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Structure, Dynamics, and Magnetic Shieldings of Permanganate lon in Aqueous Solution.
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Car—Parrinello molecular dynamics simulations have been performed for,MinOthe gas phase and in
aqueous solution. Dynamic averaging at ca. 300 K affords only minor changes for the me&d bémd

length with respect to the optimized value= 1.622 A (BP86 value). Magnetic shieldings, evaluated at the
GIAO-B3LYP level for snapshots along the trajectories, decrease upon going from the equilibrium values to
the dynamic averages in water. F8Mn and!’O, the resultings*° — ¢, values amount te-36 and+31

ppm, respectively. The structure of the solvation shell around permanganate ion in water is characterized by
the mean number of hydrogen-bonded solvent molecules (approximately 4) anddaydhmir correlation
function.

Introduction solvents do on those of the organometallic spetits.the

Contrasting calculated molecular properties with the corre- present paper an MD. study of MaOin water is presented,
calling special attention to thermal and solvent effects on

sponding experimental observables is a cornerstone of compu- h - . )
tational chemistry. Owing to the widespread application of NMR structure and magnetic shu_aldlngs of thls?complex. The resulting
spectroscopy, the salient parameters, chemical shifts in particu-eﬁef;[S tum out to be relatively small fétvn, but noticeable

lar, play an important role in that respécthis property can for 1’O. In addition, th.e simulations afford insights into th.e
be computed with quantum-chemical methods to a good stru_cture of the _hydra_tlon she_II arour_1d the permang_anate lon,
accuracy for a large range of substr@@gpically, the magnetic an important oxidant in organic and inorganic chemistry.
shieldings are evaluated for isolated molecules in some static

structure, obtained either from experiment or from quantum- Computational Details

chemical optimizations. Since the overwhelming majority of
experimental NMR spectra are recorded in solution and at
ambient temperature, methodological developments on the
theoretical side have been extended to account for these
conditions. Procedures have been devised to include rovibra-
tional effects in the NMR calculation, for instance by suitable
perturbational treatmehior by approximating full or partial

solutions of the nuclear Scruimger equatiot The popular way and Martins procedutéand transformed into the Kleinman

to include solvation effects, by way of embedding the molecule Bylander form* (see below). Periodic boundary conditions were

'thﬁtpcozir:fl:géi;%mmuum’ has also been extended to Chemlcalimposed using a cubic supercell for MaO(box size 9.8692

An alternative way to deal with both effects is to perform A) and an orthorhombic one for M(CO)o (box lengths of

molecular dynamics (MD) simulations for the substrate embed- 14, 14, and 22 A). Kohn-Sham orbitals were expanded in plane

. \ waves up to a kinetic energy cutoff of 80 Ry. The BP86/AE1
ded in an array of discrete solvent molecules and to average ; . .
. L . geometries from ref 8 were taken as starting points and were
computed magnetic shieldings along the trajectory. Such ap-

proaches have been successfully applied to simulate the gas_reoptlmlzed without symmetry restraints until the maximum

. ; )
to-liquid shifts in watef and, more recently, to model transition- gradient was l,eSS than _5 10 au (dgnpted C_P opY). i
metal chemical shifts in aqueous solutfolror certain iron KMnOj stationary points were optimized with the Gaussian

complexes, for instance, dramatic thermal and solvent effects 98 Progran°at the BP86/AE1 level, that is, using a contracted
on 5(5’Fe) have been obtaindd. [9s5p] all-electron Wachters’ basis ort{contraction scheme
In a recent validation study f&#Mn chemical shift calcula- ~ 611111111/33111), a similar [8s5p3d] Wachters’ bésamyg-

tions, it has been notéthat thed(3*Mn) values of organoman- mented with one diffuse d and two diffuse p $&tsn Mn (full
) e
ganese complexes show systematic deviations from experimengontraction scheme 62111111/3311111/3111), and 6-31G* basis

. . 9
when they are referenced directly to the computed magnetic ©" O: . . .
shielding of isolated, static MnQ, the latter serving as a model For MnQ,~ in vacuo, Car-Parrinello molecular dynamics
for the experimental standard, aqueous KMn@® has been simulations were performed starting from the equilibrium
speculated that the protic solvent water exerts a stronger effectstructure, using a fictitious electronic mass of 600 a.u. and a

on the magnetic shielding of the standard than the more inerttime step of 0.121 fs. Unconstrained simulations (NVE en-
semble) were performed over 1.5 ps at ca. 300 K, the first 0.5

TFax: 49+ (0)208-306 2996. E-mail: buehl@mpi-muelheim.mpg.de. ps of which were taken for equilibration. For aqueous MnO
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1. Methods and Basis SetsThe computational methods
follow largely those in refs 7a and 8. For species in vacuo,
optimizations were performed using the density-functional-based
Car—Parrinello schenfeas implemented in the CPMD pro-
gram?? The functional combination according to Be¢kand
Perdew? was employed (denoted BP86), together with norm-
conserving pseudopotentials generated according to the Troullier
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TABLE 1: Selected Geometrical Parameters (Distances in G(SSMn)
Angstroms, Angles in Degrees) and Harmonic Vibrational T T T T T T T T
Frequencies (in cnt?) of Two Test Molecules -5200 N
parameter CP-opt  BPSG6/AEL exptP 5100 b aat - ! T
- - ) —
MnA(CO)o Pttt e e T
r(Mn—Mn) 3.005 2.965 2.977(11) 5000 | T SRR AN I
r(Mn—Ca) 1.794 1.812 1.803(16) ) g RiE EEEE RN \4‘]‘ g o0
r(Mn—Ceg) 1.861 1.857 1.873(5) Lob ATHERLERE R R Rl et
a(Cax_Mn_Ceq) 93.7 93.8 934(5) -4800 _: SE :‘ E‘:. 5% EE E': E% “ l:': .I: EE E:. ,EE E: ‘:E E'E .:E 5. ll ;' ! E.:—
MnO,~ i I i ‘u 'Iln.{':n.::'--:'v'::l:llu : A u‘
r(Mn—0) 1.622 1.625 1.629: 0.005 -4800 F i A
v (E) 369 345 360 Uy A . '::vl El?' 'lg i {IEE }I:'l: .l:'sn‘“ i E-: EEIA
v (T2) 424 392 430 4700 {4 Ii i i “‘& ;2?‘1' AR VE
vi (A1) 979 880 839 Bisiaiiiieilad 4
v3(T2) 1049 949 914 -4600 L i i l ! A 1 i i i
A
aGeometries from ref & Geometries from refs 23,24, Raman . . . . . . . )
frequencies from ref 25. -4500 0 05 10

the box was filled with 28 water molecules. In order to increase )

the time step, hydrogen was substituted with deuterium. — time [ps]
Simulations started from a well-equilibrated configuration taken Figure 1. 55Mn magnetic shielding constant (B3LYP/II level) for
from an MD run for HVO,4~,’@ replacing the vanadate with  snapshots from the CPMD trajectory of MgiQn the gas phase. Open
permanganate ion. The system was equilibrated for 0.5 pstriangles: raw data. Filled circles: running average (average value up
maintaing a temperature of 3a9%0) K, and was then propa-  to this point). Dashed horizontal lineze.

gated without constraints for 5ps.

Magnetic shieldings were computed for snapshots along the “* ; .
trajectories employing the B3LY¥Phybrid functional, together ~ MiS€ and is available from the author upon request.
with basis II, which consists of the same Wachters’ basis set - Estimation of Rovibrational Corrections. For gaseous
on Mn and K as described above and a (935p1d)/[5$4p1d]'\/|”O4 » a one-d|men5|9nal MHO stretthng potential was
contracted Huzinaga basis on the permanganate O &foms. constructed by performing 11 single-point energy evaluations
Snapshots were taken every 25 fs (for gaseous Mni@ for different Mn—0O distanceq Ty symmetry imposed), using
addition every 19 fs) over the course of 1 ps. No periodic the.CI_DMI;) program _and the same setup as that for the geometry
boundary conditions were employed. For aqueous permanganate?pt'm'Z,at'ons' Spacmg of the dlstanges around the equnlbrlum
the 10 HO molecules nearest to the complex were included V&lue interpolative fit to an analytical Morse function, and
specifically, using a double-zeta basis on them (contraction numerical solution of the rov_lbratlo_nal Schiinger equation
(7s3p)/[4s2p] and (3s)/[2s] for O and H, respectiv@lThese corres_ponded to those established in ref.4a. The reduced mass
computations were carried out with the Gaussian 98 program ©f @ single oxygen atom was employed in order to model the
packagés5 symmetrical stretch with a fixed metal center.

2. Validation of the Pseudopotential For Mn, no well-tested
pseudopotential was available, and a semicore (or small-core)
pseudopotential was generated corresponding to those used Simulation in Vacuo. During a 1 pssimulation in the gas
previously for V and Fé2c22 Test calculations with this  phase, the average Mn-O bond length is 1.624(30) A, only
pseudopotential comprised geometry optimizations for WinO  slightly elongated with respect to the equilibrium value=
and Mny(CO)o, and harmonic frequency evaluations for the 1.622 A (Table 1). According to the computed bond-length/
former. The latter molecule with its Mn-Mn bond was deemed shielding derivative doM"/aryno = —17000 ppm/A26 this
a stringent test case for the quality of the pseudopotential. Theincrease in bond distance would correspond to a deshielding of
resulting parameters are collected in Table 1, together with thethe 5*Mn nucleus by 34 ppm. The evolution of tHféMn
corresponding values for nonperiodic all-electron calculations shielding constant, evaluated for individual snapshots along the

adopted pseudopotential thus represents a reasonable compro-

Results and Discussion

at the BP86/AEL level and experimental d&z® trajectory, is illustrated in Figure 1. The snapshots were taken
The CP-optimized Mrrligand distances agree within—2 at two different time intervals in order to avoid accidental

pm with the BP86/AEL1 or the experimental data. A somewhat coincidence with molecular vibratiod$. Even though the

larger deviation is found for the CP-optimized MNn distance individual o(>*Mn) values are scattered over a notable range of

in MNny(CO)g, 3—4 pm (Table 1). This value is probably still  approximately 500 ppm (open triangles in Figure 1), the running
acceptable in view of the shallow stretching potential for this average, that is, the average up to each point, is well converged
bond, as evidenced by the observed shortening (by more thanto within 1 ppm (solid circles in Figure 1). The meaf’K

7 pm) upon going from the gas phase into the cry%tahile value is found to be deshielded with respect to the equilibrium
the harmonic bending modes, evaluated numerically with the value o by 35 ppm, in excellent accord with the above-
CPMD program, agree reasonably well with the corresponding mentioned estimate based on the bond-length/shielding deriva-
analytical BP86/AE1 values (within 20-30 ci that is), the tive.

stretching vibrations are overestimated by ca. 100crfihis Quantities averaged over classical MD trajectories do not
value may seem large on a relative basis (10%), but is certainly include zero-point effects, which are purely quantum-mechanical
in the correct order of magnitude, suggesting that the potential in nature. For magnetic shieldings of lighter nuclei, it has been
energy surface of permanganate is described fairly well, at leastshown that these zero-point effects can be much larger than the
qualitatively. Attempts to adjust the Mn pseudopotential such thermal effects on top of theft We have argue@that thermal

that it would produce improved harmonic frequencies resulted effects on transition-metal magnetic shieldings, evaluated from
in a deterioration of the optimized geometrical parameters. The classical MD, should at least show the correct qualitative trend,
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since both classically and quantum-mechanically averaged
metal-ligand bond distances would be elongated from their
equilibrium values and since it is typically these distances that
dominate the metal shieldinggFor MnQ;~ in Tq symmetry,

one can construct a one-dimensional potential surface, for which
the rovibrational Schidinger equation can be solved precisely.
Following the procedure established in reference 4a for diatom-
ics, the resulting zero-point effect fa(5*Mn), that is,o% —

0e, amounts to-34 ppm, and the total thermal effect at 300 K,
030K — g, is —36 ppm.

Both of these values are in apparent excellent accord with
the CPMD-derived thermal effect given abovs%K — g, =
—35 ppm. It must be kept in mind, however, that this degree of
agreement is certainly fortuitous, since firstly, the one-
dimensional quantum-mechanical picture neglects contributions
from the bending and the asymmetric stretching modes, which
are of course included in the classical simulation of the real
system, and secondly, the temperature dependencé€Tdfis
markedly different for both approach&Nevertheless, this one-
dimensional model calculation serves to illustrate that the
CPMD-based estimate fo° is qualitatively correct (deshield-
ed with respect twg), and that it can even be in a reasonable
order of magnitude, at least in the present ¢Ase.

Simulation in Water. When the simulation of Mng is
repeated in a periodic water box, the mean-Mhbond length
(averaged over 5 ps) is 1.621(26) A, that is, somewhat shorter
than the equilibrium value. All optimized and averaged-Md
distances are in good accord with that of aqueous KMi®24
+ 0.005 A, as estimated from an EXAFS analy@i©n the
basis of purely geometrical criteria, the average number of water

molecules acting as hydrogen-bond donors to permanganate is

3.732MnQ,4 thus attracts only about half the number of water

molecules as the related vanadat®/B,~.72 As with the latter,

this first solvation shell is not static, but is in dynamic exchange
with water molecules from the solvent. Several exchange
processes can be monitored during the simulation time. In
addition, two intramolecular exchange events were observed,
where a hydrogen-bonded water was transferred directly from
one metal oxo atom to another, via a transient bifurcated
hydrogen bond.

The structure of the solution can be analyzed in terms of
suitable pair correlation functiorggr), which are related to the
probability of finding two atoms at a given distan& he gyino-

(r) function is displayed in Figure 2. Only a very shallow
maximum can be discerned around 3%8 A (g = 1.4),
marking the position of the first solvation sphere, and little if
any fine structure is apparent beyond that. @hgo(r) function

thus supports the picture of a relatively weakly solvated
pemanganate ion. For definite conclusions, a larger box size,
longer simulation times and, in particular, inclusion of the
counterion would be necessary.

Weak solvation would imply a high reorientational mobility

in solution, as described by the molecular correlation time
For aqueous N, a CPMD-based estimate fag has been
found to be in the same order of magnitude as the experiment,
around 12 ps34In the present simulation for MnO, the ion
librates around the initial configuration for most of the time,
and only one rotational jump of about 6i3 observed after ca.
4 ps (see Figure 3). The limited statistical accuracy due to the
short simulation time notwithstanding, this result would suggest
a correlation time on the order of several ps, in good qualitative
accord with an earlier empirical estimate of 7.43ps.

What are, finally, the thermal and solvent effects on the
chemical shifts? First, it has been tested how the solvent
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Figure 2. Solid line: simulated manganesexygen pair correlation

functiong(r) in aqueous Mn@. Dashed:no(r) = p/g(r)4xr? dr, which

integrates to the total number of oxygen atoms in a sphere with radius
r around Mn.
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Figure 3. Angles of rotation; as a function of simulation time; angles
between the initial and the instantaneous orientations of the four MnO
bonds are plotted. To integrate out fast and large librational modes,
the ¢i(t) were smoothed over a time interval of 80 fs.

molecules need to be treated in the NMR computations. For
HoVO,4~ it had been shown that it is sufficient to include the
surrounding water molecules just as point chargé&ar highly
charged iron cyanide complexes, on the other hand, this
procedure had proven inadequate, and a layer of 20 water
molecules had to be treated explicitR< Magnetic shieldings
were computed for a representative snapshot consisting of one
permanganate ion (Il basis) with the 10 nearest water molecules
(DZ basis). Subsequent test calculations showed that the
computed shieldings change notably when the water molecules
are replaced by point charg&sand that only minor effects (on

the order of a few ppm) are found upon increase of the basis
set on the solvent molecules or the number of the latter. Thus,
the solvent has to be included specifically, and the number of
ten water molecules appeared to be a good compromise between
accuracy and computational expense.

On going from the gas phase into water, the correspondingly
averaged®®Mn shielding ¢3°°K remains virtually unchanged
(compare CPMD and CPMDA® values in Table 2). From the
above-mentioned slight Mn-O bond contraction in solution an
increased shielding was to be expected. Indeed, when the water
molecules were deleted in the NMR snapshots from the solution,
affording unsolvated permanganate ions in the geometries of
the solvated ones, an averagedvalue of —4776 ppm was
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TABLE 2: Computed (GIAO-B3LYP/Il) Magnetic Shielding
Constantse of Free and Aqueous MnQ~

level of approximatiof o(>*Mn) o(*’0)
0d/BP86/AEL —4832 —1094
od//CP-opt —4794 —1084
030%/CPMD —4829 —1095
039%/CPMD/H,O° —4830 —1053
exptl —93%

aEquilibrium and mearv values, computed or averaged for the
geometries obtained as indicatédveraged for MnQ+10H,0 clusters
taken from the simulation (DZ basis on water in the NMR computa-
tions). ¢ From ref 40, uncertainty=8 ppm.

obtained, in line with this expectation. Apparently, indirect
solvation effects, arising from the change in geometry, and direct

Buhl, M.

Conclusions

Thermal and solvent effects on structural and NMR param-
eters of permanganate ion were probed by means of density-
functional based molecular dynamics simulations. For the
pristine ion in the gas phase at ca. 300 K, a slight elongation of
the mean MnO bond length with respect to the equilibrium value
is found. The concomitant deshielding of tf#n nucleus, on
the order of ca. 35 ppm, is very similar when obtained either
from a classical description of the full molecular dynamics, or
from a quantum-mechanical treatment of a single degree of
freedom, namely the MnO stretch. Immersion in aqueous
solution, modeled by placement in a periodic box containing
30 water molecules, results in a very small contraction of the
mean MnO bond length. On going from the equilibrium

ones, due to the response of the electronic wavefunction, are ofmagnetic shieldings to the averaged values in solufieMn

similar magnitude, but of opposite direction in this case. As a
consequence, a very small net gas-to-liquid shift ensues.

In the previous investigation of (statiedMn chemical shifts

and 170 nuclei are deshielded and shielded, respectively, by
approximately 35 ppm. For the metal with its large chemical-
shift range, this is a relatively small value, which cannot account

it had been noted that systematic deviations from experiment for systematic deviations 6fMn chemical shifts found upon
occur when the computed magnetic shieldings are referenceddirect referencing to permanganate. FdO, the computed

directly to the one obtained for MnO.8 At the GIAO-B3LYP
level, for instance, the resulting{>*Mn) values were too strongly
shielded by ca. 300 ppm. It is clear from the present study that

shielding upon solvation improves the accord of experiment with
theoretical results obtained using hybrid density functionals.
The simulations in water reveal interesting details of the

thermal and solvation effects on the permanganate ion cannotSolvation shell around aqueous permanganate. Solvation is not
account for discrepancies this large. In fact, since these effectsVery strong, as assessed by the mean number of hdrogen-bonded

turn out to be unusually small for MnQ, it might be possible

solvent molecules, which is less than four, and by the absence

that they are considerably larger for the other organomanganesé@f distinct maxima in the MnO pair correlation function. This
substrates studied in reference 8. Further theoretical work shouldShould be reflected in a high rotational mobility, quantitative

be expended along this line.

The present study of aqueous MytOneglects the effect of
the counterion. Inclusion of the latter, for instance in form of
aqueous K, would in principle be possibl&. For solvent-
separated ion pairs, however, a very large counterion effect on
o(®*Mn) would seem unlikely because the ions would be too
far apart. Only for contact ion pairs a large such effect would
seem possible. But even for an isolated KMm@olecule, the
computed)(>>Mn) relative to free Mn@~ was less than 50 ppm
(for the most stablé€,, symmetric minimum with two K--O
contacts). Thus, no simulation with explicit inclusion of a
counterion was deemed necess#ry.

The 170 magnetic shieldings are included in Table 2. This
property has been studied previoi8ljn order to assess the
quality of the density functional employed in the NMR
calculations. Pure density functionals (GGAs) and hybrid

assessment of which, however, is hampered by the short
simulation time of 5 ps. From a single obsernwf@0° jump, a
molecular correlation time on the picosecond time scale can be
estimated. Further studies are in progress, which are aimed at
unraveling the effects of thermal averaging and solvation on
transition metal chemical shifts.
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variants have been found, respectively, to over- and underes-

timates(1’0O) to a similar extent (on the order of 126050 ppm).

For instance, employing the GIAO-B3LYP method and the
isolated, CP-opt structure; = —1084 is computed, which is
too strongly deshielded by 155 ppm with respect to experiment
(Table 2). The experimental value refers to aqueous solution,
presumably at ambient temperatd?@hermal averaging in the
gas phase affords an additional, small deshielding by 11 ppm
(compare CP-opt and CPMD values in Table 2). Immersion in
water leads to a notable shielding of thH® nucleus, with a
predicted gas-to-liquid shift of 42 ppm-42 ppm on thed
scale), similar to that of’O in water. The resulting difference
0e — 0399 thus amounts to 31 ppm. Correction by this value
of the B3LYP permanganatéO shielding&® thus improves the
accord with experiment.

Finally, it should be noted that the computed thermal and
solvent effects ow(1’O) are larger on a relative basis than those
on o(®*Mn), since the chemical shift range of the metal (ca.
3000 ppm) exceeds that 6fO (ca. 1900 ppm).
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