note the small
mean errors and near-ideal slopes for BP86/AE1 and CP-
opt results in Table 4 and Figure 6). This accord deteriorates
when thermal or zero-point corrections are added to these
gas-phase data, as evidenced by the resulting larger mean
errors and slopes (e.g., compare CP-opt and CPMD in
Table 4 and Figure 6). Immersion in water reduces both
errors and slopes and restores an excellent agreement with
experiment for the CPMD/D2O data, whereas a tendency
toward overcorrection of the solvent effect is apparent from
the QM/MM-BOMD/D2O results (note in particular the cor-
responding slope in Table 4 of 0.91, which is significantly
smaller than unity). At least in one case, namely, 3, a prob-
lem with our particular QM/MM partition of the bulk sol-
vent was identified as possible source of this deviation. This
caveat notwithstanding, the mean error in d(59Co) obtained
with this approach of about 600 ppm (Table 4), is still ac-
ceptable when compared to the total shift range covered of

Table 4. Statistical analysis from linear regression of calculated versus ex-
perimental 59Co chemical shifts of 1–4.

Level of approximation MAE[a] Slope Intercept

BP86/AE1 de 369 1.06 �124
BP86/BOMD[b] dav 1504 1.17 174
BP86/BOMD/D2O

[b] dav 609 0.91 �91
BP86/CP-opt de 327 1.06 �28
BP86/CPMD dav 979 1.17 �169
BP86/CPMD/D2O dav 373 1.02 291
BP86/AE1 deff 765 1.12 �113
BP86/AE1 d0 779 1.12 �117
BP86/PCM/AE1 de 960 0.86 �251
BP86/PCM/AE1 deff 169 0.97 34
BP86/PCM/AE1 d0 161 0.97 31

[a] Mean absolute error in ppm. [b] For 1–3.

Figure 6. Plot of calculated versus experimental 59Co chemical shifts of 1–4 for selected theoretical levels (opt, MD, and eff denote de, dav, and deff values,
respectively). Solid lines: ideal slope 1, dashed: linear fit.
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18 000 ppm (3%). On such a relative basis, the accuracy
achieved with the CPMD/D2O approach, with a mean error
of about 400 ppm or 2% of the shift range, can be consid-
ered excellent.
The principal effect of the solvent is contraction of the

cobalt–ligand bonds and concomitant shielding of the metal
nucleus. Both are qualitatively captured in a simple standard
PCM approach. While static optimizations in the continuum
tend to overestimate such solvation effects (e.g., note the
smaller slope of the PCM-opt plot in Figure 6), a combina-
tion of PCM and vibrational zero-point corrections (which
we present for the first time) appears to perform very well.
Incidentally, this combined method affords the best results
for the systems of this study, as judged from the very small
deviations from experiment (see PCM deff and d0 data in
Table 4, and the PCM-eff plot in Figure 6). As noted above,
however, this finding should not be overrated, but should
rather invite further systematic tests of how the PCM results
depend on other computational details such as effects of
cavity size or finite temperature.
Almost all of the computed total zero-point correction to

d(59Co) is contained in the value at the effective, vibrational-
ly averaged geometry (deff), both in vacuo (as found for all
transition-metal nuclei so far[17,18,77]) and in the continuum.
The additional modulations from the curvature of the mag-
netic shielding surface around the effective geometry are so
small that they can be safely neglected (note the very small
differences between deff and d0 values in Tables 2–4).
In summary, 59Co chemical shifts of a small set of inorgan-

ic and organometallic cobalt complexes in aqueous solution
can be well reproduced computationally, provided that ef-
fects of both vibrational averaging and solvation are taken
explicitly or implicitly into account. A number of practical
methods to achieve this have been successfully tested.
Among these, the approach based on CPMD simulations of
the actual solution performs particularly well. A combina-
tion of zero-point corrections and a simple polarizable con-
tinuum also appears to hold some promise.
The complexes of this study, small and highly charged

ions with an exceptionally sensitive NMR nucleus, are prob-
ably among the most challenging targets for this kind of
property computation. The available theoretical tools for
treating thermal and solvent effects on chemical shifts have
been shown to pass this stringent test, thereby further estab-
lishing their potential usefulness in NMR calculations of
transition-metal complexes. This small test set of cobalt
complexes appears to be very well suited to assess newly de-
veloped or refined methods and density functionals for such
property calculations.
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